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Kapitola 1
Uvod

Nanomaterialy s pfechodnymi kovy predstavuji atraktivni systémy z hlediska vyzkumu fun-
damentalnich fyzikalnich jevt i Siroké skaly aplikaci. Narozdil od makroskopickych mate-
ridli identického sloZeni preferuji odlisnad strukturni uspofadani [1] a vykazuji specifické
transportni a optické vlastnosti spojené s restrikci elektronovych stavi [2, 3]. U magne-
ticky usporddanych fazi dochézi k vyznamnym zméndm magnetokrystalové anizotropie [4],
vzniku monodoménového stavu [5], k odlisné konfiguraci magnetickych struktur az ke ztraté
dlouhodosahového magnetického uspofadani [6, 7] nebo naopak k jeho stabilizaci [8, 9.
Mezi nejvice studované systémy patii nanorozmeérové magnetické nanocastice, tj. objekty
o typické velikosti! v ¥addu jednotek aZ desitek nanometr sestavajici se z materidlu vyka-
zujicitho dlouhodosahové magnetické usporadani. Disledkem redukce rozmérti objemovych
magnetik je vznik tzv. monodoménového stavu, ktery implikuje specifické chovani souboru
¢astic [10, 11, 12]. Tyto nanod¢éstice nachézi jiz v dnesni dobé iroké uplatnéni zejména v bi-
omedicinskych aplikacich jako vektorové nosice 1é¢iv, magnetické kontrastni latky, nosice pro
separaci a detekci biomolekul nebo i¢inné lokalni generatory tepla pro hypertermické terapie
nadorovych tkani [13, 14]. V poslednich letech je spole¢nym jmenovatelem biomedicinského
vyzkumu magnetickych nanocastic tzv. teragnostika, jejimz cilem je vyvoj multifunkénich
nanomaterialii pro multimodalni terapie nejcastéji nadorovych onemocnéni. Vhodné modifi-
kovany nanomagnet slouzi zaroven jako synergicky detektor, hypertermicky element a nosic¢
selektivné se vazajicich nebo terapeuticky aktivnich biomolekul. Magnetické nanocastice a
systémy od nich odvozené vykazuji potencialni vyuziti i jako multifunkéni katalyzatory, za-

znamova média nebo komponenty vysoce citlivych senzortit v mikro- az nano-rozmérovém

!Pokud neni explicitné zminéno, vyznam terminu velikost ¢astice obecné odpovida jejimu priiméru za
predpokladu sféricky symetrické ¢astice, resp. délce hlavni poloosy elipsoidu pro sferoidalni ¢astice. U rek-

tangularnich ¢astic se velikost specifikuje vzhledem ke tvaru Gastice.
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méritku.

Vyznamnym piispévkem fyziky pevnych latek v této mezioborové oblasti je korelace
strukturnich a magnetickych parametri nanocastic s jejich maximalni efektivitou ve vyse
zminénych aplikacich. Detailni pochopeni fyzikalnich mechanismt funkcionality magnetic-
kych ¢astic umoznuje konvergenci k optimalnimu chemického slozeni, strukturnimu uspoia-
dani a magnetickym parametrim nanocastic a od nich odvozenych systémti. V prvnim pfi-
blizeni je magnetickd odezva nanocastic funkci jejich velikosti, ktera pfimo souvisi s celkovou
magnetizaci nanocastice tzv. superspinem, a magnetokrystalové anizotropie prislusného ma-
terialu. Cetné experimenty, jak ¢isté fyzikalni tak biomedicinské, ukazuji, ze tzv. realné jevy
pozorované ve vzorcich nanocastic dramaticky ovliviiuji jejich fyzikalni vlastnosti, a tedy

potencialni efektivitu v souvisejicich aplikacich.

Predkladana habilita¢ni prace se vénuje problematice magnetického a strukturniho uspora-
dani ve vybranych nanomaterialech na bazi prechodnych kovii a zahrnuje 25 publikaci uverej-
nénych se spoluatory v letech 2005 - 2014. Pfevazna ¢ast prace (21 publikaci) je zaméfena na
studium izolovanych nanocastic a nanokompoziti s oxidy zeleza a spinelovymi ferity. Diraz
je kladen na popis realnych faktori: distribuce velikosti ¢astic, sklonéni spinu a struktur-
niho resp. spinového neusporadani. Dale jsou zahrnuty vysledky studii dipolarnich interakci
mezi superparamagnetickymi ¢asticemi v granularnich multivrstvach oxidu kfemicitého a ze-
leza resp. kobaltu. Disledek velikosti ¢astic na magnetické usporadani v multiferoickém spi-
nelu diskutuje prace zabyvajici se monodisperznimi nanocasticemi chromitu kobaltnatého.
V zavérecnych dvou publikacich je demonstrovano, jak aplikace teorie silné interagujicich
superparamagnetil ve spojeni s korektni analyzou velikosti ¢astic a fazového slozeni pomoci
synchrotronového zafeni umoznuje urceni struktury rezidudlniho kovového katalyzatoru v

jednosténnych uhlikovych nanotubach, podrobenych rtiznym purifika¢nim postuptim.

V prvni kapitole (1. Uvod) je stru¢né popsana motivace predkladaného vyzkumu a struk-

tura habilitacni prace.

Ve druhé kapitole (2. Vybrané partie z magnetismu, struktury a metod studa a p¥ipravy
magnetickych nanoc¢astic) je zafazen struény piehled modeli popisujicich idealni a interagu-
jici superparamagnety spolec¢né s dalsimi aspekty realnych systémii jako je distribuce velikosti
astic a spinové neusporadani. Cast je vénovana typickym experimentdlnim piistuptim pro
studium vlastnosti souborti redlnych nanocastic. V dalsi sekci jsou stru¢né shrnuta specifika

jednotlivych studovanych systémi véetné metod pripravy.

Tteti kapitola (3. Soubor publikaci a komentére) obsahuje soubor 25 publikaci s komen-

tari, které jsou rozdélené tématicky do tii ¢asti, a to: 2.1. Nanocastice a nanokompozity
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ternarnich spinelti, 2.2. Nanomateridly s oxidy zeleza a 2.3. Dalsi systémy s magnetickymi
nanocasticemi.

Posledni kapitola (4. Zavér) shrnuje a vzajemné koreluje vysledky uverejnéné v souboru
publikaci, které jsou soucasti této habilitacni prace. Dale stru¢né popisuje mozné vyzkumné
smeéry v této oblasti, zejména v souvislosti s aktualné resenou problematikou ve skupiné.

Na zavér jsou uvedeny pouzité reference. Kromé publikaci, na jejichz zakladé vznikla tato
prace, jsou zafazeny i citace souvisejicich praci dalSich autorti, zejména pro potieby kapitoly
¢. 2.

Vzhledem k charakteru ivodni ¢asti habilitacni prace lze predpokladat, ze poslouzi nejen
svému priméarnimu ucelu, ale bude uziteéna i pro studenty (zejména bakalaiského a magister-
ského studia), ktefi se chtéji se zde diskutovanou tématikou sezndmit a nedostatek prehledo-
vych publikaci, pfipadné odbornych textl v ¢eském jazyce je casto odradi od hlubsiho zajmu
o tuto problematiku.

Tato prace by nikdy nevznikla bez vyznamné podpory kolegti, pratel a mych nejblizsich.
V prvé tadé bych chtéla podékovat RNDr. Danielu Niznanskému, Ph.D., ktery mne seznamil
s problematikou, jeho slovy 'malych castic’, a po nékolik let se spolecné se svou skupinou
intenzivné vénoval rozvoji metod pripravy nanomaterialti a jejich detailni charakterizaci
pomoci Mossbauerovy spektroskopie, vzdy byl vtiicny k védeckym i pratelskym diskuzim.
Zéasadni podil na této praci maji tzasné clenky skupiny magnetickych nanosystémt: RNDr.
Barbara Pacdkova (Bittova), RNDr. Simona Kubickova (Burianovd) a RNDr. Alice Mant-
likova, které se v ramci svych bakalaiskych, diplomovych a dizertacnich praci intenzivné
vénovaly problematice nejen superparamagnetickych castic, ale i pribuznym tématiim. Bez
jejich kontinualniho tsili, kreativniho pristupu a nadseni pro védeckou praci by vétsina fyzi-
kalnich problémii nebyla nikdy vyfesena a vysledky publikovany. Mé diky patii také kolegtim
z Matematicko-fyzikalni fakulty UK, katedry fyziky kondenzovanych latek (prof. RNDr. Vla-
dimiru Sechovskému, Dr.Sc., prof. RNDr. Vaclavu Holému, Dr.Sc. a doc. RNDr. Stanislavu
Danisovi, Ph.D.), ktefi mi poskytli zdzemi a pomocnou ruku pfi zavedeni této problematiky
v nasi skupiné. Romané Pohotalé dékuji za ochotu a pomoc pfi zpracovani administrativni
stranky habilitacni prace. Zavérem bych chtéla vyjadrit upfimné diky svému manzelovi,
RNDr. Ing. Martinu Kalbacovi, Ph.D. ktery mi svou velkorysou podporou v profesnim i
osobnim zivoté umoznil po nékolika letech rezignace zdarné dokonceni této prace a pre-
sveédcil mé, Ze ma smysl alespon se pokusit nadale pokracovat ve vyzkumu a vyuce studenti

v této oblasti.
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KAPITOLA 1. UVOD



Kapitola 2

Vybrané partie z magnetismu,
struktury a metod pripravy a studia

magnetickych nanocastic

2.1 Magnetismus monodoménovych cCastic

Magnetické vlastnosti monodoménovych c¢astic lze v prvnim priblizeni popsat s vyuzitim
dobfe zavedenych modelti, které budou stru¢né shrnuty v prvni ¢asti této kapitoly. Dtivo-
dem je fakt, Ze v souhrnné podobé jsou tyto informace obtizné dostupné i v dosud publiko-
vané prehledové literatute [15, 16]. Nejprve bude nastinén koncept magnetické anizotropie
nanorozmérovych c¢astic a diskutovany jednotlivé piispévky, které jsou charakteristické pro
sféroidalni castice. Navazuje Cast, kterd shrnuje vybrané partie z teorie superparamagne-
tismu pro idedlni soubor monodisperznich nanoc¢astic. Bude stru¢né zaveden model Stonera
a Wohlfartha pro koherentni rotaci magnetizace a model Néela a Browna, ktery zavadi cha-
rakteristicky relaxacni ¢as superspinu vzhledem k efektivni magnetické anizotropii a velikosti
nanocastice. V navazujici ¢asti jsou zminény tzv. realné efekty projevujici se v systémech
nanocastic, které vedou az ke vzniku rtzného typu kolektivniho chovani. Posledni c¢ast je
vénovana typickym experimenttim, které jsou vyuzivany pro studium magnetické odezvy a

struktury soubort realnych nanocastic.

2.1.1 Magneticka anizotropie nanocastic

Magneticka anizotropie je pro formulaci modeli popisujicich chovani magnetickych nanocas-

tic stézejnim parametrem. Vyjadifuje zévislost vnitfni energie systému (nanocastice) na

13
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sméru spontdnni magnetizace (superspinu), ktera je uréena energetickym rozdilem pro ori-
entaci magnetizace ve snadném a nesnadném sméru. Typicky dosahuje hodnot 10% - 107
J/m?, coz odpovida energii 1078 - 1073 eV na atom. Obecné lze ocekéavat, Ze bude nabyvat
vyssich hodnot pro méné symetrické mrize. Magneticka anizotropie je disledkem dvou mik-
roskopickych prispévki, a to spin-orbitalni interakce a dlouhodosahové dipolarni vazby mezi
magnetickymi momenty.

Prispévek do magnetické anizotropni energie souboru identickych neinteragujicich na-

nocastic lze souhrnné vyjadrit pomoci nasledujiciho vztahu:

Ea = Emc + Esh + Ems + Esurfa (21)

kde jednotlivé ¢leny odpovidaji:

magnetokrystalové anizotropii, Fy,c,

tvarové anizotropii, Fqy,

1

magnetoelastické energii (magnetostrikei), Eys,

povrchové anizotropii, Figy.

Zatimco magnetokrystalova a povrchova anizotropie jsou determinovany spin-orbitalni
interakci, tvarova anizotropie a magnetostrikce jsou magentostatického ptvodu, tj. disled-
kem dipolarni interakce. V néasledujici ¢asti budou stru¢né popsany jednotlivé piispévky.

Magnetokrystalova anizotropie, I, vykazuje symetrii prostorové, resp. Laueho grupy

daného materialu. Pro jednoosy (uniaxidlni) systém je obecné definovana pomoci rozvoje:

Epl =" K,Vsin™9, (2.2)

kde K, je anizotropni konstanta n-tého fadu a ¢ odpovida thlu mezi snadnou osou mag-
netizace a vektorem magnetizace. V pripadé béznych feromagnett je prispévek 1. fddu domi-
nantni, dle konvence kladny a dalsi ¢leny rozvoje nejsou pro vétsinu interpretaci vyznamné.

Proto se ¢asto uvadi ve tvaru:

1V p¥ipadé objemovych materidléi, epitaxnich vrstev a nanomateridld s preferen¢ni orientaci je tento
prispévek signifikatni. U sferoidalnich ¢astic v uvazovaném rozmezi velikosti je vSak nevyznamny. Je nutné
ho uvazovat pouze ve specialnim pripadé, ze je nanocastice tvofena materidlem, u kterého dochazi ke struk-
turnimu fazovému ptechodu, ktery je spojeny se zménou objemu, resp. tvaru ¢astice (ptikladem mohou byt

spinelové chromity).
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E™ = K,V sin? 6, (2.3)

kde K, odpovida konstanté jednoosé magnetokrystalové anizotropie 1. fadu.
Pro krystaly s kubickou symetrii, coz je pripad vétsiny materiald studovanych v ramci

této habilitacni prace, je mozné vyjadiit magnetokrystalovou anizotropni energii ve tvaru:

Ercnltb = K1V(041062 + oz + 043061) —+ KzV(OqOQOég + ), (24)

kde a1, as a as jsou definovany vyrazy a; = sinf cos ¢, as = sinfsin ¢ a ag = cos ¢, 6
odpovida thlu mezi osou z soufadného systému a vektorem magnetizace a ¢ je azimutalni
uhel.

Tvarova anizotropie, Fy, je disledkem nehomogenniho rozlozeni indukovanych mag-
netickych dipdli na povrchu, je-li symetrie ¢astice odlisna od sférické (pak je tento ptispévek
nulovy). Pro sferoidélni ¢astice je snadny smér orientace magnetizace podél hlavni rotacni
osy, protoze v této orientaci je hodnota demagnetizacniho pole miniméalni. Pro popis tvarové
anizotropie se zavadi tzv. demagnetizacni faktor, ktery bude diskutovan v sekci vénujici se
obecnému odvozeni Stonerova-Wohlfarthova modelu. Lze Fici, Ze pro protahly elipsoid bude
preferovana jednoosa anizotropie, zatimco pro splostély se bude snadné orientace magneti-
zace nachazet v roviné kolmé na vyznac¢nou rotacni osu symetrie.

Magnetostrikce, F, predstavuje sekundarni efekt, ktery souvisi s vlivem symetrie
povrchu a je disledkem indukovaného mechanického napéti ve sméru vektoru magnetizace.

Mize byt formulovan ve tvaru:

3
Eos = —5/\505 cos? 0, (2.5)

kde A\s odpovida saturované magnetostrikci, ¢ hodnoté mechanického napéti vztazenému
na jenodtku plochy, S povrchu nanocastice a # thlu mezi vektorem magnetizace a vyznacnou
0sou tenzoru napéti.

Povrchova anizotropie, Fy, ¢ je dusledkem narastu orbitalniho piispévku k celkovému
momentu hybosti elektronil v povrchové vrstvé atomt z divodu vzniku asymetrie v rozlozeni
elektronové hustoty oproti objemovému materiadlu. V nanocésticich, zejména o velikosti pod
10 nm, tvori vyznamny piispévek do celkové magnetické anizotropie, ktery muize prevazit
predchozi zminéné. Celkova magnetickd anizotropie nanocastic se tedy c¢asto uvadi ve tvaru,

kde je oddélen povrchovy ¢len:

E, = KV sin?0 = (Kvy + ngurf)V sin? 6, (2.6)
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kde K.g reprezentuje tzv. efektivni anizotropni konstantu, Ky postihuje objemovou
anizotropii (souhrnny piispévek magnetokrystalové a tvarové anizotropie, pfipadné mag-

netostrikce) a K, odpovidd vyhradné povrchovému ptispévku.

2.1.2 Superparamagnetismus idealniho systému monodoménovych
castic
Stonertv-Wohlfarthav model

V pripadé, ze je velikost systému s feromagnetickym uspordadanim redukovana pod tzv.
kritickou, dochéazi ke vzniku monodoménového stavu, tj. prislusny systém, typicky o velikosti
jednotek az desitek nm, figuruje jako jedna magnetickda doména reprezentovana celkovym
vektorem magnetizace, tzv. superspinem. V ptipadé sférické castice zavisi hodnota kritického

poloméru, r. dle vztahu [10]:

AK,

2.
Ve (2.7)

re 9

kde A je tzv. vyménna konstanta, K, je konstanta magnetokrystalové anizotropie 1. fadu,
M, je saturovand magnetizace a o permeabilita vakua. Jako pfiklad lze uvést nasledujici
hodnoty pro bézné feromagnety: Fe - 15 nm, Co - 35 nm, maghemit - 30 nm, SmCos - 750
nm. Odpovidajici hodnoty superspinu se pohybuji v rozmezi 10 - 10° pp v zévislosti na
velikosti a typu materialu.

Kriticka velikost nanocastice je zasadnim parametrem pro predikci jejich magnetickych
vlastnosti pii dané teploté, jak je schematicky znazornéno na Obr.2.1 pro material s Curi-
ovou teplotou > 300K pii T' ~ 300K. V pripadé multidoménového rezimu jsou vlastnosti
srovnatelné s objemovym materidlem, v blizkosti kritické velikosti (d.) dochazi ke vzniku mo-
nodoménového stavu, coz je spojeno se vznikem hystereze, zatimco se snizujici se velikosti a
dosazenim tzv. superparamagnetické limity (dspy) vymizi koercivita i remanence.

Staticky model pro popis rovnovazného chovani superspinu, p ve vnéjsim magnetickém
poli vychézi z konceptu Stonera a Wohlfartha (dale SW) pro koherentni rotaci magnetizace
v homogenni feromagnetické doméné. Model tedy predpoklada souhlasné zmagnetované jed-
nodoménové castice o sféroidalni geometrii s jednoosou anizotropii podle vyznac¢né rotacni
osy (znézornéno na Obrazku 2.2). Tento piistup lze aplikovat pro neinteragujici superpa-
ramagnetické castice se vSemi dil¢imi spiny, resp. magnetizacemi podmfizek orientovanymi

paralelné.
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Obréazek 2.1: Vyvoj doménové struktury nanocastic ve srovnani s typickou magnetizacni

izotermou pro danou velikost.

Pro obecné zavedeni SW modelu vyjdeme z predpokladu, ze celkova volna energie fero-

magnetické latky je plné reprezentovana vztahem:

G(MaHa>:Fex+Fan+Fm+Ga+Fms ) (28)

kde F. odpovida vyménné energii, F,, anizotropni energii, F}, magnetostatické energii,
G, prispévku vlivem vnéjsiho magnetického pole (Zeemaniv ¢len) a F,,s magnetoelastické
energii.

S vyloucenim ptispévku magnetoelastické energie, ktery je pro popis superparamagnetic-

kého rezimu nevyznamny, lze jednotlivé prispévky vyjadrit nasledujicim vztahem:

{ALTmL? 4 (Fmy)2 + (Vi) + o+ = 50 Hy — oM - H Y
(2.9)

G H) - |

Q

Piispévek vyménné energie, Fe, pro izotropni systém (napf. s kubickou prostorovou
grupou) vychézi z odvozeni Landau a Lifshitze publikovaného v [17] a zahrnuje soucin vy-

ménné konstanty, A (typicky v fadu 10~ J/m) s rozvojem gradientu slozek magnetizace
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(mz, my, m,). Hustota anizotropni energie, fun, kterd figuruje v prispévku F,,? definuje
orientaci snadné a nesnadné osy ve svém minimu a maximu. Magnetostatickd energie, F},
reprezentuje nelokalni interakce magnetizace, M s magnetostatickym polem, H,, a lze ji
interpretovat jako praci k prekonani ptisobeni magnetického pole na pfeneseni elementar-
niho magnetického momentu z nekone¢éna do daného bodu v ramci kontinualni distribuce
magnetickych momentd v daném objemu. Zeemantiv ¢len dle konvenci vyjadiuje interakci s
externim magnetickym polem, H.,. Detailni odvozeni a interpretace vyse uvedenych veli¢in

1ze nalézt napt. v [17, 18|.

snadnd osa

Obrazek 2.2: Konvence pro popis koherentni rotace magnetizace v ramci SW modelu (a)

spolecné se schématickym znazornénim SW astroidu v jednotkach K.g (b).

Za predpokladu elipsoidalni geometrie nanocéstice je jiz snadné zavést vztah mezi mag-

netizaci a magnetostatickym polem s vyuzitim tenzorové reprezentace:

H, = -N.M (2.10)

kde N je tzv. demagnetizacni tenzor®. Pokud vyjadiime N ve tvaru vzhledem k souiad-

nym osam, které koinciduji s osami symetrie elipsoidalni ¢astice, ziskame:

H, N, 0 0 M,
H, |= 0 N, 0 M, (2.11)
0 N,

O z MZ

2Fan(m):/Qfan(m)dv

3Vzdy pozitivné semidefinitni forma.
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kde N,, N,, N, reprezentuji slozky demagnetizac¢niho faktoru, pro které plati: N, + N, +

N, = 1. V ptipadé, ze z odpovida snadné ose magnetizace, anizotropni energii lze vyjadrit

jako:

Fo(m) = Ky (1 —m?)V, (2.12)

kde V' je objem sféroidni ¢astice a Ky odpovida v prvnim pfiblizeni konstanté magneto-
krystalové anizotropie 1. fadu. Diisledkem platnosti rotacni symetrie je zjednoduseni vztahu
2.11:

N, =N, =N, (2.13)

coz vede k vyjadreni volné energie ve tvaru:

1
CmmHJ:Kmfw@V+§mM@rN7mV—mMmpHN : (2.14)

Pro zjednodusni zavedeme bezrozmérné veli¢iny?, coz umozni explicitni vyjadieni mag-

netostatické energie, ¢imz vztah prechazi na:

K 1 1 1
h,) = =N —N.... M? - =N 2—m-h, . 2.15
Po minimalizaci volné energie a faktorizaci ziskdme vztah pro celkovou volnou energii ve
tvaru:
1 2K, 9
g(m, h,) ) (Nl—i—MOMSQ —NZ> m;—m-h, . (2.16)
S platnosti vztahu pro efektivni anizotropni konstantu:
2K,
Kg =N — N, 2.17
off 1+ RYE ( )
prechdzi vztah 2.16 na jednoduchy tvar®:
1 2
gm,h,) = ——Kgm, —m-h, . (2.18)

2

40Obé strany rovnice vydélime vyrazem, ktery piedstavuje redukované jednotky magnetické anizotropni

energie: 1o M2V a vyuZijeme platnosti vztahu 1 — m?

_ 2 2
s =my + my.

5Je nutné si uvédomit, Ze pro rota¢né symetrickou &astici je magnetostaticka energie kvadratickou formou
v m, stejné jako anizotropni energie (pro jednoosy pfipad, kde z je vyznaéné osa symetrie). Z toho divodu
se Casto objevuje tvrzeni, ze K.g zahrnuje tvarovou a magnetokrystalovou anizotropii, ackoliv maji velmi

odlisny fyzikalni vyznam.
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Dtisledkem symetrie problému je, ze v rovnovazném stavu lezi magnetizace v roviné
definované snadnou osou e, a smérem aplikovaného magnetického pole h,, proto je uziteéné
zavést sférické souradnice s thly 6, 6, mezi m, h, a e,. Vysledny vztah pro smér vektoru

magnetizace je tedy:

m, =cosf , m-h,=h,cos(0, —0) (2.19)

a vyraz pro celkovou volnou energii pak prechazi do tvaru:

1
g(0,6,) = —o e cos? 0 — hg, cos@ — hy | sind, (2.20)

kde h,. a h,, jsou paralelni a kolmé slozka vnéjsiho magnetického pole vzhledem k ose

Nyni kratce diskutujme ziskany vysledek. V pfipadé, ze neni aplikovano externi magne-
tické pole a ¢astice je zmagnetovand ve sméru snadné osy (0 = 0), nachazi se v rovnovazném
stavu, stejné tak jako v piipadé 6 = 7, energetické maximum nastéava v pfipadé 0 = +m /2.
Aplikujeme-li malé externi magnetické pole ve sméru opac¢ném nez je poc¢ateéni magnetizace,
kiivka volné energie stale vykazuje dvé minima a maxima. Zvysujeme-li vnéjsi magnetické
pole az ke kritické hodnoté h, = hsw, dojde k vymizeni jednoho minima a maxima a pro
magnetickd pole vyssi nez toto kritické pole h, > hgw existuje uz jen jedno minimum, resp.
maximum. Tento vyvoj v externim magnetickém poli lze snadno interpretovat tak, ze pro
he < hsw zlstane magnetizace orientovana v ptvodnim sméru podle osy z, zatimco pro
he > hsw dojde k pfemagnetovani.

V obecném pripadé je ovSem kritické pole, hgw funkci 6,. Proto je de facto hlavnim
vystupem SW modelu definice bifurka¢ni k¥ivky v kontrolni roviné (hg, ), v polarnich sou-
fadnicich nebo h,,, h,, v kartézskych soutadnicich), kterd oddéluje oblasti existence dvou

minim a jednoho minima. Bifurkacni kiivka je analyticky dana vztahem:

99 _ g
00 062

ktery urcuje sedlové body volné energie v roviné hg.,, hq -

0 =0 , (2.21)

Uvazujeme-li vyse uvedené podminky, ziskdme nasledujici soustavu rovnic:

haL haz haL haz

o (2.22)

sinf  cosf sinf | cos30
jejiz feseni vede k parametrickému popisu bifurkacni k¥ivky, znamé jako Stonertv-Wohlfarthiv

astroid (schématicky znézornény na Obrazku 2.2):
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hay = —Keg 08> 0; hy | = Ko sin® 6. (2.23)

Pokud vnéjsi magnetické pole obsahuje slozky takové, Ze v bodé (hg., h,1) lezi mimo
astroid, existuje pouze jedno minimum volné energie a vysledna orientace magnetizace bude
odpovidat tomuto stavu. Napi. bude-li pocateéni magnetizace orientovana ve sméru snadné
osy, m = e,, aplikace magnetického pole s amplitudou h,hgw > ve sméru e, zplisobi zménu
orientace magnetizace do konfigurace m = —e,, ktera je reprezentovana jedinym energetic-
kym minimem. Oproti tomu pokud bod (h, hey) lezi uvnitt astroidu, existuji dvé minima
a které bude preferovano zalezi na dynamice magnetizacniho procesu, ktera je nad ramec
konceptu SW modelu.® Proto lze fici, Ze zména orientace je moZna, ale ne jistd. Simulace
limitnich pfipadt ve smyslu volné energie jako funkce # a vnéjsiho magnetického pole, h, je
znazornéna na Obrazku 2.3.

Piimym experimentalné pozorovatelnym disledkem vysledktt SW modelu je vyrazna za-
vislost tvaru hysterezni smycky monodoménové ¢astice na tthlu mezi vnéjsim magnetickym

polem a snadnou osou magnetizace (@), coz je zndzornéno na Obrazku 2.4.

Néeluv-Arrheniuv model

SW model plné popisuje mechanismus zmény orientace superspinu homogenni sferoidalni
¢astice, nezahrnuje ovsem vliv teploty a s nim souvisejici relaxacni procesy superspinu. Nej-
jednodusi pristup pro popis relaxéniho procesu pfi konecné teploté byl zaveden Néelem a
Brownem na zékladé Arrheniova vztahu pro tepelné aktivované procesy.

Vychézi z predpokladu, Ze energetickd bariéra, kterd oddéluje pfechod mezi dvéma mi-
nimy v nulovém externim magnetické poli (znézornéno na Obrazku 2.5), je reprezentovana

vztahem:

E ~ KyVsinf ~ kgTp. (2.24)

V pripadé, ze K.¢V prevazuje prispévek energie teplotnich fluktuaci, je mozné spontanni
zména orientace superspinu z jedné rovnovazné polohy do druhé i bez aplikace vnéjsiho

magnetického pole a systém se nachézi v tzv. superparamagnetickém rezimu. V tomto stavu

6V piipadé ¢astic v limité piechodu mezi monodoménovym a vicedoménovym stavem casto dochdzi k

jinému mechanismu zmény orientace superpsinu pies nekoherentni mdédy rizného typu (tzv. fanning nebo

vvvvvv

mechanismus pozorovany u nanodrati.
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Obrazek 2.3: Simulace volné energie v ramci SW modelu jako funkce 0 (K.g > 0). (a) V
nulovém vnéjsim magnetickém poli. h, = 0 existuji dvé minima pro § = 0, 7 dvé maxima pro
6 +7/2. (b) Pro mald vnéjsi magneticka pole jsou zachovana dvé minima, resp. maxima. (c)
Vznik sedlového bodu z diivodu dosazeni kritické hodnoty vnéjsiho magnetického pole hgywy.

(d) Pro h, > hsw existuje jen jedno maximum, resp. minimum.

je stfedni hodnota magnetizace nulova a chovani magnetické susceptibility 1ze popsat pomoci

modifikace Curiova zakona pro superparamagnet:

C
XsPM = (2.25)

kde Cspy je Curiova konstanta ve tvaru: Cspy = 3Z;BTNg2,u(u +1).

Predchozi vztah jasné demonstruje piivod terminu superparamagnetismus, kdy chovani
systému monodoménovych castic vystihuje popis pro paramagneticky systém, kde misto
magnetického momentu jednotlivych paramagnetickych atomi figuruje celkovy magneticky
moment, tj. obii spin monodoménové Castice.

V kontextu Curiova zakona lze vyjadrit chovani superspinu v rovnovaze s teplotou a

vnéjsim magnetickym polem pomoci Langevinovy funkce:”

"Kvantovy popis chovani spinu v rovhovaze s vnéj$im magnetickym polem a teplotou popisuje Brillouinova
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Obréazek 2.4: Schématické znézornéni hysterezni smycky pro rtizné smeéry aplikovaného

vnéjsiho magnetického pole. Prevzato z [19)].

1 H
L(z) = coth(z) — ir= NIS:T :

Pti konecné teploté magnetizace nanocastice fluktuuje s charakteristickou frekvenci, resp.

(2.27)

relaxacnim Casem, 7:

M(t) = Myexp(—t/T), (2.28)

ktery souvisi s velikosti energetické bariéry dle Néel-Arrheniova vztahu:

Keﬁv) . (2.29)

kgT

V ptipadé, Ze snizujeme teplotu az na kritickou hodnotu, tzv. teplotu blokace, Ty kdy

T:ToeXp<

plati K.V = kg'lg, nastava prechod do blokovaného stavu. Tento rezim je charakteristicky
otevienim hysterezni smycky a dalsimi projevy, které budou stru¢né popsany v ¢asti vénujici
se experimentalnim postuptim studia magnetickych nanocastic. Definici blokovaného stavu,
resp. hodnoty teploty blokace, je vzhledem ke vztahu 2.28 nutné uvazovat vzdy v kontextu

prislusné experimentélni metody studia, kterd operuje v ur¢ité casové gkéle (7,,,) a systém tak

2J +1 2J+1 1 1 grpspod H
B = th — | = th| — |y,y==——"— 2.26
7() ( 57 )co ( 57 )y <2J>co <2J>y,y T (2.26)

kterd v limitnim p¥ipadé lim;_, . Bs(y) — L(y) pfechazi na klasicky vysledek Langevina.

funkce:
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Obrézek 2.5: Schématické zndzornéni vyvoje volné energie pro monodoménovou ¢astici o dané
velikosti a efektivni anizotropii v nulovém a externim magnetickém poli. Vyznam symbolii,
zavedenych pro potieby popisu SW a Néelova-Arrheniova modelu je vysvétlen v souvisejicim

textu.

'sleduje’ bud v termodynamické rovnovaze (7 << 7,,), kdy se jevi jako superparamagneticky
nebo nerovnovazném stavu (7 > 7,,), coz odpovida rezimu blokace. Z tohoto podhledu lze
prechod mezi blokovanym a superparamagnetickym stavem definovat pravé pii teploté, kdy
T = T,,. Obrazek 2.6 uvadi ptiklad, kde je srovnano rozdéleni efektivnich teplot blokace pro
systém nanocéstic o stfedni velikosti 10 nm, ziskané pomoci méfeni magnetizace (7 > 7,,) a
feromagnetické rezonance (7 << 7,,). Rozdil mezi charakteristickymi skalami téchto metod

o

je cca 10 rada.

0 100 200 300 400

<TBSQL¥D> TB (K)

Obrazek 2.6: Srovnani log-normélnich rozdéleni teplot blokace, které byly urceny pomoci

SQUIDové magnetometrie a feromagnetické rezonance.
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Rigorézni popis pomalé dynamiky s vyuzitim mistrovské rovnice zavadi Sasaki a kol. [20]:

d

7 (t) = =Wisa(t)p1(t) + Wassa ({1 — p1(1) }, (2.30)

kde Wi_.5, Ws_,1 reprezentuji pravdépodobnost prechodu mezi dvéma stavy superspinu,
definovanymi vztahy 2.31, 2.32 pro libovolné hodnoty magnetického pole a teploty (h(t),
T(t)) za danych pocatecénich podminek.

Wioa(t) = 57" expl-KtV/T({1 ~ MVA(1)/T(1)) (2.31)

1
Wi (t) = 570_1 exp[—KeaV/T(){1 + M, Vh(t)/T(t)}, (2.32)
Pro soubor ¢astic o objemu V' a zavedeni h(t)=h, T(t)=T, ziskdme vysledny tvar pro
magnetizaci ve tvaru:

%{1 ~ exp(—t/7)) (2.33)

M(t;V)=M({t=0;,V)exp(—t/T) +

kde 7 = g exp(KegV/T).
Relaxacni procesy jsou bezesporu vyrazné ovlivnény aplikaci vnéjsiho magnetického pole,
nicméné detailni diskuze presahuje ramec této kapitoly. Detailni rozbor lze nalézt napi. v

21].

2.1.3 Superparamagnetismus v realnych systémech

Jak jiz bylo nékolikrat uvedeno, modely uvedené v predchozi sekci lze aplikovat na idealni
soubor superparamagnetickych c¢astic, tj. homogennich monodoménovych ¢astic o stejné veli-
kosti, které vzajemné neinteraguji. Redlné vzorky se vice ¢i méné odlisuji od idedlniho stavu,
a proto je nutné pii analyze experimentalnich dat uvazovat tzv. readlné efekty, mezi které 1ze

zahrnout:

e distribuci velikosti c¢astic,
e mezicasticové interakce,

e spinové neusporadani.

V nasledujici ¢asti je nastinén piivod redlnych jevi a stru¢né zminény mozné pristupy,

jak je 1ze korektné popsat a kvantifikovat na zakladé analyzy experimentalnich vysledki.
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Distribuce velikosti ¢astic

Distribuce velikosti ¢astic se v experimentalnich vysledcich projevuje jako distribuce charak-
teristickych parametrt jako je teplota blokace, superspin nebo relaxacni c¢as. Vyskytuje se ve
vetsi ¢i mensi mife u vSech typli nanocastic a je prirozenym dtisledkem rtizného mechanismu
ristu castic. Ve vétsiné pripadt lze uvazovat o log-normalnim rozdéleni. Moznou varian-
tou, jak zahrnout distribuci velikosti je adaptovat log-normélni rozdéleni objemii urcené
pomoci analyzy velikosti ¢astic z transmisniho elektronového mikroskopu. Tento pristup méa
zasadni nedostatek v tom, ze tzv. fyzicka velikost ¢astice, uré¢ena pomoci mikroskopie je casto
velmi odlisna od tzv. magnetické velikosti ¢astice, ktera odpovida efektivnimu magneticky
aktivnimu objemu, jez je reprezentativnim parametrem pro popis magnetickych vlastnosti
souboru ¢astic (bude diskutovano dale). Proto je korektné&jsim postupem zavést log-normalni

rozdéleni superspinii dle vztahu:

N — I (1) )
P = = [—202 } (2.34)

kde N odpovida poctu ¢astic, o je sitka distribuce a u,, je median distribuce, ze kterého
lze urcit superspin, p dle vztahu:

—0

) .

Typickym postupem urceni této distribuce je analyza magnetizacnich izoterm v super-
paramagnetickém stavu pii teplotach » Tg. S vyuzitim Langevinova skalovani M /M vs.
H/T izotermy splyvaji v generalizovanou kfivku (v pfipadé zanedbatelnych mezi¢astico-
vych interakci). Saturovanou magnetizaci Mg souboru N ¢astic s magnetickym momentem

(superspinem) p lze pak vyjadiit pomoci Langevinovy funkce nasledovné:

_ HoppH
kgT
Vazena suma Langevinovych funkci, ktera popisuje magnetizaci systému neinteragujicich

M = M, L(z);z (2.36)

¢astic s log-norméalnim rozlozenim superspint, je pak definovana vztahem:

MUET) = [T LM = [ nL (o) ). (2.37)
0 0
Na zakladé znalosti p,,, magnetického momentu a objemu zakladni bunky pz, 7, je mozné

urcit tzv. magnetickou velikost nanocastice, ve smyslu priméru dpag:

3V 1254
Aoy = {| ——3; V = "2V, 2.
=V IV (2.38)
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Typicky pfiklad je uveden na Obrazku 2.7, kde jsou srovnany dva pribéhy teplotni

zavislosti magnetizace mérené v rezimu ZFC v identickém externim magnetickém poli pro
dva vzorky s rtznou distribuci velikosti ¢astic. Pro nézornost je uveden i teoreticky pripad

monodisperzniho systému, kde dochézi ke skokové blokaci.
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Obréazek 2.7: Dusledek distribuce velikosti ¢astic na tvar ZFC kiivky spolecné s histogramy

velikosti ¢astic urcenymi na zakladé transmisni elektronové mikroskopie.

Mezicasticové interakce

Magnetickou odezvu systémil realnych nanocastic vyrazné ovliviiuji jejich vzajemné inter-
akce. V zavislosti na koncentraci nanocastic v systému, tj. jejich vzalenosti pti dané velikosti
castic, a tedy velikosti superspinu dochazi v principu ke dvéma druhtim interakci, a to di-
polarnim nebo vyménnym [22, 23]. Mezi¢asticové interakce zptisobuji zménu hodnot charak-
teristickych parametri blokovaného, resp. superparamagnetického stavu, ovliviiuji relaxacni
procesy a spinovou strukturu zucastnénych nanocastic. V systémech, kde nejsou jednotlivé
nanokrystaly fixované, vedou ke vzniku aglomerat ¢i fetézcii s odliSnym chovanim oproti in-
dividualnim ¢asticim. Znadmym disledkem vymeénnych interakci na rozhrani feromagneticky
a antiferomagneticky uspotradané latky je pak asymetrie hysterezni smycky a narust koer-
citivniho pole, zndmé jako vyménné-zesileny rezim (v angl. exchange-bias) [24]. Nejcastéji
je pozorovan v povrchové vrstvé kovovych nanocastic, ktera je tvorena oxidem ptislusného
kovu.

Ve velmi koncentrovanych systémech nanocastic dochéazi ke vzniku kolektivniho uspota-

déni, které 1ze oznacit jako tzv. superspinové sklo (v analogii se spinovym sklem) [25, 26, 27]
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nebo tzv. superferomagneticky stav (v analogii s feromagnetickym uspofadanim) [28, 29].
V materidlech, které jsou pfedmétem studia této prace, hraji klicovou roli interakce dipo-
larniho ptvodu, nicméné v nasledujicim textu budou strucné shrnuta specifika obou typu
kolektivnicho uspofadani a mozné pristupy k jejich teoretickému popisu vyuzitelné pro ana-
Iyzu experimentalnich dat.

Dipolarni interakce, superspinova skla

Dipolarni interakce jsou disledkem dlouhodosahového vzajemného ptisobeni magnetic-
kych dipold, potencidlni energii, E; v pripadé dvou dipéli ve vzdalenosti r lze uvazovat ve

tvaru:
Ho

_ _ Hop*h
43

A3’

piapiz — 2 () (paar) (2.39)

E, 5
kde p1, po, resp. p odpovidaji superspiniim zucastnénych castic.

Zatimco pro jednoatomové spiny (~1 pp) ve vzdéalenosti odpovidajici typickym rozméram
vazebnych délek (0.1 nm) se hodnoty E; pohybuji v fadu 10723 J ~ 1 K, pro charakteristické
hodnoty superspintt 1075 - 1073 up s mezi¢asticovymi vzdalenostmi srovnatelnymi s jejich
rozméry (1 - 10 nm) dosahujeme dipolarniho uspofadani pro teploty v fadu desitek K.

Pribliznou teplotu dipolarniho uspotradani, T; mizeme odhadnout ze vztahu:

Pokud dochazi ke vzniku fetizkdl nanocastic, je teplota usporadani v ramci aproximace

Ty (2.40)

stfedniho pole dana vztahem [30]:

fiop”
3T d3 kB ’

Obecné lze oc¢ekavat, ze dipolarni interakce vedou k potlaceni superparmagnetické rela-

Ty =1.202 (2.41)

xace, resp. zvyseni teploty blokace, nicméné pro systémy se slabou interakci bylo pozorovano
sniZeni energetické bariéry spojené s poklesem teploty blokace a relaxa¢niho ¢asu [34].
V pripadé slabych interakci lze modifikovanou superparamagnetickou relaxaci systému

popsat s vyuzitim Vogelova-Fulcherova zékona [31], [32]:

KV ]
ke(T — Tyr) ]’

kde Tyr reprezentuje silu dipolarnich interakci a 7y odpovida charakteristickému relaxa-

T = To €XP [ (2.42)

¢nimu casu superspinu neinteragujiciho systému.
Dochazi-li ke vzniku kolektivné blokovaného stavu, tzv. superspinového skla (SSG) vy-

hovujicim popisem pro divergenci relaxacniho ¢asu je vztah pro kritickou dynamiku zavedeny



2.1. MAGNETISMUS MONODOMENOVYCH CASTIC 29
pro spinova skla [33]:

T zv
Tm = To €XPp 7,1 , (2.43)

kde T, odpovida teploté prechodu do skelného stavu a zv reprezentuje tzv. kriticky ex-
ponent, ktery nabyva hodnot v fadu jednotek az desitek.

Dtisledek mezicasticovych interakci je pfimo pozorovatelny na zméné charakteru teplotni
zavislosti magnetizace, jak je znazornéno na Obrazku 2.8. Interakce mezi ¢asticemi se typicky
projevuje jako saturace vétve FC (pfesny vyznam popsan dale) a jeji charakter 1ze odhadnout
na zakladé analyzy magnetické susceptibility v superparamagnetickém rezimu. Obecné lze
fici, Ze se vzrustajici dipolarni interakci také dochazi ke zvysovani teploty blokace a narustu

koercivity.

saturace FC

neinteragoyici SPM
SPM s dip. imterakel

a0
60
40

posun Tg 20

M (a.u.)

-20
-40 — 110
-60
-80

ZFC

T{K) T (K) ugH (T)

Obrazek 2.8: Schématické znazornéni kladného posunu teploty blokace a saturace FC kiivky
v dtsledku vzristajicich dipolarnich interakci. Vpravo je uveden ptiklad nepublikovanych
vysledklt pro systém nanokrystali feritu kobaltnatého v matrici SiOg, kde 1/2 resp. 1/10

odpovida molarnimu poméru Fe k Si.

Superspinova skla se vyznacuji ndhodnym kooperativnim uspofadanim spint pri tep-
lotach mensich nez T},. Kolektivni dynamika v metastabilnim skelném stavu je disledkem
silné dipolarni interakce mezi superspiny a nadhodnou orientaci snadnych os magnetizace
v nahodnych pozicich, kde se nachézeji pfislusné nanocastice. Kolektivni projevy super-
spinu lze v prvnim pfiblizeni popsat s vyuzitim velmi dobfe definového konceptu pro spi-
nova skla. V zavislosti na typu a symetrii dominantni vyménné interakce rozlisujeme (su-
per)spinova skla typu RKKY s izotropni vyménnou interakei (tzv. kanonickd nebo Heisenber-
gova) a re-entrantni (super)spinova skla, ktera jsou charakteristickd vznikem mezistavu (su-

per)klastrového skla pii pfechodu mezi feromagnetickym a paramagnetickym stavem.
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Vyménné interakce, superferomagneticky stav

V analogii s definici vymeénnych interakci mezi individudlnimi spiny rozliSujeme dle me-
chanismu nékolik druhtt vyménnych interakci v systémech nanocastic. K primé vyménné
dochazi v pripadé, ze jsou povrchy zucastnénych nanocastic v pfimém kontaktu. Tzv. tunelo-
vaci vyménnou interakci lze pozorovat v systémech, kde jsou nanocastice separované na velmi
malou vzdalenost, typicky mensi nez je jejich velikost. Specidlnim pripadem je tzv. RKKY
vyménna interakce v systémech s vodivou matrici, kde je vazba mezi superspiny zprostied-
kovana pomoci polarizace elektronového plynu kovové matrice. K tzv. supervymeéné dochazi
u systémi, kde jsou nanocastice umisténé v dielektrické matrici a na rozhrani ¢astic a mat-
rice dochéazi ke kovalentni vazbé. Nejvice diskutovanym uspofadanim je superferomagneticky
rezim, diskutovany v nésledujici ¢asti.

Superferomagneticky stav (SFM) vznikd v souborech nanocéstic, kde koncentrace
castic prevysuje tzv. perkola¢ni mez. Chovani superferomagnetu lze prirovnat k objemového
feromagnetu, nicméné vznik superferomagnetickych domén, jako typické analogie s objemo-
vymi feromagnety, nebyl dosud jednoznac¢né experimentalné potvrzen. Proto lze tento typ
kolektivniho uspotradani chapat jako systém superspini se silnymi korelacemi feromagnetic-

kého charakteru. Energii takového systému lze popsat pomoci nésledujiciho vztahu [35, 36]:

Egpn = KegVsin® 0 — > J;;S;8;, (2.44)

1,J
kde prvni ¢len popisuje magnetickou anizotropni energii a druhy reprezentuje interakéni
energii, J;; je vyménni konstanta a S;, S; reprezentuje sousedni superspiny v piimém ko-
naktu, napt. v povrchové vrstvé nanocastic. S vyuzitim aproximace stfedniho pole prechéazi

vztah do tvaru:

Egpn = KegV sin® 0 — JgM(T) (M(T)) (2.45)

kde M(T) je magnetizaci podmf¥ize, Jog reprezentuje efektivni vyménnou konstantu a
Jett (M(T')) odpovidé efektivnimu interakénimu (stfednimu) poli.
V pripadé, Ze je orientace anizotropniho a interakéniho pole paralelni, 1ze energii systému

vyjadrit ve tvaru:

Egpn ~ KegV sin? 0 — Jug M?(T)b(T) cos 6, (2.46)

kde M (T') je magnetizace podmiize s vylou¢enim magnetickych fluktuaci a b(7T") je para-

metr usporadani zavedeny jako:
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M)(T

M(T)
Typicky pribéh magnetické energie systému pro rtizné pomery interakéni a magnetické
energie je znazornén na Obrazku 2.9. Uvazujeme-li dominantni interakéni clen, lze charak-

teristickou teplotu stabilizace superferomagnetického stavu odhadnout ze vztahu:

Jeg M?*(Tsrar)
TSFM ~ GT. (248)
B
3 T T T T T T T
2 L -
1L 4
>
= 0F .
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Obrazek 2.9: Pribéh normalizovné energie pro superferomagneticky systém o riznych po-

mérech interakéni a anizotropni energie. Prevzato z [35].

Spinové a strukturni neusporadani

Diisledkem nanorozmérové velikosti ¢astic je vznik tzv. magneticky mrtvé vrstvy u povrchu
nanocastice, tj. efektivni objem castice, ktery se projevuje jako homogenni magneticka do-
ména, je mensi nez fyzickd velikost castice. Podil povrchové magneticky, a ¢asto i krystalo-
graficky, neusporadané vrstvy zavisi na zpusobu pripravy nanomateridlu a pfimo souvisi s
krystalinitou castice, ktera je dand podilem mikronapéti, nestechiometrii faze, koncentraci
defektt apod. Dle zjednoduseného konceptu tzv. struktury jadro-slupka (v angl. core-shell),
zavedeného Coeym [37], je uvazovano ostré rozhrani mezi magneticky usporadanym jadrem
a zcela neusporadanou slupkou. Problematice povrchové vrstvy nanocastic se vénuje mono-

grafie [38].
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vvvvvv

dient strukturniho a spinového neusporadani, projevuje se aglomerace ¢astic v sintrovanych
vzorcich nebo velmi koncentrovanych ferofluidech. Na zakladé jednoduché analyzy vysledkt
magnetickych a strukturnich experimentt nelze vzdy zcela jednoznac¢né urcit, jaka je sku-
tecna krystalografickd a spinova struktura realné nanocastice, nicméné lze ji pomérné dobte
odhadnout (bude diskutovano v ¢asti zaméfené na experimentalni metody studia nanod¢as-
tic). Ptiklad charakteristické struktury ¢astecné neusporadanych ¢astic a typicky pribéh
hystereznich smycek v blokovaném stavu je uveden na Obrazku 2.10.

Uvazujeme-li, ze spinova struktura povrchové vrstvy nabyva rovnovazné konfigurace z di-
vodu minimalizace energie systému, je o¢ekavano sklonéni dil¢ich spinti vzhledem ke snadné
ose magnetizace diky dominantnimu vlivu povrchové anizotropie. Proto je casto definovan
tzv. tthel sklonéni spinu, ktery odrazi pokles celkového superspinu ¢astice vzhledem k idealné

usporadanému stavu.®

Hei > Hee

—
7
&

—>
Hea< Heo

Obrazek 2.10: Schéma mozného spinového neuspoiadani v systémech magnetickych nano-

ocastic a vysledného pribéhu hysterezni smycky v blokovaném stavu. Prevzato z [39)].

8Tento koncept ma své limity, zeména pro vysoce krystalické ¢astice s charakteristickymi krystalografic-

kymi poruchami, jak je popsdno napf. v [40].
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2.1.4 Typické experimenty pro studium systémii monodoméno-
vych c¢astic

Magnetické a strukturni vlastnosti monodoménovych castic jsou typicky studovany pomoci
z nich spolec¢né s typickymi experimentalnimi protokoly a nastinem mozné analyzy vysledkt
v kontextu teoretickych pfistupit diskutovanych v ¢astech 2.1.2. a 2.1.3.. Cilem této c¢asti
neni detailni popis principu méficich metod, potazmo technickych detaild zafizeni, které
jsou specifické pro konkrétni aparatury a lze je nalezt v bézné dostupné literatufe. Uelem je
nastinit specifika typovych experimentti a analyzy experimentalnich dat pro studium soubort
realnych nanocastic.

Je vhodné pfripomenout, Ze experimentalné zjisténa teplota blokace superparamagnetic-
kého systému je vazana na charakteristicky cas prislusné experimentalni metody, kterou je
studovan, proto je casova skala metody velmi dilezitym faktorem. Typické casové skaly ex-
perimentalnich metod se pohybuji v nésledujicich rozmezich: 107!2 - 107! s pro nepruzny
rozptyl neutroni, 1071° - 1077 s pro Mossbauerovu spektroskopii (ddno dobou Zivota excito-
vaného stavu u jaderného prechodu, pro >'Fe ~ 8x1078 s), 1071% - 1075 s pro spektroskopii
muonii (doba Zivota muonu je typicky 2,2 ms), 107! - 107> s pro stiidavou susceptibilitu,
107! - 107! s pro feromagnetickou rezonanci aj. Schéma, které koreluje typické relaxacni
¢asy systémi monodoménovych castic a charakteristické ¢asy metod studia je znazornéno
na Obrazku 2.11.

Magnetizace

Prvotnim experimentem, ktery slouzi pro odhad zakladnich parametri superparamagnetic-
kého, resp. blokovaného stavu, je méreni teplotni zavislosti magnetizace. Typicky se provadi
v tzv. rezimu zero field-cooled, ZFC a field-cooled, FC. V rezimu ZFC je vzorek nejprve za-
chlazen na nizkou teplotu, nasledné je aplikovano magnetické pole v fadu 0.1 mT a zméfena
magnetizace do pokojové, pripadné maximalni dostupné teploty. V rezimu FC se experiment
opakuje prfi ponechani vnéjsiho magnetického pole. Typicka kfivka readlného vzorku je zna-
zornéna na obrazku 2.12. V pfipadé, ze soubor Castic neinteraguje, je disledkem prechodu
do blokovaného stavu odchylka ZFC kiivky od Curiova zakona, objevuje se maximum, které
koinciduje s bifurka¢nim bodem. Priubéh zavislosti ZFC a FC a jejich koincidence zavisi v
nejjednodusim pribliZeni na velikosti ¢astic, nicméné vlivem realnych efekti jsou obé kiivky

vyznamné modifikovany. Na Obrazku 2.12 je znazornén i typicky priabéh ZFC kiivky pro na-
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relaxacniéas (t) resp. charakteristicka Skalametody (z.,) [5] *

105 - 1012 10" -10-° 10-8-10 10-6-10 4 10-23-100

mechanismus zmény magnetického stavu

elektronové procesy precese magnetizace tepelné aktivovana dynamika

typ nanocasticového systému

SPM SPM+dip dip. usporadanl

'o ’Q g.

-?.-.

experimentalni metody
Méssbauerova spektroskopie [°'Fe] fi
magnetizace
FMR spektroskospie muont MFM
neutronovy rozptyl a.c. susceptibilita
spin echo

Obrazek 2.11: Ilustrace casové skaly relaxac¢nich procesti v systémech superparamagnetickych

¢astic a moznych experimentalnich metod studia v dané oblasti frekvenci.

nocastice s riznou distribuci velikosti. Teplota blokace uré¢end bud z maxima na kfivce ZFC
nebo z bifurkac¢niho bodu ktivek ZFC a FC je tedy pouze orienta¢ni. Jako odhad distribuce
teploty blokace lze vyuzit jednoduchého vztahu:

dTs  d(pzrc — pirc)

ar dT ! (249)

ktery udava odhad rozlozeni teploty blokace v rovnovazném rezimu za predpokladu za-

nedbatelnych mezi¢asticovych interakei.

Pro studium kolektivnich jevl je mozné vyuzit rozsirenych ptistupii. Jednou z moznosti
je tzv. termoremanentni protokol (z angl. thermoremanence, TRM), pii kterém je systém
ochlazen ve vnéjsim magnetickém poli na teplotu T, kde je ponechan k relaxaci po dobu
twait- Nasledné je odstranéno vnéjsi magnetické pole a je sledovan pokles magnetizace. Cha-
rakteristickym projevem je maximum na kiivce TRM v okoli efektivni teploty blokace (kore-

lované k objemu pfislusné dynamicky aktivni frakce nanocéstic), které se posouva k vyssim
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Obréazek 2.12: Typické teplotni zavislost magnetizace v rezimech ZFC a FC (vysvétleno v

textu) spolené s magnetiza¢nimi izotermami v blokovaném a superparamagnetickém stavu.

teplotam, resp. objemtm s rostoucim t,,.;, jak je znadzornéno na Obrazku 2.13. Pro teplotni

zavislost termoremanetni magnetizace, Mgy plati souctové pravidlo ve tvaru:

Mrry(t, twait) = Mpc(t 4 twair) — Mzrc(t). (2.50)

Dalsim typickym experimentem vyuzivajicim méfeni teplotni zavislosti magnetizace je
tzv. starnuti (agging), kdy je systém ponechdn v nulovém magentickém poli pfi teploté
Twait < T po dobu t,., nasledné je zmétrena kiivka ZFC v bézném teplotnim rozsahu.
Rozdil kiivky ZFC méfené standardnim postupem a kiivky ZFC s relaxaci poskytuje v
pripadé signifikantni kolektivni dynamiky anomalii v okoli T%,4.

Teplotni zavislost magnetizace lze také analyzovat ve smyslu Curie-ova zakona modifi-

kovaného pro superparamagnety a ziskat odhad velikosti superspinu, pripadné informaci o
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Obrazek 2.13: Typické protokoly pro studium kolektivnich jevii s souborech nanocastic.(a)
Termoremanentni protokol v redukované reprezentaci, (b) studium vlivu starnuti systému.

Ptepracovano na zakladé [20].

charakteru moznych interakci mezi ¢asticemi.® Je-li zavislost vyrazné ovlivnéna distribuci
velikosti ¢astic a silnymi dipolarnimi interakci, odchyluje se od predpokladaného priibéhu a
tuto jednoduchou analyzu neni mozné v bézné dostupném teplotnim rozsahu aplikovat.
Dalsim dtilezitym experimentem je méfeni magnetizacnich izoterm v blokovaném a super-
paramagnetickém stavu. Z krivek v blokovaném stavu lze urcit charakteristické parametry
(koercitivni pole, H,., remanenci, M, a saturovanou magnetizaci, M;), pfipadné vyhodno-
tit jejich teplotni zavislost s vyuzitim vyse popsanych modeld. Analyzou magnetizac¢nich
izoterm v superparamagnetickém stavu lze ur¢it magneticky moment (superspin) Castice,
pfipadné superspinovou distribuci aplikaci pfislusné distribuéni funkce (pro log-normélni roz-
déleni bylo popsano v pfedchozi ¢asti). Analyza kiivek v rezimu saturace poskytuje odhad
ptispévku spinové neusporadané frakce, ktery se projevuje jako linedrni (paramagneticky)
prispévek zpisobujici nesaturaci magnetizacnich kiivek do vysokych magnetickych poli. Pro

korektni analyzu magnetiz¢énich izoterm je vzdy nutné data korigovat na tento prispévek.

Stiidava susceptibilita

Stridava susceptibilita je velmi uzitecna metoda pro studium superspinové dynamiky, protoze
umoznuje studium systému v pomérné siroké casové skale, ktera koinciduje s charakteristic-
kymi relaxa¢nimi ¢asy. Pfi experimentu je na vzorek aplikovano stiidavé magnetické pole,

které lze vystihnout vztahem:

9V ptipadé mezi¢asticovych interakci je nutné rozsiiit vztah do tvaru Curie-Weissova zédkona p/H =

CSPM /(T — 9$PM) | ktery meziGasticové interakce postihuje.
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H(t) = Hyosin(2 ft), (2.51)

kde H,. je amplituda (tzv. stejnosmérna komponenta) typicky v fadu mT a f odpovida
frekvenci v intervalu 102 - 10* Hz.

Casové, resp. frekvenéné zavislou odezvu magnetizace lze vystihnout pomoci rozvoje:

M(t) = H,, Z Im(xne™™ " = H,. Z[X;l sin(2n7 ft) + X cos(2nm ft)], (2.52)

n=1 n=1

kde ,, odpovida magnetické susceptibilité n-tého radu a x/,, x7 jeji redlné, resp. imagi-

narni komponenté svazané jednoduchym vztahem:

x=x+x" (2.53)

Ve frekvencéni doméné Ize jednotlivé slozky vyjadrit pomoci nize uvedenych vztahii.

2T
Xo = 7 / M (t) sin(2nt)dft, (2.54)

2m
Xy = i / M (t) cos(2nt)dft. (2.55)

Pro soubor monodoménovych ¢astic v teplotnim oboru koincidujicim s pfechodem mezi
superparamagnetickym a blokovanym stavem, lze jednotlivé piispévky vyjadrit ve tvaru:

) = X T o7
LWT*

(2.56)

kde x5, odpovida susceptibilité v superparamagnetickém stavu, x; susceptibilité v blo-
kovaném stavu a 7% reprezentuje stfedni relaxacni ¢as (7% = 7/2).
Pro prvni odhad charakteru relaxacniho procesu a typu magnetického stavu systému se

casto vyuziva empiricky vztah:

_ (AT
¢ = (m) ; (2.57)

kde T’y odpovida efektivni teploté blokace pro danou ¢asovou skalu (frekvenci). Pro idealni
superparamagneticky systém je ocekavana hodnota 0,1, zatimco pro superspinova skla a
systémy s kolektivnimi relaxacemi se hodnoty pohybuji v intervalu 1073 - 5x 1072,

Vysledky teplotni zavislosti magnetické susceptibility 1. fadu jsou analyzovany s vyuzitim

modeld popsanych v ¢astech 2.1.2. a 2.1.3..
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Studium vyssich ¢lent rozvoje slouzi jako komplementarni metoda k potvrzeni existence
kooperativnich jevi. Pfi teploté do skelného stavu (7)) dochazi k divergenci susceptibility

vyssiho fadu, jak je uvedeno pro slozky 3. a 5. radu:

0 T -
o= {75 ) - (2.58)
g

0 T —(B-2v)
g

kde 8 a 7 jsou kritické exponenty.
Pro ovéteni kritické dynamiky se vyuziva univerzalniho skalovani pro imaginarni slozku,
X" (f, T):

7

>><<eq - (Tng)ﬁy(f’t)’ (2.60)

kde x., odpovida rovnovazné susceptibilité v limité nulové frekvence.

Moéssbauerova spektroskopie - fyzikalni principy

Tato metoda patii mezi lokalni sondy struktury a spinového stavu atomi a iontd v pev-
nych latkach a je zaloZena na bezodrazové rezonanc¢ni absorbci zareni v jadrem studovaného
atomu. Experimentalné je plynulé zmény energie v zareni emitovaného zdrojem dosazeno s
vyuzitim Dopplerova jevu, kdy se zdroj a vzorek (absorbér) pohybuji vici sobé plynule se
ménici rychlosti, typicky v fadu mm/s. Pro potfeby vyzkumu v rdmci této habilita¢ni préace
byla vyuZita vyhradné spektroskopie jader *’Fe pro stanoveni zastoupeni Fe*" /Fe3" kati-
onttl v oxidovanych ¢asticich magnetitu, urceni stupné inverze ve spinelovych feritech a od-
had sklonéni spinu, resp. spinového neusporadani. Detailni popis principu, experimentalniho
usporadani a siroké skaly aplikaci této metody lze nalézt v nékolika rozsahlych monografiich
[41, 42, 43]. Proto se tato ¢ast sestava pouze ze struéného shrnuti fyzikalni podstaty metody
a vyuziti Mossbauerovy spektroskopie pii aplikaci externiho magnetického pole.

Vystupem analyzy Mossbauerovskych spekter je v prvnim pftibliZeni informace o struk-
turnim usporadani a magnetickém stavu pevné latky, které jsou reflektovany v tzv. parame-
trech hyperjemnych interakci. Celkovou energii systému v diisledku ptisobeni hyperjemnych

interakci, Fy¢ lze vyjadiit ve tvaru:

Ehf = Ee + Em; (261)



2.1. MAGNETISMUS MONODOMENOVYCH CASTIC
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Obrézek 2.14: Ptvod hyperjemnych interakci v jadru ®“Fe spolecné s typickymi priibéhy
Madssbauerovskych spekter.

kde E. odpovida elektrostatické interakci a F,,, magnetické interakci s okolni elektronovou
hustotou.

Elektrostaticky prispévek lze vyjadrit ve tvaru:

E. = E; + Eo, (2.62)

kde E; odpovidéa interakéni energii sféricky symetrické hustoty jadernych stavi s okolnimi
elektronovymi stavy a zptisobuje tzv. izomernimu posunu a F reprezentuje elektrostatické
interakcé vyssiho radu z divodu asymetrického rozlozeni jaderné, resp. elektronové hustoty
vedouci k tzv. kvadrupdlovému stépeni.

Na zakladé Poissonovy rovnice lze vyjadiit E; jako:
1
Er = 6 ; W,k/7"2p2(r>d3r7

kde V;; odpovidd Taylorové rozvoji tenzoru interakéniho potencidlu v misté jadra. S

(2.63)

vyuzitim pravdépodobnosti vyskytu elektront v mistg, |¥(0)?| jadra piechazi vztah na:
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E; = Q?FeQZ |w(0)*| (R?), (2.64)

kde (R?) reprezentuje stfedni priimér jadra. Tato interakéni energie tedy vyadiuje Cou-
lombickou interakci mezi sféricky rozlozenym néabojem jadra a okolni elektronovou hustotou,
ktera zpiisobuje posun jaderné energie vzhledem k energii jadra v pripadé, ze je uvazovano
jako bodovy ndboj. Obecné jsou hodnoty |¥(0)?| a (R?) rozdilné pro zékladni a excito-
vany stav, stejné tak jako pro zdroj a vzorek. Proto vznika tzv. izomerni (chemicky) posun,

definovany jako:

dm
5= etz
57 R-R

2(R. — R,)’ [ R2—R2 7
( 4) {Q(Re - Pfg)} (|T(0)2| = [w(0)2]), (2.65)
kde R, a R, odpovidaji jadernym polomérim excitovaného a zakladniho stavu a [¥(0)?|,
|W(0)?| pravdépodobnosti vyskytu elektront v absorbéru (vzorku), resp. zdroji. Typické hod-
noty ¢ pro mozné oxida¢ni stavy Fe ve spinelovych feritech a znamych oxidech se pohybuji
v rozmezi : 0,1 - 0,4 mm/s pro Fe*" a 0,8 - 1,5 mm/s pro Fe?" [44].
Dtisledkem od sférické symetrie rozlozeni naboje jadra je vznik tenzoru gradientu elek-
trického pole, V; ;, v misté jadra (v literatufe ozncovan jako EFG angl. electric field gradient

tensor):

1
Eq = G Z Vik /(3X¢Xk — 6r?)p(r)d’r, (2.66)
ik

Ve standardni reprezentaci jsou ¢leny mimo diagonélu nulové a pro diagonélni ¢leny plati:
|Vaa| < |Vl < [Vzz| & Ve + Vi + Vi, = 0. Interakce jaderného elektrického kvadrupdlu s
principdalni slozkou V,z diagonalizovaného tenzoru vede k sejmuti degenerace (2I+1) hladin

pro jadra s I > 1/2. Pro 5"Fe s I = 3/2 vznikaji dva stavy o vlastni energii:

n 1 n\ /2
By = +1QV.z (1 + g) , (2.67)

kde n odpovida parametru asymetrie EFG ve tvaru:

Vw—‘/;/y
V.

Energeticky rozdil mezi dvéma nedegenerovanymi stavy odpovida kvadrupodlovému steé-

n= (2.68)

peni. Typické hodnoty kvadrupdlového Stépeni se pohybuji v rozmezi (-0,05) - (-0,20)mm/s

pro kationty Fe?* ve spinelovych strukturach, kladné hodnoty lze pozorovat u hematitu v
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antiferomagnetickém stavu (0.41 mm/s) nebo superparamagnetickych ¢asticich (0.9 - 1.1
mm/s) [45].

Zatimco izomerni posun a kvadrupdlové stepeni souvisi s elektrostatickou interakci hus-
toty naboje jadra a elektront, magneticka dipolarni interakce, resp. magnetické hyperjemné
pole je disledkem interakce nenulového jaderného spinu, I s externim magnetickym dipdlo-
vym momentem ve smyslu efektivniho magnetického pole, Bqg v misté jadra. Lze ji vyjadfit

ve tvaru:

Em = —gN,ujIBeff, (269)

kde gn je jaderny Landauetiv g-faktor a p; jaderny magneton. Disledkem této interakce
je sejmuti (2I41)-ndsobné degenerace jaderného stavu. Pro povolené jaderné prechody pak
plati vybérové pravidlo ve tvaru Am; = 0, +1, kde m; odpovida magnetickému kvantovému

¢islu jadernému spinu dle vztahu pro vlastni hodnoty energii:

E:m = _gNILij]Beﬂ‘. (270)

Prispévky do magnetického hyperjemného pole lze v nulovém vnéjsim magnetickém poli
vyjadrit jako superpozici vnitiniho iontového dipolarniho pole, By orbitalniho pole, B, a
Fermiho kontaktniho pole, B, .

Dipolarni pole je zptisobeno interakci spinového piispévku magnetického momentu va-
lenc¢nich elektronti atomu a jaderného magnetického momentu. Za predpokladu slabé spin-

orbitalni interakce lze tento prispévek vyjadrit ve tvaru:

M> . (2.71)

Bi=—2up < p;
Velikost dipolarniho prispévku zavisi na symetrii elektronové hustory daného atomu,
nicméné typicky dosahuje hodnot v fadu desetin az jednotek T. V pripadé sféricky syme-
trického rozloZeni néboje je tento pifspévek nulovy (napt. elektronova konfigurace d° pro
Fe3 ™).
Orbitalni prispévek je indukovan orbitalnim pohybem valencnich elektront a pro zcela

nebo z poloviny zaplnéné orbitaly je nulovy. Je vyjadfen nésledujicim vztahem:

B, = —2up <%> . (2.72)

Nejvyznamnéjsim prispévkem do hyperjemného pole je Fermiho kontaktni ¢len:
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B. =~ g ((02(0) — [L2(0)) (273)

kde |U;(0)| a |¥2(0)| odpovidaji hustoté s-elektrontt v misté jadra pro spiny s opacnou
orientaci. Tento prispévek je diisledkem polarizace s-elektronti vlivem valencnich elektront
(3d) a okolnich atomi. Diky antisymetrii vinové funkce jsou repulzivni interakce silnéjsi pro
s a 3d elektrony s opacné orientovanymi spiny, proto jsou s-elektrony s antiparalelnimi spiny
vypuzeny blize k jadru. Vysledné kontaktni pole je dano superpozici ptispévki vnitinich
(zaporny) a vnéjsich (kladny) s-stavii. Napt. pro Fe3* plati: B, = (-3) T [1s] + (-131) T [2s]
+ (79) T [3s] = -55 T. Typické experimentalné uréené hodnoty pro ionty Fe*" ve spinelovych
feritech a hematitu se pohybuji v rozmezi 48 - 55 T, nizs§i hodnoty lze nalézt napt. u e-Fe;O3
(25 - 46 T) [45].

Pro spinelové ferity a znamé faze oxidu zelezitého se tedy vysledné spektrum sklada z né-
kolik podspekter, které odpovidaji rezonanéni absorbci kationttt Fe?* nebo Fe? v symetricky
neekvivalentnich polohach v elementarni, resp. magnetické burice.

Dalsimi dilezitymi parametry, které primarné definuji charakter spekter, je rozsiteni spek-
tralnich lini, I' a pravdépodobnost prechodu. I je principielné dano Heisenbergovymi relacemi

neurcitosti a souvisi se stiedni dobou zivota excitovaného jaderného stavu, 7; dle vztahu:

Pravdépodobnost rezonanc¢niho prechodu v ramci harmonické aproximace reprezentuje

tzv. bezodrazovy faktor, definovany vztahem:

f = e (=k, (@), (2.75)

kde k, opdovida vlnovému vektoru zéfeni a () je stfedni kvadratickd vychylka jadra v
rezonanci ve smeru Sifeni zareni.

S vyuzitim Debyeova modelu ptfechazi do tvaru:

6F
f=exp— . - L ot : (2.76)
D T
]{713@[) |:Z + (@) 0 exildx]
kde ©p je Debyeova teplota a Er odpovida bezodrazové energii jadra.!°
10P#i absolutni nule je faktor nedosahuje hodnoty 1 z déivodu pohybu jader:
E

F(T =0) = exp — SER (2.77)




2.1. MAGNETISMUS MONODOMENOVYCH CASTIC 43
Bezodrazovy faktor je v obecném pripadé smérové zavisly diky anizotropii vibra¢nich

projevi jadra, coz muze vést k asymetrii integralnich intenzit jednotlivych spektralnich linii.

Moéssbauerova spektroskopie v externim magnetickém poli

Pri aplikaci vnéjsiho magnetického pole v fadu T obecné dochazi k zasadnim zméndm ve
spektrech. V pripadé, ze dany material vykazuje pii ptisobeni magnetického pole spinovou re-
orientaci, resp. metamagneticky fazovy prechod, pripadné z diivodu magneto-elastické vazby
dochéazi ke zméné krystalové struktury, je charakter spektra dan symetrii polem indukované
magnetické, piipadné i krystalové struktury. V pripadé spinelovych feriti a nékterych fazi
oxidi zeleza k takovym zménam magnetického ani strukturniho uspotradani v bézné dostup-
ném oboru magnetickych poli nedochéazi. Disledkem aplikace magnetického pole, Bey je
vsak rozdilnd hodnota hyperjemného pole B¢ pro rizné podmrize ve spinelové strukturte,
coz umoznuje napt. presnéjsi urceni stupné inverze spinelu. Dale je mozné urcit orientaci
magnetizace dané podmfize (v daném magnetickém poli). Pro vektorovou analyzu orientace

jednotlivych ptispévki plati jednoduchy vztah:

Beff = Bext + Bhf7 (278)

kde Beg odpovida tzv. efektivnimu (magnetickému) poli.

Experiment lze provadét v paralelni nebo kolmé (perpendikularni) geometrii, jak je zna-
zornéno na Obrazku 2.15. V pripadé, Ze je magnetické pole By aplikovano paralelné ke
sméru §ifeni v zafeni, Bog preceduje ve sméru vinového vektoru v zafeni pod tthlem 6. Uhel
mezi B.g a magnetizaci podmfize lze snadno urcit z poméru integralnich intenzit prostiedni

a vnitini linie na zakladé vztahu

4 <ﬁ — 1) 1. (2.80)

V pripadé kolmé geometrie je situace komplikovanéjsi, protoze B.g preceduje okolo sméru
B a thel 0 pak neni konstantni.

Uhlu sklonéni spinu, resp. magnetizace podmiize, a je mozné urcit nékolika zptisoby.

Prvni moznost vyuziva vztahu 2.79, nicméné tento vypocet je velmi nepresny. Diivodem je

1Pro pomér integralnich intenzit krajni, prostfedni a vnitini linie plati:

4sin% 6
3: | — | : 1. 2.79
(\/1—|—00529> ( )
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Obrazek 2.15: [Paralelni a kolmé experimentélni usporadéani Méssbauerovy spektroskopie
v externim magnetickém poli. Vpravo je znézornéno typické spektrum nanokrystalt feritu
kobaltnatého, mérené pii 4,2 K v nulovém a v externim magnetickém poli 5 T vykazujici

jasné rozliseni jednotlivych podspekter.

horsi rozliSeni poméru integralnich intenzit paralelni geometrie (mozné hodnoty nabyvaji 4:1
- 1.657:1 ve srovnani s 4:1 - 0:1 pro kolmé usporadani). Spektra jsou ¢asto zatiZzena artefakty
(saturace, preferen¢ni orientace, distribuce hyperjemnych parametrti, demagnetizacni faktor
aj.), které vyrazné ovliviiuji intenzitu jednotlivych linii.

Proto je mozné vyuzit alternativniho pristupu k urceni thlu sklonéni spinu, ktery je
zaloZen na srovnani spekter v kolmé geometrii pro Beyy = 0 a By = n'T, kde n je v jed-
notkach T. By je urceno ze spektra v nulovém magnetické poli a B.g ze spektra v externim
magnetickém poli. Uhel sklonéni spinu, « je pak mozné urcit na zakladé vztahu:

By~ B, ~ i

app

2B2 B2,

app

cos o = (2.81)

vvvvvv

entaci magnetizace podmfizi v jadie a slupce c¢astice, pripadné dochéazi ke kontinualni zméné
orientace spintl. Proto je urceni sklonéni spinii ovlivnéno zejména distribuci hyperjemnych
parametri a snadnych os magnetické anizotropie nanocastic. Jak bylo ukazano v [40], je tato
metoda neselektivni pro objemové a povrchové spiny v nanocasticich a bez komplementarnich

experimentti neni mozné sklonéni spinu prifadit pouze povrchové vrstve.
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Vzhledem ke srovnatelné casové skale Mossbauerovy spektroskopie a typickych relaxac-
nich ¢asti superparamagnetickych systémi lze vyuzit studia teplotni zavislosti Mossbauero-
vych spekter k odhadu teploty blokace a podilu superparamagnetické, resp. blokované frakce,
tedy odhadnout i distribuci velikosti ¢astic (resp. jejich relaxac¢nich ¢asti). Charakteristickym
projevem superparamagnetického stavu ve spektru je dublet s vyrazné rozsirenymi liniemi.
Typickym projevem ptechodu do blokovaného stavu je Siroky sextet (Casto asymetricky z
divodu superpozice distribuci velikosti ¢astic, hyperjemnych parametri, koordinac¢nich okoli
aj.), jehoz intenzita kontinualné roste na tikor dubletu. Z poméru integralnich intenzit pak

l1ze odhadnout podil superparamagnetické frakce ve vzorku.

Odhad strukturniho a spinového usporadani nanocastic

Korektni urceni strukturniho a magnetického usporadani individualnich nanocastic tak vyza-
duje soucinnost raznych experimentalnich metod. Pro velmi dobry odhad lze vyuzit srovnani
velikosti ¢astic, ziskanych pomoci transmisni elektronové mikroskopie, RT'G difrakce a na za-
kladé analyzy magnetickych méteni. U vSech zminénych metod je mozné zahrnout i distribuci
velikosti. Mozna uspofadani v nanocasticich znazornuje Obrazek 2.16, pro zjednoduseni jsou
zobrazené Castice sférické.

Prvni pfipad odpovida izotropni ¢astici v ramci Stonerova-Wohlfarthova modelu, ktera je
strukturné i magneticky homogenni v celém objemu. Druhy pripad je nejtypic¢téjsi pro realné
vzorky a lze jej vystihnout jako strukturné a magneticky usporadané jadro a neusporida-
nou slupku, kdy krystalograficky uspofadany objem je vétsi nez magneticky. Idealizovana
struktura jadro-slupka (core-shell) zavedend Coeym odpovida ¢astici, pro kterou je drrg =
dreym. Rozporuplné vysledky magnetickych meéteni 1ze casto snadno vysvétlit jako disledek
struktury velmi Spatné krystalické ¢astice, kdy je v interpretacich chybné uvazovana fyzicka
velikost castic, nikoliv magneticka, tj. plati drrg << dreMm.

Slozitéjsi je intepretace v pfipadé polykrystalickych ¢astic nebo vpodstaté velmi dobte
krystalickych c¢astic s rliznymi defekty, napt. vrstevnatymi chybami. Pro tyto pripady je
nutné mit k dispozici pozorovani transmisnim mikroskopem s vysokym rozliSenim, protoze
vysledky objemovych metod budou vpodstaté totzné s predchozimi pripady.

Specialnim pripadem jsou ¢astice, které vznikaji metodou rustu na zarodku. Prirtstani
stejné faze na ptivodni ¢astici vede ke vzniku rtizné neusporadaného rozhrani, takze vysledna
¢astice nemusi nutné vykazovat nejvetsi stupen neuspotradani na povrchu. Tento piipad zna-
zornuje posledni obrazek, zesilena cervena cara odpovida narustu neusporadané vrstvy na

rozhrani, zelena reprezentuje neusporadanou povrchovou vrstvu, ktera mutze byt zanedba-
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telna vici neusporadané frakci na rozhrani. Proto obecné akceptovany model jadro-slupka

nemusi v nékterych ptripadech vystihovat realnou strukturu nanocastic.

mag - c:IRTG - c:ITEM mag < dRTG s c:ITEM

Stonerova-Wohlfarthova éastice ~ Coeyho ¢astice dgrg = dgy

< dgrg < < dgy dnag < dpre < < drgm dinag < drre < drem

mag

polykrystalicka éastice Castice s vrstevnatou chybou sekundarnirast na zarodku

Obrazek 2.16: Mozné spinové a strukturni usporadani nanocastic spole¢né s typickou re-
laci pro velikost cCastice ziskanou pomoci transmisni elektronové mikroskopie, drgyv, RTG

difrakce, drrq, a magnetickych méfeni, dp,s. Komentar k jednotlivym strukturam je v textu.

2.2 Strukturni a magnetické usporadani v oxidech ze-

leza a vybranych spinelech

Fazové slozeni magnetickych nanokrystalti a nanokompoziti studovanych v této prace je
pomérné uzce definovano, jedna se prevazné o nékterou ze znamych fazi oxida zeleza nebo
spinelovych feritd. V této sekci budou kratce shrnuty jejich strukturni a magnetické vlast-
nosti, detailni rozbor strukturniho a magentického usporadani lze nalézt v fadé prehledovych
¢lankt a monografii, napt. [46, 45, 47].

V soucasné dobé jsou znamy dvé stabilni a dvé metastabilni faze oxidu zelezitého, Fe,O3
a podvojny oxid Zeleznato-zelezity, Fe;O, (magnetit). Nizkoteplotni faze v-FesO3, maghemit
je tvorena strukturou defektniho spinelu odvozenou od inverzniho spinelu.

Obecné lze strukturu spinelu vystihnout jako (XsYs_1)74[X1-sY146]0nO4, kde XY od-
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povida kationtim dvoj- a trojmocnym, T'd a Oh zna¢i oktaedrické a tetraedrické pozice ve
spinelové struktufe a parametr § reprezentuje tzv. stupen inverze, ktery nabyva hodnot od 0
(inverzni spinel) do 1 (normdlni spinel). Struktura maghemitu vytvafi tfi mozné strukturni
varianty v zavislosti na stupni usporfddani vakanci Fe?* iontt v oktaedrickych polohach
(uvedeno v Tabulce 2.1). Nejbéznéjsi je varianta defektniho spinelu s prostorovou grupou
P4332, kterou lze vystihnout pomoci krystalochemického vzorce: (Fe)rq[Fes,/3001 /3] OhOy, kde

[] znaci vakanci v okatedrické poloze.

Inverzni spinelovou strukturu vykazuje v objemovém stavu i magnetit. V nanocasticich
magnetitu, nicméné€ i v povrchové vrstvé objemového materialu, dochazi k témér okamzité
topotaktické oxidaci na maghemit, proto neni mozné za bénych podminek dlouhodobé sta-
bilizovat magnetit v nanoc¢asticich s velikosti pod 20 nm [48]. Tato zména je snadno pozoro-
vatelné jako zména barvy prasku ¢i ferofluidu z ¢erné na hnédou a spolehlivé detekovatelné
napt. pomoci Mossbauerovy spektroskopie nebo metod absorbce synchrotronového zatreni
(EXAFS, z angl. Edge X-Ray Absorption Fine Structure). Validace pfitomnosti magnetitu
pomoci RTG difrakce srovndnim hodnot kubického mfizového parametru (8,369 A- magnetit

vs. 8,342 A- maghemit) je naopak zcela nepritkazna, nicméné asto vyuzivana.

V magnetitu dochézi k distorzi krystalové struktury pii tzv. Verweyové prechodu typu
kov-izolator, ktery v objemovém materialu nastava pii Ty = 124 K. V pripadé malych castic
dochazi k poklesu Ty zejména z divodu strukturniho neusporadani a narustu podilu vakanci
v oktaedrickych polohéch, tj. kontinuelné se zvysujicim podilem maghemitu. Odchylku od
stechiometrického sloZeni magnetitu lze vystihnout pomoci vzorce Fez_;)Oy4, pro x > 0,004

nastava prechod 2. druhu.!?

Vysokoteplotni faze oxidu Zelezitého - hematit, a-Fe,O3 krystalizuje ve struktufe tvorené
nejtésnéjsim hexagonalnim uspotradani kysliki, se strukturnim typem korundu.

Metastabilni faze (-FeoOs vznika pri oxidaci maghemitu za specifickych podminek a
krystalizuje ve strukturnim typu bixbytu s kubickou télesové centrovanou miizi. Atomy Fe
obsazuji dvé neekvivalenti polohy s kubickou symetrii (uvedeno v Tabulce 2.1).

Neobvyklé strukturni usporadani vytvari i druha znama metastabilni faze e-Fe;Os3, ktera
je izostrukturni s k-Al,O3 a GaFeOgs. Anionty kysliku vytvareji nejtésnéjsi usporadni typu

ABAC a atomy zeleza obsazuji 4 neekvivalenti polohy se symetrii koordina¢niho polyedru:

12Detailni prehed modelti neobvykljch fyzikalnich procest spojenych s uspofddanim naboje a pieskoky
elektrontt poskytuje pfehledovy ¢lanek [49]. Zahrnuje popis pomoci konceptu Wignerova skla-krystalu dle
Motta, Ihle-Lorentztiv model a diskuzi nizkoteplotniho chovani defektniho magnetitu, kde je pozorovano tzv.

viceelektronové tunelovani.
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Fel - T,, Fe2, Fe3 - distortovany O, Fe4 - regularni O,,. 3

Magnetické vlastnosti vyse diskutovanych fazi lze shrnout nasledovné. Maghemit a mag-
netit vykazuji v objemovém stavu kolinedrni ferrimagnetické usporadani (magnetické para-
metry jsou uvedeny v Tabulce 2.2). a-Fe;O3 je tzv. slaby ferrimagnet (resp. antiferomagnet
se sklonénymi spiny) s Néelovou teplotou, T = 955 K. Pod tzv. Morinovou teplotou, T =
250 K dochézi k reorientaci magnetickych momentt paralelné s osou ¢ (spin-flop) a vzniku
antiferomagnetického uspofadani. 5-Fe; O3 je antiferomagnet s T (<) reportovanou v rozmezi
100 - 120 K.

e-Fe, O3 vykazuje magnetické usporadani ferrimagnetického typu (T = 480 K), které pod-
1éha magnetické fazové transformaci do nesoumétitelné struktury (spinové viny) pfi teploté
150 K.'*Aplika¢né zajimavym aspektem vysokoteplotni magnetické faze e-FeyO5 je enormné
vysoka hodnota koercitivniho pole (az 2 T pfi pokojové teploté) a rezonanéni absorbce elek-
tromagnetického zafeni v oblasti GHz laditelna substituci Fe [50].

Strukturni usporadani spineli o slozeni MFe;O4, M = Co, Ni, Mg odpovida inverznimu
spinelu, piipadné spinelu s ¢astecnou inverzi, jak je uvedeno v Tabulce 2.1. Tyto spinelové
ferity jsou, obdobné jako magnetit a maghemit, ferrimagnetické. Parametry magnetického
uspotradani jsou shrnuty v Tabulce 2.2, nicméné je nutné poznamenant, zZe magnetické pa-
rametry v realnych vzorcich, zejména v pripadé malych ¢astic, vyznamné zavisi na stupni
inverze.

Vyjimkou mezi spinely studovanymi v ramci této prace je chromit kobaltnaty. Naroz-
dil od vyse popsanych feritd tvori norméalni spinelovou strukturu a vykazuje multiferoické

vlastnosti, v tomto pfipadé koexistenci netrividlniho ferrimagnetického a feroelektrického

137a nizké teploty tdajné dochézi ke strukturni transformaci, nicméné vysledky ptivodni prace citované
v [45] nejsou jednoznaéné. Nedavna studie pomoci nizkoteplotni RTG difrakce s vysokym rozlisenim a Ra-

manské spektroskopie tento jev vyloucily.
14V literatufe je uvedeno nékolik moznych modeldt magnetické struktury vysokoteplotni fize. Obecné

pfijaty je model z roku 2006, ktery navrhuje kolinearni ferrimagnetické usporadani s extrémné nizkou hod-
notou mgnetického momentu na Fe v tetraedrické poloze. Tento vysledek je zdanlivé podpofen experimen-
tem magnetického cirkularniho dichroismu, kde byl na zdkladé neadekvatni aplikace souctovych pravidel
uréen nenulovy piispévek orbitdlniho momentu, navic teplotné zavisly (dusledek zmény projekce slozek
magnetizace pfi magnetickém fazovém prechodu, nikoliv zména magnitudy orbitdlniho momentu). Dosud
platny model magnetické struktury ovSem nevyhovuje zadné povolené irreducibilni reprezentaci magnetické
grupy a je disledkem opomenuti obecné orientace magnetickych momentd, tj. prfedpokladem kolinearity ve
sméru os soufdného systému. Revize vysledkd neutronové difrakce poskytla novy model magnetické struk-
tury (ferrimagnet se sklonénymi magnetickymi momenty) a hodnotami magnetickych momentt na atomech
Fe v ocekavaném rozmezi. Tento model odpovida i pozorované zméné magnetické struktury z divodu polem

indukovaného magnetického fazového prechodu.
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faze strukturnt typ PG Z/Wyckoffovy pozice
a-Fey O3 korund R3c 6
Fe: 12¢, O: 18e
B-Fe; O3 bixbyt la3 16
Fe: 8b, 24d, O: 48e
~v-Fes O3 inv. spinel, § =0, Fd3m 8
neusp. [ Fe3™(Td, A): 8a, ,Fe3*, [J(B, Oh): 16d, O: 32e
castecné usp. [J P4332 12
Fe: 12d, 4b, 8¢, O: 8¢, 24e
usp. O, ¢/a =~ 3 P4,2:2 12
Fe: 8b, 4a, 8b, O: 8c, 24e
e-Fey O3 k-AlyO5 Pna2; 8
Fe: 4a, O: 4a
Fe**Fe3tO, inv. spinel, § =0  Fd3m 8
Fe3™(Td, A): 8a, Fe?™ Fe3* (B, Oh): 16d, O: 32e
MFe, Oy, inv. spinel, § =0  Fd3m 8
Fe3™(Td, A): 8a, Fe?™, M?T(B, Oh): 16d, O: 32e
CoCry04 norm. spinel, d =1 Fd3m 8

Co(Td, A): 8a, Cr(B, Oh): 16d, O: 32e

Tabulka 2.1: Ptrehled strukturniho usporadani v oxidech Zeleza a ve vybranych spinelech,

uvedeno pro objemové materialy. PG - prostorova grupa, Z - pocet vzorcovych jednotek na

elementarni burku.
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teor

faze  ng* (ps) ng’ (us) Ko (J/m®) M (Am*/kg)  Tc (K) € Op (K)

Fe30, 4 4,03 -420 -(11-13) 92 847 - 858 14,2 869
vFe.O3  25-3,3 239-290 -(4,6 - 5.0) 76 - 82 850 - 950 15,0 -

CoFe,04 3 3,30 - 3,94 180 - 300 80 769; 793 13,9 812
NiFe,O4 2 222 -240 -(6,2-6,8) 50 858; 870 19,56 896
MgFe,O,4 0 0,86 - 2,15 -(2,5 - 4,5) 27 588; 713 - 635

Tabulka 2.2: Pfehled magnetickych parametrtt vybranych spinelti, uvedeno pro objemové

materidly. K7 a M odpovidaji hodnotdm za pokojové teploty. Prevzato z [47, 51, 52].

usporadani. Jedna se o vzacny priklad multiferoického systému tzv. spinového ptivodu, pro-
toze vykazuje extrémné silnou vazbu mezi feroelektrickou polarizaci a magnetizaci [53]. Jeho
magneticky fazovy diagram je pomérné slozity, k ferrimagnetickému usporadani dochéazi pii
teploté 93 K, pfechod do magnetické faze s konickou spinovou konfiguraci nastava pii 26 K
a pod 15 K se objevuje magnetické struktura zékladniho stavu, coz je spojeno s velmi malou
zménou propagacniho vektoru (tzv. lock-in pfechod) [54]. Nedavno publikovana prace [55]
popisuje strukturni fazovy pfechod ve vysokych magnetickych polich v teplotnim oboru 6 -
17 K, pii kterém dochéazi k usporadani longitudinalni slozky magnetizace zatimco spiralni
komponenta magnetické struktury zistava neusporadana. Vzhledem ke slozitému charakteru
vyménnych interakci, magnetoelektrické a magnetoelastické vazbé lze ocekavat vyznamné
zmény ve fyzikalnich vlastnostech tohoto systému v pfipadé nanorozmeérovych c¢astic. Napft.
studie nanokrystali pfibuzného systému, chromitu manganatého, MnCr, O, [56] ukazuje ano-
malni hodnotu Blochova koeficientu 3.5, ktera pri klesajici velikosti ¢astic limituje k obvyklé
hodnoté 1.5, nicméné kolaps magnetického usporadani nebyl pozorovan, ackoliv se velikost
castic blizi charakteristické koherentni délce magnetické.

V nanomaterialech, které jsou predmétem studia praci v sekci 2.3., se nachézi nanocastice
zeleza, kobaltu a karbidu trizeleza (cementitu).

Fe a Co v objemovém stavu krystalizuji v nejtésnéjsim usporadani kubickém (fcc, z angl.
face-centered cubic), resp. hexagonalnim (hcp, z angl. hexgonal close packed). V piipadé
smésné CoFey je preferovana miiz hep [57], [58]. Fe a Co jsou archetypélni feromagnety,
kde vznikd spontanni spinova polarizace pasového ptvodu dle Stonerova kritéria. K fero-
magnetickému usporadani dochazi pod Curiovou teplotou, T¢(Co) = 1043 K a T (Fe) 1388
K, hodnoty saturovaného magnetického momentu pti absolutni nule, urcené z extrapolace

Blochova zdkona, jsou pus(Fe) = 2,22 up a pus(Co) = 1,72 pp [58]. Dalsi dulezité magnetické
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parametry reprezentuje anizotropni konstanta, K;(Fe) = 0,48 J/m? a K;(Co) = 5 J/m?, sa-
turovand magnetizace pii pokojové teploté, My(Fe) = 2,16 T a M,(Co) = 1,82 T a vyménna
konstanta, A(Fe) = M,(Co) = 1.5 x 107" J/m. Limitni dosah magnetického usporadéani
definuje vyménnd délka, [ *® ktera ¢inni 2,8 nm pro Fe a 3,4 nm pro Co.

Fe3C krystalizuje v ortorombické soustavé (strukturni typ DO0;1) s prostorovou grupou
Pnma aZ = 4. Atomy Fe obsazuji dvé neekvivalenti Wyckoffovy pozice: 4c a 8d, okoli atomu
C tvori hexagonalni prisma Sesti atomt Fe (2 x 4c, 4 x 8d). V objemovém materidlu dochazi
k feromagnetickému usporadani pii T = 486 K, FesC vykazuje saturovany magneticky
moment, js = 1,78 up. V paramagnetickém stavu je charakterizovan efektivnim magnetickym

momentem, p.g = 3,89 up a paramagnetickou Curiovou teplotou, p = 506 K [58].

2.3 Metody pripravy magnetickych nanocastic a nano-

kompoziti

V této sekci jsou velmi struéné shrnuty metody pripravy magnetickych nanocastic a nano-
kompozitii, které jsou pfedmétem studia predkladaného souboru praci.

Izolované nanocastice lze pripravit riznymi postupy, pro vétsi mnozstvi castic je vyuzi-
vano prevazné chemickych metod na mokré cesté. Mezi nejvice pouzivané patii koprecipitace
ve vodném prostiedi, mikroemulzni metoda, dekompozice organického prekurzoru a hydroter-
malni metoda. Detaily o preparativnich postupech magnetickych nanocastic obsahuje napft.
prehledovy ¢lanek [59].

Koprecipitace je jednoducha metoda, pii které dochéazi k vylouceni nanokrystali z vod-
ného roztoku piislusnych soli ptsobenim silné baze, napt. amoniaku [60]. Nevyhody této
metody jsou velka distribuce velikosti castic, omezena moznost kontroly jejich velikosti a
tvaru, a vpodstaté okamzita aglomerace nanocastic po jejich vylouceni. Omezené lze para-
metry nanocastic fidit pomérem kationtd v reakéni smési, teplotou reakce nebo iontovou
silou a koncentraci baze [59, 61, 62, 63, 64]. Protoze metoda poskytuje velké vytézky a ne-
vyzaduje specialni vybaveni, je v soucasné dobé velmi rozsifend i pfes sva omezeni. V nasem
pripadé byla vyuzita pro piipravu nanocastic magnetitu a maghemitu.

Mikroemulzni metoda je zaloZena na vymeénné reakci uvnitt norméalni nebo inverzni mi-
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cely, kterd figuruje jako tzv. nanoreaktor, ve kterém dochézi k nukleaci a naslednému ristu
nanocastice, jejiz velikost je tak omezena velikosti micely [65]. V nasem piipadé bylo pro
pripravu nanocastic vyuzito hydrolyzy mikroemulze alkoxidt prislusnych kovi v suchém
etanolu. Tato metoda poskytuje pomérné dobie krystalické ¢astice, nicméné jejich velikost
je limitovana vlastnostmi dané mikroemulze, a proto je obecné vhodné vysledné nanoprasky
dodatecné zihat, typicky na 800 - 1000 °C.

Dekompozice organického prekurzoru je metoda, ktera umoznuje piipravu vysoce krys-
talickych nanocéstic s velmi tzkou distribuci velikosti [66, 67]. Je zaloZena na rozkladu
komplexu piislusného kovu (nejcastéji acetylacetonatu nebo oleatu) ve vysokovroucim roz-
poustédle (fenyléter, oktyléter, oktadecen) v pfitomnosti mastné kyseliny, nejcastéji olejové.
Vhodnym pomérem reaktantii a volbou rozpoustédla 1ze pomérné presné ridit velikost ¢astic
v intervalu 9 - 22 nm [68]. V této praci je to stézeni metoda piipravy vysoce krystalickych

nanocastic maghemitu a magnetitu.

Hydrotermalni metoda v systému voda - alkohol - mastnéa kyselina je univerzalni syntézou
pro piipravu monokrystalickych nanocastic kovi, jejich oxidl, pripadné sulfidd, selenidi
aj. [69]. Nanokrystaly vykazuji uzkou distribuci velikosti, nicméné neni mozné ménit jejich
velikost v Sir§im intervalu jako u dekompozice. V nasem piipadé byla metoda modifikovana
pro piipravu feritu a chromitu kobaltnatého [70, 71]. Specidlnim pfipadem je tzv. kontinualni

hydrotermalni metoda za superkritickych podminek, popsané v praci [72].

Nanokompozity, jejichz magnetické vlastnosti byly studovany v této praci, byly pripra-
veny metodou sol-gel a jejimi modifikacemi. Vétsina nanokompoziti je tvorena nanokrystaly
zabudovanymi v amorfni matrici SiO [73, 74, 75]. Principem metody sol-gel je hydrolyza al-
koxidt kfemicitych v piitomnosti alkoholti (v kyselém nebo bazickém prostiedi ) a nésledné
kondenzaci za vzniku tzv. gelu. V zavislosti na postupu suseni gelu vznikaji kompozity o
ruzné hustoté a velikosti porti. Pro pripravu nanokompoziti studovanych v této praci bylo
pro tvorbu matrice SiO, pouzito kyselé hydrolyzy tetra-ethyl-ortosilikditu (TEOS) v meta-

nolu za pritomnosti formamidu, zdrojem kationtt byly dusi¢nany Fe, Co, Ni nebo Mg.

Alternativnim typem piipravy nanokompozitii jsou vicekrokové syntézy, pii kterych jsou
nanocastice pripraveny v prvinim kroku a nasledné jsou zabudovany do matrice nebo pokryty
jinou fazi. V nasem pfipadé byl pripraven kompozit Fe;O3-TiO4 heterogenni precipitaci oxidu
titani¢itého z roztoku siranu titanylu pomoci mocoviny na povrchu nanocastic maghemitu
modifikovanych kyselinou citrénovou [76, 77|. Zcela novou metodu piipravy nanokompoziti
monodisperznich nanoc¢astic v matricich oxida pfechodnych kovii na béazi sol-gel jsme popsali

v [78]. Nejprve byly pfipraveny monodispersni ¢astice pomoci hydrotermélni metody nebo
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dekompozice organického prekurzoru, prevedeny do reakéni smési s alkoxidy a naslédné in-
korporovany do dielektrické matrice, ktera vznika hydrolyzou alkoxidt. Dalsi alternativou je
zabudovani hydrofilnich nanocastic pripravenych surfaktantem asistovanou koprecipitaci do
matrice SiO, v mikroemulzi, jak bylo vyuzito pro pfipravu nanokompozitu CoFe;04-SiO,
[79].

Metody pripravy dalsich nanomaterialtt budou zminény jen okrajoveé. Multivrstvy obsa-
hujici nanocastice Fe, Co a CoFe, byly pfipraveny metodou radiofrekvenéniho magnetrono-
vého naprasovani, detailni popis této fyzikalni metody depozice lze najit napt. v [80]. Vysoce
kvalitni jednosténné uhlikové nanotuby byly ziskany od komercéniho dodavatele a byly pii-
praveny metodou HiPco (tzv. HiPco, z angl. high-pressure carbon mono-oxide), tj. depozici
chemickych par (CVD, z angl. chemical vapor deposition) za vysokého tlaku oxidu uhelna-
tého. V této metodé figuruje CO jako zdroj uhliku a Fe(CO); jako katalyzator, resp. zdroj
nanokrystali Fe jako templatt pro rast nanotub [81].

Na obrazku 2.17 jsou uvedeny priklady nanoc¢astic a nanokompozitt studovanych v rdmci

této prace.



54  KAPITOLA 2. VYBRANE PARTIE Z MAGNETISMU, STRUKTURY A METOD

L1100 d=122nm

Obrazek 2.17: Typické priklady studovanych nanomateriali zobrazenych pomoci transmisni
nebo skenovaci elektronové mikroskopie. a - nanocastice oxidu zelezitého pokryté kyselinou
olejovou pripravené pomoci dekompozice organického prekurzoru, b - nanokompozit feritu
kobaltnatého v matrici amorfniho oxidu kfemicitého s vysokou koncentraci nanocastic pti-
praveny metodou molekuldrniho prekurzoru (vlevo) ve srovnani s nanokompozitem feritu
kobaltnatého a oxidu ceri¢itého v matrici amorfniho oxidu kfemicitého pfipraveném klasic-
kou metodou sol-gel, ¢ - jednosténné uhlikové nanotuby pfipravené metodou HiPco (vlevo)
ve srovnani se stejnym vzorkem po ¢isténi (vpravo), d - nanokompozit feritu kobaltnatého v
matrici oxidu hlinitého zihany pti 200 a 400 °C, e - magneticky separovatelny fotokatalyzator
na bazi oxidu titani¢itého a zelezitého se strukturou jadro-slupka (core-shell), f - nanokrys-
taly kobaltu v matrici oxidu kfemicitého pfipravené metodou magnetronového naprasovani,

g - nanokompozit chirdlnich kapalnych krystali a nanocastic maghemitu.



Kapitola 3
Soubor publikaci a komentare

Nésledujici kapitola obsahuje soubor publikaci, které tvori stézejni zaklad habilitac¢ni prace, a
stru¢né komentare k témto publikacim. V jednotlivych sekcich jsou vzdy uvedeny plné citace
praci spolecné s jejich odkazem na seznam publikaci, ktery byl predlozen pro potfeby habi-
lita¢niho Fizeni, a &slem citace v seznamu pouzité literatury. Jak jiz bylo zminéno v Uvodu,
publikace jsou tématicky rozdéleny do tii hlavnich ¢asti, které se dale déli do specifickych

tématickych okruht.

3.1 Nanocastice a nanokompozity ternarnich spineli

Tato sekce se zabyva vysledky strukturnich a magnetickych studii systémii s nanokrystaly
ternarnich spinelti. Prvni ¢ast je zaméfena na materialy s feritem kobaltnatym, druha za-
hrnuje prace zabyvajici se nanokompozity s dopovanym feritem kobaltnatym, tfeti cast je
vénovana nanocasticim feritu hofecnatého a posledni ¢ast diskutuje vysledky studia nanocas-

tic chromitu kobaltnatého.

3.1.1 Nanocastice a nanokompozity feritu kobaltnatého

e J. Vejpravova, V. Sechovsky, J. Plocek, D. Niznansky, A. Hutlova, J. L. Rehspringer,
J. Appl. Phys. (2005), 97, 12. [C1-35] [82]

e J. Vejpravova, J. Plocek, D. Niznansky, A. Hutlova, J. L. Rehspringer, V. Sechovsky,
IEEE Transactions on Magnetics (2005), 41, 3469. [C1-38] [83]

o V. Tyrpekl, J. Poltierova Vejpravova, D. Niznansky, J. Plocek, Mater. Sci. Poland
(2010), 28, 129. [C1-83] [79]
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J. P. Vejpravova, V. Tyrpekl, S. Danis, D. Niznansky, V. Sechovsky, J. Magn. Magn.
Mater.(2010), 322, 1872. [C1-81] [84]

B. Bittova, J. P. Vejpravova, M. P. Morales, A. G. Roca, A. Mantlikova, J. Magn.
Magn. Mater. (2012), 324, 6, 1182. [C1-96] [86]

A. Repko, D. Niznansky, J. Poltierova Vejpravova, J. Nanoparticle Res. (2011), 13,
5021. [C1-94] [70]

S. Kubickova, J. Plocek, A. Mantlikova, J. Vejpravova, RSC Adv.(2014), 4, 10, 5113.
[C1-106] [78]

Prvni soubor praci zabyvajici se problematikou magnetickych c¢astic vznikly ve spolu-
praci se skupinou Dr. Niznanského jiz v roce 2005, predmétem studia byly nanocastice a
nanokopomzity feritu kobaltnatého, které vykazovaly za nizkych teplot koercivitu az 2 T.
Déle navazovaly prace zabyvajici se touto tématikou, indukované zejména novymi metodami
pripravy monodisperznich a vysoce krystalickych nanocastic feritu kobaltnatého s rtiznym
pokrytim, opét ve spolupraci se skupinou Dr. Niznanského a od roku 2008 také se skupinou
Dr. Morales (ICMM, Madrid).

Prace [82, 83] se zabyvaji pfipravou nanokompozitii, které se sklddaji z nanokrystali
feritu kobaltnatého v amorni matrici oxidu kfemicitého. Nanokompozity byly pripravovany
metodou sol-gel, vysledna velikost nanokrystali v amorfni matrici byla fizena pomoci zi-
hani na riizné teploty. S vyuzitim transmisni elektronové mikroskopie a RTG difrakce bylo
zjisténo, ze velikost Castic rostla z 3 nm na 15 nm pfi narustu teploty z 800 °C na 1100 °C.
Vznik spinelové faze byl potvrzen i pomoci Mdsbbauerovy spektrokopie, ktera poskytla infor-
maci o inverzi spinelové struktury a naklonéni povrchovych spinti. Vzorky vykazovaly typické
atributy superparamagnetického systému s pomeérné slabou interakci, proto byly vysledky
analyzovany pomoci jednoduchého modelu neinteragujicich ¢astic. Na zakladé analyzy mag-
netizac¢nich izoterm nad teplotou blokace byla urcena distribuce velikosti ¢astic, a to pomoci
analyzy log-norméalniho rozdéleni superspinti v generalizovaném skéalovani magnetizac¢nich
izoterm (tzv. Langevinovo $kdlovani). V blokovaném stavu byl pozorovan néarust koercivity
az k enormni hodnoté 2.5 T pfi 10 K pro nanokompozit zihany na 1100 °C. Teplotni za-
vislost koercivity bylo mozné popsat pomoci Stonerova-Wohlfartova modelu, tj. koercivita
rostla s odmocninou teploty az do teploty blokace. Na zakladé analyzy realné a imaginarni
casti stiidavé susceptibility, méfené v rozsahu frekvenci od 10 Hz do 10 kHz, byl urcen

charakteristicky relaxac¢ni ¢as superspinu a hodnota efektivni anizotropni konstanty.
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Podobny systém byl pfipraven s vyuzitim dvoukrokové syntézy [79]. Povrchové asistova-
nou koprecipitaci byly nejprve syntetizovany mikrokulicky oxidu kfemicitého o velikosti 11
pm, do kterych byly zabudovany nanokrystaly feritu kobaltnatého o stfedni velikosti 5 nm
pomoci mikroemulzni metody. Vysledné nanokompozity vykazovaly superparamagnetické
chovani se slabymi dipolarnimi interakcemi, nicméné zabudovanim nanocastic do mikroku-
licek oxidu kiemicitého doslo k ¢astecné chemické modifikaci ¢astic vedouci k vétsi distribuci

magnetické velikosti ¢astic.

Dalsi prace [84] je zaméfena na studium magnetickych vlastnosti nanoaglomerati feritu
kobaltnatého. Aglomeraty o velikosti 100 nm tvofené cca 5 nm c¢asticemi byly pfipraveny
opét pomoci mikroemulzni metody. Méfeni teplotni zavislosti magnetizace v magnetickém
poli 0.01 T (tzv. ZFC - FC kiivky) ukézaly na pfitomnost silnych dipolarnich interakeci
mezi ¢asticemi, odpovidajici projeviim super-spinového skla (SSG, z angli¢tiny super-spin-
glass) nebo superferomagnetickému (SFM, z angli¢tiny super-fero-magnet) stavu. Vysledky
analyzy relaxacniho ¢asu superspinu a kritické spinové dynamiky z teplotni zavislosti realné

a imaginarni ¢asti stiidavé susceptibility potvrdily pfitomnost kolektivni relaxace ve smyslu

SSG stavu.

Studium magnetickych vlastnosti koncentrovanych systémii nanocastic feritu kobaltna-
tého, pripravenych riznymi metodami (koprecipitace, termalni dekompozice) je prezento-
vano v praci [86]. Velikost ¢astic se pohybuje v rozmezi 8 - 76 nm v zavislosti na metodé
pripravy. Méfeni magnetizace, stfidavé susceptibility spolec¢né s experimenty tzv. starnuti
termoremanentni magnetizace poukazuji na pritomnost silnych dipolarnich interakci, v pfti-

padé nanocastic pokrytych kyselinou olejovou byl potvrzen SSG stav.

Dalsi prace vénujici se problematice pripravy a studiu magnetickych vlastnosti nanokrys-
tali feritu kobaltnatého popisuje novou metodu pripravy monodisperznich nanocastic, za-
lozenou na hydrotermdlni syntéze v soustavé kyselina olejova - voda - pentanol [70]. Vysledné
nanokrystaly vykazuji velice tizkou distribuci velikosti. Jejich velikost lze Tidit v rozmezi 5 -
8 nm pomoci teploty reakce a poméru slozek v kapalné fazi, které determinuji polaritou ti-
zenou precipitaci nanokrystali. Nasledna modifikace kyselinou dimerkaptosukcinovou vedla
k hydrofilnim nanocasticim s identickymi magnetickymi vlastnostmi a s hydrodynamickym

prumeérem 20 nm, coz je ¢inni vhodnymi kandidaty pro biomedicinské aplikace.

Posledni prace v této sekci se zabyva navrhem nanokompozitt na bazi monodisperznich
nanocastic feritu kobaltnatého a funkénich dielektrik [78]. Pfedstavuje zcela novou metodu
pripravy nanokompozitu feritu kobaltnatého a materiali s velkou dielektrickou konstan-

tou (tzv. high-K systems) a prezentuje detailni charakterizaci pfipravenych nanokompoziti
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CoFey04-Al;03, CoFey04-ZrOy a CoFeyO4-TiO, pomoci RTG difrakcee, elektronové mikro-
skopie, magnetickych méfeni a Méssbauerovy spektroskopie [78]. Novy synteticky postup je
unikatni proto, ze je mozné jej pouzit pro rizné systémy, kde lze pripravit hydrofobni na-
nokrystaly a existuji alkoxidy pfislusnych kovi, napt. kompozity luminiscen¢nich nanocastic
v matrici vhodného dielektrika. V letosnim roce byla metoda modifikovana tak, ze byly
spésné pripraveny nové nanokompozity o slozeni CoFe;04-CeOy a CoFey04-Si0o-NCD (z

angl. nanocrystalline diamond).
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Details of synthesis and characterization of sol-gel-produced {pHRwanoparticles embedded in

the amorphous SiOmatrix are presented together with results of an extended magnetization study
of these materials. The particle size was found to increase from 6 to 15 nm by varying the
temperature of a subsequent annealing from 800 to 1100 °C. All samples exhibited
superparamagnetic behavior with values of the blocking temperagurereasing with the particle

size. At temperatures aboVg the magnetization curves follow the expected Langevin scaling of

vs H/T, which is consistent with the formation of the superparamagnetic stateT £dfg, the
coercivity fieldH, was found to be proportional t6T and the frequency-dependent ac susceptibility
was found to obey the Néel-Arrhenius law. Both observations are compatible with a model of
noninteracting randomly oriented single-domain particle2@5 American Institute of Physics
[DOI: 10.1063/1.1929849

I. INTRODUCTION rable with the thermal activation energy, the direction of the

) particle magnetic moment starts to fluctuate and goes

_ Recently, the nanoscaled magnetism has attracted hugf,,gh a rapid superparamagnetic relaxation. At tempera-
scientific interest owing to the application potential based oM res aboveT, (supposing a system of uniform noninteract-

vanety of |nter_e§t|ng physical properiies of rjanopartlélgs. ing nanoparticlesthe thermal effects allow flips of magnetic
The high coercivity fields revealed for magnetic nanoparticle

S . o . ‘moments between the easy magnetization directions by get-

systen"l make these materials interesting for applications |ntin over the enerav barriers i field and i
the field of high-density magnetic media. 9 gy barmers in zero field an congeq_uen y

Theoretical predictions concerning energetic stability ofthe Hc=0. At temperature$T <Tp) the_therm_al activation
a single magnetic domain were established by Kittel incannot pvercome the magneto_crystalllne anisotropy _and the
19463 defining a certain critical size of a partiofg/pically mag_net|c moment of each particle rotates fr_om_ the f|e_ld di-
108-10" m for usual ferromagnelsin smaller particles the rection back to the nearest easy magnetization axis that
formation of a single ferromagnetic domain is preferred.yiems a nonzero coercivity field. Since the nanoparticles and
Moreover, it was shown by Neél that at temperatures abov&0 the corresponding easy magnetization directions are ran-
the so-called blocking temperatufg a stable bulk magne- domly oriented, the total magnetization is naturally reduced
tization cannot be established due to thermal fluctuations acwith increasing temperature.
ing on small particles and consequently the system exhibits The appeal of predicted properties of nanoparticles even-
the so-called superparamagnet®PM) behaviof® At low  tuated in a boom of manufacturing and investigation of nano-
temperatures(below Tg) the thermal fluctuations do not particle systems of various kinds despite of persisting diffi-
dominate and magnetic moments of SPM particles “freezetulties of the larger-scale production, namely, the problems
in random orientation and cannot rotate freely. with size uniformity and interparticle interactions. An intel-

The model of magnetization reversal in a single-domainiigent way on how to control both, the size of particles and
particle (assuming coherent rotation of the magnetic domairtheir isolation, is embedding them in a magnetically inert
momenj presented by Stoner and Wohlfargrovides suffi- (e.g., Si or SiQ) matrix®®
cient explanation to the high coercivity beldly; when the Generally, such nanocomposites can be obtained either
energy of magnetocrystalline anisotropy becomes compayy physical or chemical methods of preparation. Physical
methods generally lead to a narrow patrticle size distribution.
dElectronic mail: jana@mag.mff.cuni.cz However, complicated fabrication procedures and/or expen-
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sive facilities are neede(k.g., ball miIIind or recently de-
veloped microwave synthegjs On the other hand, the
chemical way of synthesis is usually less expensive; the most
common method is the sol-gel procedybeside, e.g., tem-
plate synthesf9).

The advantages of the sol-gel method are the better ho-
mogeneity of materials and lower temperatures of heat treat-
ment in comparison with the classical ceramic ways.

Numerous delicate studies on elemental nanoparticles
(Ni, Co, and F& have been performed;™ while only few
reports on ferrite-based systems are available up to now. This
may be due to the difficult control of particle shape and
particle size distribution when preparing isolated ferrite
nanoparticleéf‘ The cobalt ferrite composites usually exhibit
pretty high values of coercivity fieldd, and saturated mag-
netization Mg, that makes them highly attractive for
applications® 8 and therefore these systems are worth of
further experimental effort.

In this work, we present the results of study of ac and d
magnetic propertie$with respect to temperature and mag-
netic field of well-defined CoFg&D, nanoparticles embedded
in amorphous Si@ matrix.

20 nm

IG. 1. HRTEM observation of the the Cofe,/SiO, nanocomposite, mo-
ar ratio 15/100, and heating at 1000 {61000.

for different values of the dc magnetic fie{@il0 mT, 50 mT,
and 0.1 7. After measuring the ZFC curvghe sample was

Il. EXPERIMENT cooled to 2 K in zero magnetic field, then the magnetic field
) for measurement was applied and subsequévitlys T data
A. Sample preparation were taken with increasing temperatyréhe sample was

The conventional sol-gel method using Tetraethyl ortho-cooled down to 2 K holding the magnetic field unchanged
silicate (TEOS, HNO; as an acid catalyst, formamide as aand theM vs T data were taken again with increasing tem-
modifier, and methanol as a solvent was employed for silic@erature. In order to determine the values of the coercivity
matrix preparation. R&03);9H,0 and C6NO,),6H,0 fields and their development with temperature, the hysteresis
were first dissolved in methanol. The Si/Fe molar ratio wadoOps were measured at selected temperatures in magnetic
fixed to 100/15. The gelation time was approximately 24 hfields varying up to 8 T(in both polaritie. The samples
at 40 °C. The samples were left 2 days for ageing followedvere first cooled down to 2 K in zero magnetic field. Then
by progressive drying at 40 °C for 3 days in flowing, N the virgin curve and the hysteresis loop were measured; the
atmosphere. After drying, the samples were preheated first &ysteresis loops at higher temperatures were further mea-
300 °C in vacuum for 2 h and then annealed for 4 h undepured after heating the sample above the blocking tempera-
atmospheric pressure at one of the following temperaturedtre Tg and cooling in zero magnetic field to the temperature
800, 900, 1000, and 1100 °C and labeled accordingly a8f measurement.

S800-S1100. Longer annealing tim@ven in the range of The temperature dependence of the ac susceptibility
days lead neither to increase of the particle size nor to phaséVith the magnetic-field amplitude of 1 mT and the fre-
changes. The final products were characterized using powd@#tency ranging from 100 to 10 khizvas measured in zero
x-ray diffraction (XRD) and high-resolution transmission dc magnetic field.

electron microscopy
(HRTEM). Ill. RESULTS AND DISCUSSION
B. Characterization and magnetic measurements A. XRD measurement and HRTEM observation

A high-resolution transmission electron microscope Top-  The CoFg0O,/SiO, nanocomposites annealed at 800 °C
con was used for the direct observation of the particle apshow very well-defined grains with the mean particle size of
pearance. The particle size was determined usingthen 4 nm(Fig. 1). The particle size increases with an increase in
IMAGES software. The XRD patterns were measured at roonthe annealing temperature; finally, the mean particle size of
temperature using a Siemens D5000 diffractometer. the samples annealed at 1100 °C was 15(imdiametey.

The dc magnetization and ac susceptibility were mea-  All samples were characterized by XRD measurements
sured in PPMS 14T and PPMS 9T devi¢€miantum Design, (step 0.02f and the results are shown in Fig. 2
San Dieg®. Samples of a typical mass-100 mg were (CoFeO,/SiO, samples heated at 800 and 1000).°The
placed in a gelatine capsule and fixed by aceton-based glu€RD patterns of the samples heated at 800 °C indicate the
to avoid orientation of particles of the sample to the fieldpresence of amorphous Si@anifested by the characteristic
direction when being magnetized. very broad diffusion maximum at 252 theta, see Fig. 2.

The zero-field-cooled(ZFC) and field-cooled (FC) The diffraction patterns of phases other than silica exhibit
curves were measured in the temperature range of 2—350 Broad peaks that become sharper with the increasing tem-
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5.00
15% CoFe;04/SiO; 400 S800
5+
> 300 ¢
£ 2001 50mT
= 100 |
0.00
$800 6.00
10 20 30 40 50 60 70 80 90 1?400
26 (9 NE- '
FIG. 2. Examples of powder x-ray diffraction patterns of the S1000 and E 2.00
S800 samples.
0.00
perature of the heat treatment. This corresponds well to crys- 8.00 1
talline particle growth. In the Cok8,/SiO, system, the dif- 2600 |
fraction pattern of the spinel phase was observed and no o
other iron containing phases were detected. Direct particle £ 400
size observation by means of HRTEM confirms the tendency s 200 b
shown by the XRD.
0.00
B. Magnetization study: Coercivity and 10.00 -
superparamagnetism ) 750 |
The ZFC and FC temperature dependencies seen in Fig.  © 500
3 exhibit the main attributes of the SPM system. The ZFC §, '
curves exhibit a broad maximium &, At sufficiently = 250  S0mT T
high temperatures the ZFC and FC data coincide. When de- 0.00 , ) -
creasing temperature towardls the FC curve deviates from o 100 200 300
the ZFC data to higher magnetization values. The tempera- T(K)

ture of the first deVIatlon.IS denoted A The dlscrepapcy FIG. 3. Temperature dependence of ZFC-FC magnetization of the S800-
betweerT 5 and Ty, Which are supposed to be equal in the 51109 samples at low fields.

ideal case, usually signalizes a significant nanopatrticle size
distribution in the composite. The moments of the largest
particles freeze already af; whereas the majority fraction M=ML(X), x= (# ) 1)
of nanoparticles in the sample is blockedratcorresponding ’ ’

to Trhax The evolution ofTg, Thae @and Ty Values across the ) . o , .
series of the samples S800-S1100 is shown in Table I. Th\g{hereMS is the saturation magnetization of N particles with

value of Tz increases with increasing the particle mean sizé’n""gne'“,C mpmenp andL(x) is the Langevin fungtlon. This
(corresponding to higher annealing temperaturas ex- expression is valid only for a system of monodisperse non-

pected. TheTs values remain more or less intact in low interacting particles. However, since real systems have a

applied magnetic fields up te 10 mT whereas they become NPn-negligible distribution of magnetic moments, the mag-
gradually reduced with further increasing the fiéldaching, ~nefization of SPM grains is better described as a weighted
e.0. Ta~100 K for S1100 in 8 J. The shift of Ty can be  SUMm of the Langevin functiori;™
explained by a very slow relaxation to the nonmagnetic state. % uH

Inspecting the low-temperature part of the FC curve, a M =f LOOMgdx,  x= (k_'l'> ()
small decrease of magnetization can be observed below 0 B
~50 K for the S1000 and S1100 samples. This effect CO“'QNhereMS is given by
be caused either by the presence of a tiny amount of antifer-
romagnetic Fe phasg@lthough no traces of Fe phases have
been detected on XRD pattejnsr rather due to non-
negligible shape anisotropy of nonspherical nanopatrticles.

TABLE I. Comparison of blocking temperaturdg obtained from ac sus-
ceptibility (at 0 T, 1 kH3, ZFC-FC magnetization &, Tmax and(5).

The SPM behavior of these samples abdyehas been ZEC-EC ZEC-EC
confirmed when plottingVl/Mg vs ugH/T (Mg is the satu- Sample ac (Tgir) (Trnay (5)
rated magnetizationresulting in a universal curve seen in
. . T : : S800 87 92 50 80
Fig. 4. This scaling is consistent with the SPM response, S900 107 16 50 105
o . . 19 . .
although it is correct only in low field5:*°The contribution 51000 290 305 180 275

from the SPM nanoparticles to the total magnetization can be ;449 350 300 295
described by
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1.0 - . 10 F
$800 I
o7 1 s1100
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07} WX10
-1.0 : : : 1.0 Leeeposcsonoocoe” ‘ . .
10 ' 002 001 000 001 0.2
S900
poH/ T(T/K)
05 f i
o 100K
v 200K 5 FIG. 5. Fit of the universaM/M; vs uoH/T curve for S1100 together with
. o 300K the fit of weighted sum of the Langevin functions as an example. The inset
2 00 o Sun B
s - shows the resulting distribution for S1100.
051 ] metric for opposite polarity of the magnetic field.=~H,)
is increasing with increasing the particle sigeelding only a
1.0 . . slightly varying value of saturated magnetizatios
-0.06  -004 -002 000 002 004 006 ~16 An? kgt at 2 K). The very slow increase of the virgin

woHIT (T/K) magnetization curve manifests a pinning-type magnet with-
out reversible region, however, the observed S-like shape of
FI(_B. 4. M vs ,uOH_ curves of the S800 and S900 samples presented in thgha virgin curve(after ZFQ is not expected for the system of
universal Langevin scaling. randomly distributed superparamagnets and can be ascribed
to non-negligible dipolar interparticle correlatiol’sThere-
®» 1 In?(ual 1) fore, the resulting high coercivity field may be enhanced due
Ms= J exp - T 22 du, ) to intrinsic anisotropy of particles together with non-
negligible interparticle dipolar fields.

0 \5'211'#0

where o is the log-normal distribution width ang, is the At low temperatures the coercivity of a system of non-
median of the distribution related to the average magnetidnteracting and randomly oriented particles is expected to
momentu,, by follow the relation,
o T 1/2
Mm= Mo exp(— _>- (4) Hc(T):Hc0|:1_<_> :| (5
2 Tg

The parameters obtained by the fit of the weighted sum to th&he above expression considers, that the magnetization re-
experimental data are summarized in Table II. The fit of theversal process takes place coherently, a situation which can
single Langevin function provided generally higher values ofbe achieved only when the interparticle correlations are
w accompanied by a much worse standard deviation andeglected! An extrapolated value oH., see Fig. 7, to-
therefore it is not presented. The determined values of thgether withTg (summarized in Table) lhas been derived for
mean nanoparticle radius are in a reasonable agreement wisti samples. Thelgz values are appreciably consistent with
the TEM results; the difference between the correspondinghose obtained from the temperature dependencies of the dc
values is mainly due to a rather broad distribution of particlemagnetization and the ac susceptibility as shown further.
size. An example of the fit for the S1100 sample is presente&urprisingly, theH, value for the S800 and S900 samples is
in Fig. 5. practically the same, which may be caused by a specific
The hysteresis loops measured at 2 K presented in Fig. Banoparticle size distribution within a very similar interval
demonstrate that the value of the coercivity fiégld (sym-  obtained at the corresponding annealing temperatures.

TABLE II. Results of the Langevin fits with semilogarithmic distribution @fand corresponding calculated
radii of spherical nanoparticles in comparison with those obtained f@nfor T defined atT and*TB at
Tmax respectively.

K% 1073 ) HmX 107 Im (r) *<r>
Sample (up) (nm) (ug) (nm) T (nm) (nm)
S800 4.7 3.0 1.5 4.1 1.5 3.0 25
S900 5.7 3.1 1.9 4.4 15 3.3 2.6
$1000 8.1 6.2 2.9 6.4 15 45 3.8
S1100 8.7 6.8 3.2 7.0 1.6 4.7 45
62
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FIG. 6. Virgin curves and hysteresis loops of the S800-S1100 sample
measured at 2 K.
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FIG. 8. AnhysteretidV vs u, curves of the S800—S1100 samples measured
at 300 K reflecting increasing value Mg the inset shows the curves for
S1000 and S1100 at 200 K indicating small hysteresis persisting together
with squeezedlike loop for the S1100 sample.

An estimation of the mean radius of nanoparticles can be

obtained using the general formulas,

_kVv)
TB - 25kB ' (6)
p=MV), (7)

whereK is the first-order magnetocrystalline anisotropy of

bulk CoFgO, ferrite 2 supposing to be temperature inde-
pendent(V) is the average particle volumiig“"is the satu-
rated magnetization of bulk Cok®,, andTg andkg have the
usual meaning. The values of the nanopatrticle radius are in a
good agreement with those obtained by other methods.

The M vs ugH curves measured at 300 K, which are
presented in Fig. 8, exhibit no hysteresis. The saturated mag-
netization values at 300 K are in an excellent agreement with
the results published recently by Garcia-Certaal X on
similarly fabricated Co ferrite nanocomposites. The same
curves taken at 200 K for the S1000 and S1100 are presented
in the inset of Fig. 8, where the zero coercivity accompanied
by the permivarlike character of the hysteresis loop is ob-
served for the S1000 composite. Similar “narrowing” of the
hysteresis loop in the low-field region has been found for the
S800 and S900 samples at temperatures just bdlgwas
well in contrast with the expectation for randomly distributed
noninteracting SPM particles. The effect is probably caused
by the mean dipolar field acting on a particle, which depends
on the direction and size of the magnetic moments of sur-
rounding particle§.l

C. Dynamic properties (ac susceptibility )

The temperature dependence of the ac susceptibility
(x',x") shows characteristic maxima corresponding to the
blocking temperature3g (Ref. 4 (the actual values ofg
are summarized in Tablg,lwhich are shifted to higher tem-

FIG. 7. Temperature dependence of coercivity fields appreciably belowPeratures with increasing frequency, see Fig. 9. This obser-

Tg (Hc vsA'T representationfor all samples.

vation corroborates the idea that the nanoparticles behave
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' ' ' ' ' ' (Ref. 21)] indicating negligible surface effects and interpar-
ticle interactiong*

V. CONCLUSIONS

In summary, we have prepared the CgBg nanopar-
ticles embedded in the Si@morphous matrix which exhibit
superparamagnetic behavior witg~ 70, ~100, ~280, and
~350 K, respectively. These values correspond to the tem-
peratureg800, 900, 1000, and 1100 9 ©f the final anneal-
ing, which controls the mean particle size increasing from
4 to 15 nm. The results of the magnetic characterization of

;; these samples are consistent with the theoretical predictions
= 09 12 made for the systems with randomly oriented noninteracting
1T (10°K™) particles when the temperature dependence of the magnetic

anisotropy is neglected. Although the TEM micrographs of
our samples do not show any evidence of significant particle
agglomeration, one cannot exclude that the weak dipolar in-
teractions are inducing the evolution of the magnetization
FIG. 9. Temperature dependence of ac magnetic susceptitibtp y' and ~ F€versal toward more incoherent and heterogeneous mecha-
x") of the S800 and S900 samples. The inset shows the fit according to theism, supporting the unusually high., observed and the
Arrhenius law. S-shape virgin magnetization curve for all samples. On the
other hand, the values of the relaxation times together with

like noninteracting and single-domain species excluding anyhe effective anisotropy constants obtained from the ac sus-
additional significant dipole-dipole or interparticle interac- Ceptibility experiments suggest that these effects are almost
tions. negligible in our nanocomposites.
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Sol-Gel Fabricated CoFeo0,4/S109 Nanocomposites:
Synthesis and Magnetic Properties
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Well-defined CoFe; O, nanoparticles embedded in an amorphous SiO. matrix have been synthesized by a sol-gel method, character-
ized and investigated by Mdossbauer spectroscopy and magnetic properties measurements. The mean particle size increases from 3 to
15 nm consistently with the temperature of the subsequent annealing, which varied from 800°C to 1100°C, respectively. The composites
exhibit superparamagnetic behavior with the blocking temperature 7' increasing with the mean particle size from 80 to 350 K, respec-

tively. Sufficiently high value of H. ~ 2.5 T (at 2 K) has been observed for the sample annealed at 1100°C.

Index Terms—Ferrite nanoparticles, sol-gel method, superparamagnetism.

UE to expected applications of nanoparticles, the demand

for their manufacture rises despite persistent difficulties
in larger-scale production. So far, many studies of elemental
nanoparticles (Ni, Co, Fe) have been published, e.g., [1] and
[2], while overall reports on ferrite-based systems are still few
in number. One reason is that to obtain isolated ferrite nanopar-
ticles is often a crucial problem, due to difficult control of the
particle shape and size distribution [3]. Promising candidates
are cobalt ferrite composites because of high coercivity fields
H, and saturated magnetization M, values provided [4], [5].
In this paper, we present details of fabrication, characterization,
and selected magnetic characteristics of well-defined CoFe2Oy4
nanoparticles embedded in an amorphous SiO; matrix.

We used a conventional sol-gel method with tetraethyl-or-
thosilicate (TEOS), HNOj3 as an acid catalyst, formamide as a
modifier, and methanol as a solvent for silica matrix prepara-
tion. Fe(NO3)3.9H>0 and Co(NO3)5.6H2 O were first dissolved
in methanol, and the Si/Fe molar ratio was fixed to 100/15 (gela-
tion time —24 h at 40°C). The samples were left two days for
ageing, followed by progressive drying at 40°C for three days in
a flowing N9 atmosphere. After drying, the samples were pre-
heated at 300°C in a vacuum for 2 h, and then under atmospheric
pressure at one of the following temperatures: 800°C, 900°C,
1000°C, or 1100°C, and finally labeled according to the last an-
nealing temperature as S800—-S1100, respectively.

A high-resolution transmission electron microscope, Topcon,
was used for the direct observation of the particle appearance.
Particle-size determination was done using the Scion Images
software. The nanocomposites show well-defined grains, with
the increasing mean particle size from 3 nm up to 15 nm in diam-

Digital Object Identifier 10.1109/TMAG.2005.854879

TABLE 1
SUMMARY OF MAGNETIC CHARACTERISTICS: BLOCKING TEMPERATURES T'»
[DETERMINED FROM AC SUSCEPTIBILITY, T gitf, Linax, (1)], AVERAGE
MAGNETIC MOMENT PER PARTICLE j¢, AVERAGE PARTICLE DIAMETER (R)
OBTAINED BY THE FIT OF THE WEIGHTED SUM OF LANGEVIN FUNCTIONS (L),
MEAN PARTICLE DIAMETER OBSERVED BY TEM AND FROM FWHM,
EXTRAPOLATED COERCIVITY FIELD H ¢

Sample Tg(K) Tg(K) Tg(K) Te(K)
AC diff Tmax €q. (1)
S800 87 92 50 80
S900 107 116 60 105
S1000 290 305 180 275
S1100 X 350 300 295
Sample  p(up) R (nm) R (nm) Hoo
L L TEM/EWHM  eq. (1)
S800 4700 1.5/2 1.5 1.9
S900 5700 2/3 2 1.8
S1000 8100 5.5/4 5.5 2.2
S1100 8700 7.5/8 7.5 29

eter, according to the annealing temperature for the S800-S1100
samples, respectively. See Table 1.

All samples were characterized by powder X-ray diffraction
(XRD) using a Siemens D500 diffractometer equipped with a
cobalt anode (A(CoKa) = 1.7890 A) and a quartz primary
monochromator in order to identify the phase composition. The
XRD patterns of the samples after final thermal treatment are
shown in Fig. 1. A tendency of crystallization as a function of
the heating temperature is reflected by a broad diffraction peak
at around 25° (26). The process of crystallization as a function
of the heating temperature can be followed from the full width at
half maximum (FWHM) of diffraction peaks, which follows the
Scherrer equation, and it also permitted us to estimate the par-
ticle size, see Table I [6]. The Mdssbauer spectra measurement
was done in the transmission mode with 7Co diffused into a
Rh matrix as the source, moving with constant acceleration. The

0018-9464/$20.00 © 2005 IEEE
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Fig. 2. Comparison of Mossbauer spectra of S900 (a) and S1000 (b) recorded
at zero magnetic field and at 5 T at selected temperatures.

spectrometer was calibrated by means of a standard a-Fe foil,
and the isomer shift was expressed with respect to this standard
at 293 K. The spectra were recorded at several different tem-
peratures in magnetic fields up to 5 T, applied perpendicular to
the direction of the y-ray emission and fitted with the help of
the NORMOS program. The temperature development of the
spectra of S900 is shown in Fig. 2(a). The sample is superpara-
magnetic (SPM) at room temperature (no sextet is observed),
while after cooling to 140 K, partial magnetic arrangement is ob-
served (sextet appearance). Simultaneous occurrence of both the
sextet and the doublet reflects a certain size distribution of the
CoFey 04 particles. At 4.2 K, complete ferromagnetic ordering
of the magnetic moments in Co ferrite particles is observed. Due
to a very strong overlap of the subspectra, one cannot distin-
guish between iron positions in the spinel structure (Td-tetra-
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Fig. 3. Temperature dependence of ZFC-FC magnetization of S800 sample at
50 mT in comparison with that of AC susceptibility (real part, x’). The inset
shows the logarithmic dependence of the relaxation time 7 against the inverse
blocking temperature 7'z, according to the Neél-Arrhenius law.

hedral, Oh-octahedral sites). When we take generally accepted
recoilless factors for the spinel structure (frq : fon = 1.2)
[7] into account, we can express the real formula of our spinel
as (Cog.41Feq.59) [Cog.59Feq.41104. Great deviation from the
ideal structure can be explained by the presence of very small
particles and significant influence of surface atoms. The spectra
of the S1000 sample are represented in Fig. 2(b). Simultaneous
occurrence of both sextet and doublet can be explained by a cer-
tain size distribution of the CoFe2O4 particles reflecting a partly
ferromagnetic sample at 293 K. At 4.2 K in 5 7', the spectrum
shows a magnetically ordered structure of cobalt ferrite (no dou-
blet is present). Moreover, there is again a deviation from the
ideal inverse spinel structure (area ratio (Stq : Sop) differs
from 1.2).

The DC magnetization (M) as a function of temperature
(2-350 K) and magnetic field (0—14 T), together with the AC
susceptibility (frequency range 83-8333 Hz, DC amplitude
1 mT), were measured in the PPMS 14 T and PPMS 9 T devices
(Quantum Design, San Diego, CA). The temperature depen-
dencies of the DC magnetization were measured at 50 mT; first
after cooling the sample in a zero magnetic field (ZFC curve),
followed by cooling the sample under an applied magnetic field
(FC curve) and measuring during heating at the same field.
The furcation of ZFC and FC curves at a certain temperature
(denoted as Tg; in our case) is one of the characteristic fea-
tures of an SPM system, as seen in Fig. 3 for S800. However,
the coinciding broad maximum observed on the ZFC curve
occurs at a slightly lower temperature (symbolized as Ty,ax)
than Ty;g. Such behavior usually signals a certain particle-size
distribution in the nanocomposite; while a fraction of the largest
particles already freeze at Ty;g, the majority fraction of the
nanoparticles in the sample is being blocked at T},,.x, resulting
in a distribution of the blocking temperatures 7'z in the sample;
the distinctive values (at Tq;¢ and Ty,.x, respectively) of the
blocking temperatures 7' for all four samples are summarized
in Table I. The value of T},,,x and Ty; monotonously increases
with the increasing mean size of the particles (corresponding
to the higher annealing temperatures) as expected; for the
S1000 and S1100 samples, the maximum on the ZFC curve
at Tq;¢ becomes less pronounced than for S800 and S900,
respectively. At low temperatures, the value of coercivity
field H. (symmetric for opposite polarity of magnetic field
H, —H,) is increasing with increasing size of particles
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Fig. 4. Virgin magnetization curves and hysteresis loops of S800 and S1100
samples measured at 2 K (solid line), together with unhysteretic curves of S800
in SPM state.

(despite a slightly varying value of saturated magnetization
from M, ~ 19 Am?kg~! for S1100 to M, ~ 16 Am?*kg~!
for S800 at 2 K), see Fig. 4. At low temperatures, coercivity of
a system of noninteracting and randomly oriented particles is

expected to follow the relation
7\ /2
1— 1| — . 1
(7:) m

An extrapolated value of Hcy, together with Tz (summarized
in Table I) have been derived for all samples. The Tz values are
appreciably consistent with those obtained from temperature de-
pendencies of the DC magnetization and the AC susceptibilities,
as shown later. An estimation of nanoparticle mean radius was
obtained using general formulas

_ K{V)
25kp

2

where K is the first-order magneto-crystalline anisotropy
constant of bulk CoFe2Q, ferrite [8], supposed to be tem-
perature-independent, (V') is the average particle volume
(u = MPu(V)), MPulk s the saturated magnetization of bulk
CoFes 0y, and T and kp have the usual meaning. The values
of radii of the nanoparticles are in a good agreement with those
obtained by other performances.

Finally, the SPM behavior above Tz has been confirmed
when plotting M /M, versus poH/T (M is the saturated
magnetization at the corresponding temperature), resulting in a
universal curve (see Fig. 4). This scaling is consistent with the
SPM response; the contribution from the SPM nanoparticles
to the total magnetization can be described as a weighted sum
of Langevin functions [1], [9], [10] providing a mean particle
diameter, distribution width, and mean magnetic moment per
particle, respectively (see Table I for results).
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The temperature dependence of the AC susceptibility shows
characteristic maxima corresponding to the blocking tempera-
tures Tz [11] (derived from the maximum position at 103 Hz
are summarized in Table I), which are shifted to higher temper-
atures with increasing frequencies. This observation corrobo-
rates the idea that nanoparticles behave like noninteracting and
single-domain species, excluding any additional dipole-dipole
or interparticle interactions. The linear dependence of In f (f
is the frequency of AC field 83-8333 Hz) versus 1/Tz follows
the Néel-Arrhenius law [11] 7 = 79 X elFa/*5T] where T is
the relaxation time, I/, is the anisotropy energy barrier, and 7
ranges from 102 to 107! s for SPM systems. The resulting
values of 7y and E, are 1.8 x 108 sand 1.3 x 108 s; 1227 K
and 920 K for the S800 and S900 samples, respectively. The
values of 7y are rather close to the ones expected for an ideal
SPM system, indicating almost negligible interparticle interac-
tions in the composite. In summary, we have prepared a se-
ries of CoFe,O4 nanocomposites embedded in an amorphous
SiO2 matrix. Nonhomogeneous occupation of Fe positions in
the structure has been observed by the Mdssbauer spectroscopy
under magnetic field. Magnetic behavior of the composites fol-
lows the Neél theory of single-domain noninteracting entities
exhibiting SPM behavior above T increasing with the temper-
ature of the heat treatment according to the mean particle size.
Below T, appreciably high values of coercivity develop, in-
creasing up to Heg 2.9 T for S1100.
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Main goal of the reported work was to fabricate silica microspheres doped with magnetic nanocrys-
tals. Cobalt ferrite nanocrystals were fabricated separately via surfactant-assisted coprecipitation. The sol
-gel method in microemulsion was subsequently used for encapsulating of the magnetic nanonanocrystals
into the silica microspheres. Final products were characterized by various techniques and magnetic meas-
urements. The obtained silica microspeheres doped with CoFe,O, were of average diameter 11 pum.

Keywords: sol-gel; microemulsion; cobalt ferrite; microspheres; nanocomposite

1. Introduction

Fabrication of new functional materials tailored for specific applications is a chal-
lenge for chemistry and material science. Magnetic nanoparticles have been of a great
interest ever since pioneer works of their simple preparation, reported for example
in [1]. The sol-gel chemistry, mainly of silicate precursors has been undergoing
through a renaissance since 1980 [2—4]. Combination of ever more progressive tech-
niques leads to a variety of new materials based on magnetic or superparamagnetic
(SPM) nanoparticles with functionally modified surface. The presence of a silica gel
surface layer could shift the point of zero charge (p.z.c.) into acidic one, while an
amino-modified silica layer could shift it in a basic range [5, 6]. A silica layer could be
introduced by a number of preparation methods, two of them being widely used. The
Stober method uses ammonia catalyzed gelation of tetraalkoxysilane [7, 8], and the so-
called microemulsion method is based on the formation of droplets of the emulsion,

*Corresponding author, e-mail: tyrpekl@iic.cas.cz
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stabilized by surfactants, that acts as a micro-reactor for the sol-gel process [5, 9]. The
advantages of the microemulsion method are, for example, independence of a catalytic
mechanism (acidic or basic) of the sol-gel process, easy variation of the droplet size
(by changing the amount of the water phase or changing the surfactant type), thermo-
dynamic stability of the system, etc.

The paper concentrates on the fabrication of silica microspheres with the diameter
of a few micrometers containing nanocrystals of CoFe,O,4. The magnetic Co-ferrite
nanoparticles were prepared by coprecipitation of cobalt(Il) and iron(IT) dodecylsulpa-
hate solution using methylamine as the precipitant [10]. By this preparation route,
many types of ferrite nanoparticles were synthesized, for example Fe;O4 [11], NiFe,O4
and MnFe,O, [12]. Dodecylsulphate (an anionic surfactant) controls the shape and
size of nanocrystals during the precipitation. A micellar system of water/CTAB (cetyl-
trimethylammonium bromide)/n-hexanol was used for encapsulation of the magnetic
particles into silica spheres via the sol-gel microemulsion method. The proper pH
acidic solution) of droplets and temperature around 40 °C, caused gelation of the silica
precursor TMOS (tetramethoxysilane). In general, microemulsion, containing droplets
of an acidic cobalt ferrite ferrofluid, is a suitable system for gelation of TMOS at
higher temperatures.

Nowadays, a micro-scale processing is slightly ignored due to the greater empha-
sis placed on the nanosized features. However, this work is an illustrative example of
a bottom-up approach, where the micro-objects are formed from molecular and
nanoparticle building blocks.

2. Experimental

Syntheses and materials. All chemicals were of 98% purity or higher. Nanoparti-
cles of CoFe,O4 were prepared by the coprecipitation method as described earlier [10].
Cobalt(Il) and iron(Il) dodecylsulphate, respectively, were prepared by crystallization
of 1:1 volume mixture of 0.1 M cobalt acetate (Merck) or 0.1 M iron(Il) chloride
(Merck) solution, with 0.1 M sodium dodecylsulphate (Merck) at 2 °C. After adding
of 2 M methylamine into the mixture of 8:10° M Co(DS), and 2,6.10> M Fe(DS),,
the mixture was stirred vigorously for 2 h. Co-ferrite particles were purified by several
cycles of centrifugation and decantation.

A schematic diagram of the synthetic routes of CoFe,04/SiO, microspheres is
shown in Fig. 1. The non-aqueous part of the microemulsion consisted of 5 g of
n-hexanol (Aldrich), 1.5 g of ethanol and 0.3 g of CTAB (Aldrich). Few droplets of
distilled water (maximum 0.5 cm’) were added to form appropriate emulsion. Fur-
thermore, 3.87 g of TMOS (Aldrich) were pre-hydrolyzed with 3.6 g of 0.03% HNO;
(Lachema) for 1 h at 40 °C. 1 g of formamide (Merck) with 30 mg of ultrasonically
dispersed CoFe,O, particles were added, and stirred for 1 h at room temperature. 1.5 g
of this mixture was slowly added into stirred nonaqueous part and evenly heated up to
60 °C. Final product was washed with acetone and ethanol, and finally dried at 100 °C.
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TMOS 3.87 g
3.60 g 0.03% HNO, formamide 1g
CoFe,0, 30 mg
60 min 60 min ultrasounds
40 °C

60 min, 25 °C

1.5 g of mixture

adding dropwise

n-hexanol 5.00g
EtOH 1.50g
CTAB 0.30g
+0.5mlH,0

constant stirring
slow heating to 60 °C

CoFe,0,/SiO,

Fig. 1. The preparation scheme

Experimental techniques. Scanning electron microscopy (SEM) investigations
were done on a SEM Philips XL 30 CP equipped with EDS (energy dispersive X-ray
spectrometry), secondary and back-scattered electron detectors and a Robinson detec-
tor. Each powder sample was placed on the holder with an adhesive carbon slice and
covered with a thin (<10 nm) Au/Pd layer. Microscale morphology was examined
with a high-resolution transmission electron microscope HRTEM JEOL JEM 3010
and a conventional TEM Philips 80 kV. A copper grid coated with a perforated carbon
support film was used to prepare samples for the TEM observation. The powdered
sample was dispersed in ethanol and placed on the grid.

The powder X-ray diffraction (XRD) measurements were performed on the Seifert
diffractometer using CuK, radiation with a monochromator. The phase analysis was
done using the PDIFF database.

Investigation of the magnetic behaviour of the final composite was performed
with the PPMS 14T and PPMS 9 T devices (Quantum Design, San Diego). The tem-
perature dependence of magnetization was recorded in the zero-field cooled (ZFC) and
field-cooled (FC) regimes in an external magnetic field of 10 mT. The ac susceptibil-
ity measurements were done in strictly zero magnetic field conditions for which the
amplitude of the ac field was set to 5 mT and the frequency was varied from 10 Hz to
10 kHz.
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3. Results and discussion

3.1. Cobalt ferrite nanocrystals

Particles of cobalt ferrite nanocrystals had already been fully characterized earlier
[10]. Briefly, the reported characteristics show the average diameter by TEM of 5 nm
(0 =23%). Magnetization measured at 10 K is 50 emu/g and the coercive field at 10 K
is 9 kOe. The TEM micrographs were made in order to confirm that the desired parti-
cle size and morphology had been achieved (Fig. 2).

Fig. 2. TEM micrographs of CoFe,04 nanocrystals: a) overview; b) details and electron diffraction pattern

3.2. CoFe,0,4/SiO; microspheres

The morphology of the final composite microspheres is presented in Fig. 3. The
silica particles are of regular spherical shape, as required.

5 um

AccV  Spot Magn Det

250kV 3.0 5171x SE CoFe204 SE  CoFe204

Fig. 3. SEM of the final CoFe,0,/Si0, composite morphology at various magnifications
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Fig. 4. Size distribution of CoFe,0, doped silica spheres
(calculated from SEM micrographs)

The size distribution calculated from the SEM measurements is shown in Fig. 4.
The average diameter of the particles of the silica/ferrite composite was determined as
11.04 + 7.7 um. The size of the silica spheres is determined by the volume of the hy-
drophilic microdroplets of the microemulsion at ca. 60 °C, where silicon dioxide gel is
formed from the pre-hydrolyzed TMOS.

24

e CoFe,0
o 4
22f o SiO, amorphous
20
s 18} -
o e
z°r ' g
c <
2 14} <
£ -

12

4 1 1 1 1 1 1 1
20 30 40 50 60 70 80

26 [deg]

Fig. 5. Powder X-ray diffraction pattern of the final product. The two reflections above 30°
are attributed to the Co ferrite nanoparticles, the broad maximum at around 25°
corresponds to the contribution of the amorphous silica microspheres

The powder XRD measurements, shown in Fig. 5 proved the presence of the
CoFe,0, with the spinel structure, as demonstrated by the two strongest reflections in
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the XRD pattern (PDF 22-1086), and amorphous silica, which contribute as a broad
maximum at around 25°. The Co-ferrite related reflections are very broad and of low
intensity, which points to a very small particle size.

ZFC
FC

0 100 200 300 400
TIK]

Fig. 6. Temperature dependence of the zero field cooled (ZFC) and field-cooled (FC)
magnetization of Si0O, microspheres doped with CoFe,Oymeasured at 10 mT

4
2 3
q
0 i
j
2t
4 ; .
-10 -5 0 5 10
moH [T]

Fig. 7. Hysteresis loop of silica microspeheres doped with CoFe,O,4recorded at 2 K

Comprehensive investigations by means of magnetization and ac susceptibility
measurements were performed in the temperature range 2-350 K. The temperature
dependence of the ZFC and FC magnetization is shown in Fig. 6. The ZFC curve ex-
hibits a broad maximum at ca. 150 K, which can be attributed to the blocking tempera-
ture, TB, of small Co-ferrite nanocrystals. The FC curve shows a similar maximum at
a slightly lower temperature, and indicates an additional paramagnetic-like contribu-
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tion at lower temperatures. The enhanced values on FC curve can be caused by the
presence of particles below 2 nm, which do not interact with each other and follow the
pure SPM trend. On the other hand, both curves correspond to slightly higher values
than the proposed T level, which can be explained either by particle size distribution
or rather by weak interparticle interactions between the majority particles of larger
size, mediated by dipolar forces [13, 14].

The Co-ferrite particle diameter (R) of the majority fraction was estimated from
the blocking temperature using the formula derived for a pure SPM system of non-
interacting superspins: V = 25ksTs/K; and R = (3V/4n)"?, where V is the volume of one
particle, K, is the first order anisotropy constant of the bulk Co-ferrite, kz is the
Boltzman constant and 7} 1s the blocking temperature. The estimated particle diameter
was R=(3.4+0.2) nm.

7
a)
6 L
5 L
T4
3,
=3 7r e
© 103Hz
2 | v 503 Hz
A 1003 Hz
1t " 5003 Hz
O 9999 Hz
0 .
0 100 200 300 400
TK]
0.6
b)
05}
04
3
<03
=
02t ® 103HZ
0 503Hz W
01 v 1003 Hz
A 5003 Hz "
® 9999 Hz
0.0 : .
0 100 200 300 400
T[K]

Fig. 8. Temperature dependence of the real y “and imaginary y “parts
of the ac susceptibility of silica microspeheres doped with CoFe,O,
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The presence of hysteresis and remanence below the TB level was investigated by
taking hysteresis loop measurements at 2 K (Fig. 7). The tapering of the loop in
a magnetic field close to zero can be explained by the presence of a small proportion
of small particles, as already suggested in the discussion of the temperature depend-
ence of the ZFC/FC magnetization, which does not cause any hysteresis. The saturated
magnetization at 2 K reaches ca. 2:10° A-m’/kg calculated relative to the total mass of
the composite).

The dynamic properties of the system were examined by taking ac susceptibility
measurements, and they are shown in Fig. 8. The character of the real and imaginary
part of the ac susceptibility reflects the expected SPM behaviour, demonstrated by the
frequency-dependent maximum at 7 at the corresponding frequency (7).

A useful criterion for classifying the observed freezing process is the empirical pa-
rameter @, which represents the relative shift of the blocking temperature per the fre-
quency decade: @ = AT,/[T;AloglO( /)], where AT} is the difference between the
blocking temperature measured in the Alogl0f. We obtained the value @ = 0.04,
which is slightly lower than the 0.1 value expected for a superparamagnetic (SPM)
system. Smaller values of @ are usually caused by the spin-glass-like behaviour of the
nanoparticle surface, or are simply due to non-negligible interparticle interactions,
which corroborate the interpretation of the magnetization measurements. The Ar-
rhenius plot of the ac susceptibility data, namely In(1/f) vs. 1/Ts , revealed an almost
linear dependence, however, the obtained values are unrealistic fit, probably due to the
dipolar phenomena proposed above.

4. Conclusion

We reported an easy route for the preparation of silica microspheres doped with
cobalt ferrite magnetic nanocrystals. The synthesis was based on the acid-catalyzed sol
-gel process in microemulsion. The final product consists of microspheres with aver-
age diameter of 11 um, and very small Co-ferrite nanocrystals, as proved by SEM, HR
TEM and XRD analyses. We have further demonstrated a full magnetic characteriza-
tion of the resulting powder, which revealed that the size of the Co-ferrite nanocrystals
is about 3.4 nm and suggested SPM behaviour, disturbed weak interparticle interaction
of dipolar origin. Embedded magnetic particles in silica microspheres show different
behaviour than pure co-particles 12]. Thanks to the limited concentration of the ferro-
fluid inside the microemulsion, the magnetic properties seem to be weaker. The com-
posite may be used in the case when magnetic crystals have to be protected by a
chemically inert matrix (Si0,), which can be further functionalized, and simultane-
ously when manipulation in the micro-scale is required.
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We report on magnetic properties of CoFe,0, nano-agglomerates obtained by micro-emulsion
technique under specific conditions. The samples form a unique morphology as observed by
transmission electron microscopy and scanning electron microscopy investigations. Concerning
magnetic properties, they exhibit a considerable coercivity of almost 1T at 2K, which continuously
decreases up to the characteristic temperature, T, = 350K. The temperature dependence of the zero-
field cooled (ZFC) and field cooled (FC) magnetization, respectively, is furcated at the T, and the

temperature dependencies of the a.c. susceptibility exhibit a frequency-dependent maximum at ~ T.
The observed behavior is discussed in terms of the super-spin-glass (SSG) and the super-ferromagnetic
(SFM) regime considering the morphology of the nano-agglomerates.

© 2010 Elsevier B.V. All rights reserved.

Various magnetic nanoparticles attracted much attention due
to specific utilization in industrial, medical and environmental
applications [1,2]. Nowadays, ferrites represent a significant
group of nanoscale magnetic substances, namely due to con-
venient fabrication procedures yielding nanomaterials of required
parameters. In our work, we present magnetic properties of Co-
ferrite nanocrystals, condensed into spherical aggregates pre-
pared by a progressive micro-emulsion method. The Co-ferrite
nanoparticles were subsequently used as magnetically active
cores in composites with an amorphous SiO, spheres in order to
obtain a material where the magnetic carrier is isolated by a non-
magnetic cover.

The CoFe;04 nano-agglomerates were prepared by a
micro-emulsion method as briefly described further. Aqueous
solutions of 1.3 x 1073M Co(DS), (DS—dodecylsulfate), 1.3 x
10~ M Fe(DS),, and 2M methylamine, respectively, were mixed
in the 1:1:1 ratio under vigorous stirring at 40°C. The product
was isolated by a subsequent precipitation from the colloid using
ice-cold ethanol (50%) and centrifugation at 4500 RPM. In order
to obtain the final sample, the isolate was dried at 60°C for 12 h
on air. More experimental details about the synthesis can be
found in [3-6].

* Corresponding author. Tel.: +420221911655.
E-mail address: jana@mag.mff.cuni.cz (J. Poltierova Vejpravova).

0304-8853/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/jjmmm.2009.12.044

The sample was characterized by transmission and scanning
electron microscopy (TEM, SEM), respectively, and powder X-ray
diffraction (XRD).

The constitution of the sample investigated by TEM is shown
in Fig. 1. The 3-5nm Co-ferrite nanocrystals form nano-
agglomerates of ~ 100nm in diameter, as evident from the TEM
images. Resolution of the TEM data prevented reliable analysis of
the particle size-distribution; only the size distribution of the
nano-agglomerates was performed using Image] 1.410 software.
The data were fitted by a log-normal distribution yielding an
average agglomerate diameter of (58 +25) nm (PDI=0.46),
which corresponds to the diameter of Co-ferrite agglomerates
prepared by a very similar procedure, recently reported by Cannas
et al. [6]. The morphology of the sample was also checked by SEM
measurements, as presented in Fig. 2.

The XRD pattern of the Co-ferrite nanoparticles, shown in
Fig. 3, revealed diffraction line broadening; the estimated particle
size is about 50 nm, which point to the fact, that the coherently
scattering domain roughly correspond to the size of the nano-
agglomerates.

The key mechanism leading to agglomerate formation is not
clear; we proposed three factors mechanisms explaining their
formation. (i) van der Waals interactions acting during the
evaporation of the solvent, (ii) dipolar interaction of magnetic
origin, and (iii) remaining DS anion adsorbed on nanocrystals,
whose amphiphilic properties help to form spherical agglomer-
ates. The EDAX analysis confirmed presence of ~ % of sulfur,
pointing to presence of the DS anion in the final product. A similar
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Fig. 1. Constitution of the CoFe,0, sample demonstrated by the TEM images. The figures (A)-(D) represent various parts of the sample, the figure (E) shows a detail of a
single agglomerate, and the figure (F) demonstrates the size distribution of the agglomerates together with the fit of a log-normal distribution.

AccV  SpotMagn “Det |0 | $600.nm vV Spot ) 600 nm
250kV'20 60000x SE ‘CoFe204 400C 2o

t
SE CoFez04 440C

Fig. 2. Morphology of the agglomerates obtained by the SEM method. The scale corresponds to 500 nm in (A) and (B), 1 um in (C), 2 pm in (D), respectively.
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Fig. 3. Powder XRD pattern of the sample. The arrows mark Bragg position of the
CoFe,0,4 taken from the PDF database. The height of the lines corresponds to the
reflection intensity presented in PDF.
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Fig. 4. Temperature dependence of the zero-field cooled (ZFC) and field-cooled
(FC) magnetization measured in the external magnetic field of 5mT and 1T.

observation was recently presented by Held et al., who prepared
maghemite nanocrystals in a presence of an amphiphilic co-
peptide [7]. Therefore, the influence of DS adsorbed on the
nanocrystals is probably the most important factor of the
agglomerate formation.

Magnetic properties of the CoFe,04 nanocrystals were in-
vestigated by detailed magnetization and frequency-dependent
a.c. susceptibility measurements in the temperature range
2-350K. The temperature dependencies of the zero-field cooled
(ZFC) and field-cooled (FC) curves recorded at 5mT and 1T are
shown in Fig. 4. The low-field ZFC and FC data furcate
at 350K (the highest temperature of the measurement), which
indicate, that the value of the expected blocking (Tg) or glassy T,
temperature, respectively, is at least 350K. The trend to
saturation (or maximum formation) of the ZFC curve demon-
strates, however, that the blocking or glassy temperature is not

30
20 T
§ 10 B 7
E 0
<
S 10 —e— 350K 7
—O0— 2K
-20 .
-30 .
4 6
H,=099T
O-O 1 1 JAN 1 A\ /\
0 5 10 15 20
7-1/2 (K1/2)

Fig. 5. Hysteresis loops recorded at 2 and 350K. The lower plot shows the
temperature dependence of the coercivity field, H. together with the fit according
to Eq. (1).

dramatically larger then the 350K. With increasing the applied
magnetic field, the furcation point shifts to 100K as usually
observed in strongly interacting SPM (superparamagnetic), SSG or
SFM systems [8-10].

Magnetic properties were further inspected by measurements
of hysteresis loops, as shown in Fig. 5. At 2 K, the material exhibits
coercivity of almost 1T. With increasing temperature, the
coercivity decays and becomes zero at 350K. This observation
corroborates the fact, that the (Tg) or T; is about 350K. The
temperature dependence of the coercivity is plotted in the second
part of the Fig. 3. Surprisingly, at temperatures well below 350K,
the coercivity decays linearly with T1/2 as observed in a system of
non-interacting SPM particles: Hc(T) = Heo[1—(T/Tg)"/?], where
Ho is the extrapolated value of the coercivity at T=0K. From
the fit to the linear part, we obtained value of Hy as 0.99T (in
consistency with [6]), and the temperature, where the hypothetic
coercivity contribution due to energy barrier in the purely blocked
state should vanish as 166 K. The fact, that a finite value of H,
persists up to 350K suggests, that additional interaction
mechanism between the particles causes non-zero coercivity up
to the Ty.

If we compare the value of the coercivity and the T; to the data
available for ~10nm Co-ferrite particles embedded in a silica
matrix [11], we observe, that our agglomerates show a half-
coercivity at 2 K with a very similar characteristic temperature of
about 350K.

Convergence of the peak temperature, Ty, on the real part of
the a.c. susceptibility towards a finite value, Tg is demonstrated in
Fig. 6 together with a double logarithmic plot: (27f)~! vs.
Tm/(Tg—1) (inset of Fig. 4). To explore the relaxation dynamics
in the system, we made attempts to analyze the data by means of
the critical dynamics: 7= to(Tm/Tg—1)"?", where T, is the finite
transition temperature, 7q is related to the relaxation time of the
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Fig. 6. Temperature dependence of the real and imaginary part of the a.c.
susceptibility. The inset represents the linear behavior of the (27f)~" vs. Tm/(Tg—1)
dependence with the T; =250K.

individual particle magnetic moments, and —zv is a critical
exponent. In spite of sufficiently linear behavior of the (27f)!
vs. Tm/(Tg—1) dependence, the values obtained from the fit were
rather unphysical. At this point, we cannot clearly distinguish,
whether the dominant interaction between the superspins is of
dipolar or exchange origin, respectively.

To inspect the presence of a SSG state, we performed the so-
called memory effect experiment [12]; the temperature depen-
dence of magnetization was recorded as ZFC in a low magnetic
field. Subsequently, the samples was cooled to a temperature
below the Ty (Ty.ir = 50K in our case), and a difference between
the two curves was calculated. In a SSG system, a dip is expected
to appear on the differential curve at around the T,,;. In our case,

81

any anomaly of this kind was observed, which points to
improbable formation of a SSG state.

Let’s take into account constitution of our agglomerates.
Within a single agglomerate, the particles are in the limit of
close-packing and they are supposed to interact strongly.
Considering recent work on SFM systems [10,13-15], an exchange
interaction between the 3-5nm particle superspins is highly
probable. Because the values of the Ty does not scale well to the
size of nanocrystals and/or agglomerates, we attribute the
observed phenomena to manifestation of the SFM state within a
single nano-agglomerate, accompanied with considerable inter-
action of preferably dipolar origin between the agglomerates
themselves.

In conclusion, we have prepared nanocrystals of CoFe,04 in a
form of 60nm large nano-agglomerates, and investigated their
magnetic properties. We observed a characteristic temperature,
Tz ~350K below which the ZFC and FC curves furcate, and
coercivity develops. Analysis of the relaxation dynamics did not
revealed a straightforward proof of SSG phenomena in the
material, which was corroborated by the lack of ZFC memory
effect. We suggest, that a SFM state is established in our materials,
however, its detailed mechanism with relation to the two scales
of the magnetic objects in our samples need further studies.
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Collective magnetic behavior of CoFe,0, nanoparticles with diameters of 76, 16, 15 and 8 nm,
respectively, prepared by different chemical methods has been investigated. Particle composition, size
and structure have been characterized by inductive coupled plasma (ICP), transmission electron
microscopy (TEM) and powder X-ray diffraction (PXRD). Basic magnetic properties have been
determined from the temperature dependence of magnetization and magnetization isotherms mea-
surements. The three samples exhibit characteristic of a superparamagnetic system with the presence
of strong interparticle interactions. Magnetic relaxation phenomena have been examined via fre-
quency-dependent ac susceptibility measurements and aging and memory effect experiments. For the
particles coated with oleic acid, it has been demonstrated that the sample reveals all attributes of a
super-spin glass (SSG) system with strong interparticle interactions.

© 2011 Published by Elsevier B.V.

1. Introduction

It is well known that non-interacting single domain particles
exhibit superparamagnetic properties. Susceptibility of such sys-
tem follows the Curie law and its magnetization curve can be
described by the Langevin function. The critical size of the single
domain nanoparticle is determined by microstructural parameters
of the material (atomic composition and crystallographic structure)
and reaches the size of 10°~10"° m. The characteristic para-
meters that define SPM are the blocking temperature Tg, particle
magnetization (the so-called superspin) x and magnetocrystalline
anisotropy, Ea. T, is the blocking temperature of the superspins,
when the particles anisotropy energy Ea, is overcome by the energy
of thermal fluctuations and particles get into the blocked state, in
which the stable magnetization cannot be established. The mag-
netic state of nanoparticles in the blocked state (below Tg) is
characterized by non-zero coercivity, Hc [1]. Pure superparamag-
netism is, however, observed only in extremely diluted samples
with low density, like ferrofluids or in nanoparticles diluted in an
inert matrix [2-6]. In real concentrated systems, in which the
particles are close to each other, the interparticle interactions are
noticeable and significantly affect the macroscopic magnetic prop-
erties [2,6]. Depending on the strength of these interactions, the
so-called weakly and strongly interacting systems are defined. An
example of a strongly interacting system is a super-spin glass (SSG)
or a super-spin-glass-like (SSG-like) arrangement [6]. It has been

* Corresponding author.
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demonstrated by Dormann et al. [2] that with increasing concen-
tration of particles, the strength of the interactions is also increas-
ing and the magnetic behavior of the nanoparticles may evolve
from superparamagnetic to SSG or SSG-like [2,7].

SSG behavior is characterized by a creation of stable clusters of
nanoparticles under the glassy temperature, T, whereas in a SSG-like
system, the clusters are created temporarily and the nanoparticles
fluctuate between them. The relaxation in such a strongly interact-
ing systems is described by the critical spin dynamic model; the
relaxation time 7o of a particle is much lower than that of an ideal
superparamagnet which follows Arrhenius-Néel law [8,9]. Above the
T, the relaxation time t obeys the relation [10] (1)

T zv
rm=ro<T—“‘—1> . )

g

where Ty, is the temperature maximum (e.g. maximum of a
temperature dependence of the ac susceptibility curve), T, is the
glassy temperature and zv is the dynamic critical exponent [11].
The values usually found in the literature for the SSG systems are
zv=5-11[5,7,8,12], the 1q is ranging [5] from 10~ up to 10~ "' s.

Typical experiments to determine the value of the t are the
frequency-dependent ac susceptibility measurements in small dc
external magnetic fields. Because relaxation times of nanoparti-
cles in the SSG and the SSG-like systems are of the same order, it
is impossible to distinguish between them by performing only
this kind of experiment. Further measurements are required
to evaluate the formation of stable clusters in SSG systems via
the measurements of the zero-field-cooled (ZFC) magnetization
below the T, at a finite temperature as a function of the waiting
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time: the so called ‘memory effect’. Also the aging and rejuvena-
tion, typical for such systems, have to be examined.

The goal of the work is the investigation of the collective
phenomena in CoFe,04 nanoparticles with different size, pre-
pared by two different methods, 1. by coprecipitation in aqueous
media and 2. by decomposition of metal-organic precursors in
organic media. These nanoparticles could be used in the same
way as the popular iron oxide particles—as magnetic carriers for
biological and industrial applications [13-18], but their properties
are much better for those applications requiring high coercivity,
H. and saturated magnetization, Ms. Depending on the synthesis
method, nanoparticles present different sizes around the multi/
single domain limit and surface characteristics.

2. Experimental section

2.1. Synthesis of CoFe,0,4 nanoparticles prepared by coprecipitation
in aqueous media (CFCx samples)

The coprecipitation reactions were performed under different
conditions using various metal salt precursors and concentra-
tions. Samples were labeled as CFCx as the shortcut of the Cobalt
Ferrite coprecipitation no. x.

In case of CFC1 sample, the mixture of 85 mM FeSO,4 - 7H,0
and 42.5mM CoSO,4 - 6H,0 was dissolved in 40 ml of water
containing 15 mM KNOs acting as a mild oxidant. The preheated
solution was dropped into 400 ml of 0.5 M NaOH and heated up
to 90 °C under the continuous purging of nitrogen gas to prevent
the atmospheric oxidation of the Fe salt.

The CFC2 sample was synthesized using two independently
prepared solutions: 2 M CoCl, - 6H,0 in 5 ml of H,O containing
0.3 ml of 37% HCl and 0.5 M Fe(NOs3); - 9H,0 dissolved in 40 ml of
H,O0. Precursors were preheated to 50 °C and added into 200 ml of
boiling 1 M NaOH.

The CFC3 sample was prepared following the preparation
procedure of the CFC2 sample at double dilution of solutions: 2 M
CoCl, - 6H,0 dissolved in 9 ml of H,O containing 1 ml of 37% HCl
and 0.5 M FeCls - 9H,0 dissolved in 80 ml of H,0. Precursors were
preheated to 50 °C and added into 400 ml of boiling 1 M NaOH.

In the preparation of all samples, the black precipitate was
washed with water for five times and magnetically separated
afterwards. The liquid fraction was stored in de-ionized water and
the powder was obtained by drying the sample in the nitrogen
flow. To stabilize the liquid fraction of nanoparticles and prevent
them from aggregating, the colloid containing particles was
diluted in 100 ml of water (pH=2) and 4 g of citric acid were
added. Solution was heated up to 70 °C, final product was washed
with water for five times and magnetically separated.

2.2. CoFe;0,4 nanoparticles prepared by decomposition of
organometallic precursor in organic media (CFD sample)

A mixture of 4.6 g of Fe(acac)s, 2.35 g of Co(acac)s, 18.66 g of
oleic acid and 22.3 g of dodecanediol were added to 200 ml of
benzyl-ether. After 3 min of nitrogen gas purging, solution was
heated up and then kept at 200 °C for 2 h, the N, flow was cut
afterwards and solution was boiling at 300 °C for another 3 h.
Particles were washed with ethanol, magnetically separated and
liquid fraction was stored in hexane. The powder fraction was
prepared by drying the sample under the flow of nitrogen gas.

2.3. Characterization of the samples

The samples were characterized by several methods, such as
inductively coupled plasma (ICP), powder X-ray diffraction (PXRD)
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and the transmission electron microscopy (TEM). Using the ICP
method, the ratio of heavy elements presented in the sample was
obtained.

The PXRD was used for determination of the material phase
composition and the size of the crystallites in the collection of
nanoparticles. The X-ray diffraction patterns were recorded in
parafocusing Bragg-Brentano geometry (Bruker XRD diffract-
ometer) using Cu K, radiation at room temperature. The intensity
vs. 20 scans were taken with the step of 0.05° within 20°-140°
range with the 10 s duration per point.

The diffraction patterns data have been evaluated by the
advanced Rietveld fitting procedure implemented in the FullProf
programme [19]; the precious values of lattice parameter and size
of the crystallites have been determined. Particles were consid-
ered to be spherical, the shape anisotropy and the anisotropic
strain were not involved in the fitting procedure.

TEM images of CoFe,04 nanoparticles were captured using a
200 keV JEOL-2000 FXII microscope. The samples were prepared
by dropping the diluted solution of nanoparticles on the carbon
coated copper grid and the solvent was allowed to evaporate at
room temperature. The Image] software was used for statistical
treatment of at least 200 particles, and the data were fitted by a
log-normal distribution yielding the mean particle diameter and
the size distribution.

All magnetic measurements were performed using MPMS7
device (Quantum Design) up to magnetic field of 7T in the
temperature range from 2 to 400 K and with PPMS9 device up
to 450 K. The zero-field-cooled (ZFC) and field-cooled (FC) curves
were measured in small external magnetic fields (20 and 50 mT).
The temperature dependence of the ac susceptibility (with the
alternating field amplitude of 3 mT) was measured in non-zero
magnetic field (1-100 mT) in frequency range of 0.1-50 Hz.

2.4. Aging, rejuvenation and memory

The aging, rejuvenation and memory effects were studied
using the two following protocols. At first, the so called thermo-
remanent (TRM) measurement protocol was followed. The FC
magnetization was measured in field of 10 mT down to 10 K with
the intermittent 1 h stops at 150, 80 and 20 K, respectively. At
each stop, the particles relaxed for the waiting time t,,—system
has been aging. After resuming cooling, system has been rejuve-
nated. Consequently, the FC curve was recorded upon heating the
sample up to 300 K [20]. The theoretical explanation of expected
behavior for both the interacting and non-interacting systems of
nanoparticles during cooling and reheating steps is following:
when the external magnetic field is switched off, the magnetiza-
tion decay should be observed both in SPM or weakly/strongly
interacting systems [21]. During the re-heating, the temperature
dependence of magnetization should clearly manifest that the
system keeps the memory imprinted in the previous FC pro-
cess—the ‘steps’ on the reheated FC curve should correspond with
the decays of magnetization at the waiting temperatures; as was
demonstrated by Sun et al. [20]. However, this memory effect is
qualitatively same both for the SPM and SSG systems, as was
declared by Sasaki et al. [21] and it does not itself provide
information about the nature of interaction in the system.

In the genuine ZFC memory effect protocol, the classical ZFC
curve has been measured in external magnetic field of 10 mT,
then the sample was cooled down again with the 6 h stop at 80 K
and the ZFC magnetization was measured again, the second ZFC
curve was subtracted from the first one. In the ideal case of the
non-interacting collection of particles, the ZFC magnetization is
independent on the waiting time, t\; whereas in SSG systems, the
characteristic relaxation of the particle spins, which depends on
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Tw, iS manifested by the cusp on the subtracted curve at the
waiting temperature [21].

However, it has also been demonstrated that in the real SPM
systems, the small t,, dependence of ZFC magnetization in compar-
ison with the TRM magnetization usually appears; whereas in SSG,
the strong 1, dependence is observed both in the TRM and ZFC
magnetization [21]. Additionally in the SSG-like systems, the ZFC
magnetization is independent on the 1, in the large time scale and
the mean value of the ZFC magnetization at a selected temperature is
constant in the typical time scale of the measurement [22]. Thus it
could be claimed that the memory effect obtained in genuine ZFC
protocol is significant only for the SSG systems [21].

3. Results and discussion
3.1. Characterization

The TEM images of nanoparticles together with the particle
size distribution are depicted in Fig. 1. Comparing the images of
individual samples, it is obvious that the particles prepared by the
coprecipitation exhibit irregularity of shapes and higher distribu-
tion of particle size whereas the particles prepared by the
decomposition are more uniform both in the size and the shape.

The TEM images of the CFC1 sample demonstrate that the size of
the most particles does not obey the single domain limit; the mean
value of the particle diameter determined from the log-normal
distribution is 76 +21 nm with the significant size distribution
ranging from 30 to 160 nm. The samples labeled as CFC2 and CFC3
exhibit both the lower size distribution and the mean particle
diameter: 16 + 5 nm and 15 + 2 nm for the CFC2 and CFC3 sample,
respectively. The diameter of nanoparticles in the CFD sample ranges
from 5 to 12 nm with the mean particle diameter 8 + 2 nm.

20 40 60 80 100 120 140 160 180
d (nm)

The ICP method provided the ratio of heavy elements as
present in the sample. Considering the samples were composed
of pure CoFe,04, the Fe:Co ratio should be equal to 2:1. The
resulting attendance of elements in CFC1 and CFC2 samples is 33
of Co and 66% of Fe and 32% of Co and 64% Fe for the CFC3 sample
suggesting the samples contain pure CoFe,04. Also the CFD
sample is stoichiometric.

The PXRD patterns of all samples reveal that all peaks posi-
tions correspond to those of the spinel structure of CoFe,O4
(space group Fd-3 m). PXRD patterns of individual samples
together with the refined structure are presented in Fig. 2, the
lattice parameters a and particle diameters dyz, are summarized
in Table 1. The refined mean particle diameters are 42, 12, 13 and
5nm for the CFC1, CFC2, CFC3 and CFD samples, respectively.
Comparison of the particle diameters obtained by PXRD, dyg, and
TEM, dry suggests the particles are single crystalline, except the
CFC1 sample. The discrepancy in the values of dyx and dry is
following: the whole particle could be viewed as the crystalline
core encapsulated in amorphous shell, which is expected artefact
arising from the method of preparation. Thus the diameter of the
particle obtained from the TEM is higher than that refined using
PXRD, which is sensitive only to the crystalline part. The huge
discrepancy in dpy and dygp in case of CFC1 sample signalizes
either the poor crystallinity of particles or point at their poly-
crystalline structure. In both cases, this sample is not suitable for
further analysis of interactions in the systems of monodomain
nanoparticles and is not involved in further investigation.

3.2. Magnetization studies

The ZFC-FC curves of the CFC2, CFC3 and CFD samples (Fig. 3)
exhibit the blocking feature characteristic for a SPM system. The
significant maximum at all ZFC curves, labeled as Tyax, does not
coincide with the bifurcation point of the ZFC-FC curves, Tp;, which
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Fig. 1. TEM images together with the distribution of particle diameters.
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Fig. 2. XRD patterns (gray) and results of the Rietveld refinement (black line) for
all samples.

Table 1

Basic properties of CoFe,0,4 nanoparticles. dyzp, and drgy are the particle diameters
obtained from the PXRD and TEM measurements, respectively, a is the value of
lattice parameter.

Sample Method dyzp (NM) dey (NmM) aA)

CFC1 Coprecipitation 42+5 76 +21 841 (1)
CFC2 Coprecipitation 12+1 16+5 8.41 (3)
CFC3 Coprecipitation 13+1 15+2 8.41 (1)
CFD2 Decomposition 5+04 8+2 8.36 (5)

points at the particle size distribution in the samples, as is consistent
with the TEM. The broad saturation at the low-temperature part of
the FC curves is a consequence of the inter-particle interactions
probably of dipolar origin.

As was claimed in Introduction, the strength of the inter-
particle interactions determines the nature of the system. Even if
the strength of the inter-particle interaction in our samples is not
known exactly, the interactions are expected to be strong because
of the direct contact between magnetic nanoparticles, even
within the clusters of particles. If the samples are assumed to
exhibit collective phenomena (such as in the SSG), the Tyax and
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Fig. 3. The temperature dependence of the ZFC-FC magnetization of the CFC2,
CFC3 and CFD samples, respectively, measured in small magnetic fields.

Table 2

Characteristic values determined from various magnetic measurements. Tyax iS
the temperature of the maximum at ZFC curve, Ty is the bifurcation point of ZFC-
FC curves. HX is the coercivity value of isotherms measured at 2 K, M2 is the
saturated magnetization at 300 K.

Sample Tuax (K) Towe (K) MOHiK (T) MEOOK (Amz/kg)
CFC2 390+3 > 400 1.0 (2) 91 (2)
CFC3 390+3 > 400 1.0 (2) 97 (2)
CFD2 39013 39045 0.8 (2) 65 (2)

Torr should be affirmed as the freezing temperatures, T;, of the
mean fraction and fraction of largest nanoparticles, respectively.
In our case, we will use the term blocking until it is clear, that we
are dealing with strongly interacting systems. The Tyax of our
systems of nanoparticles varies from 236 to 390 K for the CFD and
CFC2(3) sample, respectively. All values are summarized in
Table 2.

Magnetization isotherms of CFD, CFC2(3) samples were mea-
sured at 2 K, 150 K and 300 K in the magnetic field varying up to
7 T in both polarities (Fig. 4). The hysteresis was observed for
isotherms measured under the freezing temperature in each
sample, as expected. The coercivity, H,, exhibits symmetric values
for both polarities of the applied field (y,H) of almost 1T for
samples made by coprecipitation and 0.8 T for samples made by
decomposition, respectively. Also the saturated magnetization,
M, is higher for the CFC2(3) samples than for the CFD sample; the
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Fig. 4. Magnetization curves of the CFC2, CFC3 and CFD samples measured at 2 K.

Table 3

Results determined from the fit of the weighted sum of the Langevin functions to
the un-hysteretic magnetization isotherms in Langevin scaling. The p, is the
median of the particle magnetic moments distribution, ¢ is the log-normal
distribution width and the p,, is the average magnetic moment related with the
Lo by relation p,, = uy exp —c /2.

sample Ho % 10° () 4 Ho % 10° (1)
CFC2 8.2 2.1 2.8
CFC3 7.6 2.23 2.5
CFD2 14 1.29 0.7

values obtained at room temperature are summarized in Table 2.
The un-hysteretic curves measured at 300 K (CFD sample) and
450K (CFCx samples) were fitted by the weighted sum of
Langevin functions with the log-normal distribution of magnetic
moments [6,23] and the average magnetic moment per particle,
Um, have been determined. The parameters obtained from the
fitting procedure are summarized in Table 3, the example for the
CFD sample is given in Fig. 5.

1.5

1ol 300 K

0.5+

4
o — f
0.0 5 (1)

M/M

-0.5 1
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-0.03 0.00 0.01 0.02

W HIT (TIK)

-0.02 -0.01 0.03

Fig. 5. Magnetization isotherm of the CFD sample in universal Langevin scaling,
measured at 300 K, together with the line representing the fit of the weighted sum
of the Langevin functions (black line). The inset shows resulting distribution of
magnetic moments.
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Fig. 6. ' and y” vs. T for the CFD sample in field of 20 mT, t = (2ntf)~! vs. T, /T,—1
dependence in the inset.

3.3. Dynamic properties (ac susceptibility)

As was discussed previously, the similar character of the low-
temperature part of the FC curve (Fig. 3) of samples made both by
coprecipitation and decomposition suggests the presence of
strong inter-particle interactions; thus the relaxation phenomena
of the CFD sample has been examined via measurements of the
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real (') and imaginary (") parts of the ac susceptibility in non-
zero external magnetic field (Fig. 6). The temperature dependence
of y’ exhibits characteristic maximum T,,, which shifts to higher
temperatures with increasing frequency, that is considered as a
consequence of the super-spin relaxation of SSG nature (dipolar
inter-particle interactions). In the case of strongly interacting
systems, interaction could not be mediated only via dipolar but
also via exchange interactions—it is the example of so-called
superferromagnetic (SFM) system. It is not possible to differenti-
ate both systems experimentally [24], but interactions in the
systems of coated particles (as in case of CFD sample) should be
mainly of dipolar origin [25]. The linear dependence of In T vs In ¢
(where ¢ is equal to T,/T,—1) follows the law of critical spin
dynamics (1). Resulting values derived from this equation are
T,=275K, zv=5 and 79=5.6 x 1078 5; the critical exponent zv
and relaxation time 7, are similar to those typical for the SSG (or
SSG-like) systems. These parameters do not unambiguously prove
the collective freezing of particle spins, thus further studies of the
aging, rejuvenation and memory effects are required. ‘It is not
possible to examine how the system behaves dynamically in case
of CFCx samples, because the anomalies at the ac susceptibility
data are above the temperature limit. Despite this, the saturation
at the low temperature part of the FC curve still signalizes
presence of strong interaction within the system’.

8.0

cooling
heating

7.2 . : : .
50 100 150 200
T (K)

Fig. 7. The thermoremanent magnetization of the CFD sample with the further
reheating curve.

3.4. Aging, rejuvenation and memory effects

To confirm collective freezing of particles typical for SSG systems,
the memory effect phenomena have been inspected in case of the
CFD sample. Fig. 7 demonstrates the aging and rejuvenation in
thermoremanent magnetization and the memory effect in further
reheating, which qualitatively corresponds to those typical both for
the SPM and SSG systems, as was reported by Sasaki et al. [21]. The
reason why the cooling and reheating curves do not match each other
in the ‘flattened’ parts is that the cooling and reheating rates were
different, 6 K/min and 1 K/min, respectively.

The experiment based on genuine ZFC protocol lead to the
appearance of the peak at waiting temperature (80 K) far below
freezing temperature, Ty, which is characteristic only for the SSG
systems [6,21] (Fig. 8). This result together with the previous
measurements of the ac susceptibility finally confirmed collective
freezing of strongly interacting ‘collection’ of particles and hence
the CFD sample could be classified as the super-spin glass.

4. Conclusion

We have prepared CoFe,0,4 nanoparticles by different meth-
ods; coprecipitation in aqueous media and decomposition in
organic media, to obtain different sizes and surface characteristics
of particles. The phase composition, shape and size of the
particles have been determined by complementary techniques
such as ICP, TEM and XRD. It has been shown that the largest
particles (sample CFC1) with the mean size of 76 nm (from TEM),
are polycrystalline and do not obey the requirements for a SPM
systems; whereas the rest of the particles appears to be single-
crystals with diameters ranging from 8 to 16 nm. The tempera-
ture dependencies of magnetization exhibit a maximum charac-
teristic for SPM systems and also signalize the presence of strong
interparticle interactions (typical for the ‘collection’ of nanopar-
ticles in powder form). The strength and the nature of the
interparticle interactions have been examined via advanced
studies of dynamic properties (ac susceptibility in non-zero
magnetic field) and memory effects, respectively, for the CFD
sample in which the interactions are expected to be minimum
due to the oleic acid coating. The dynamic properties in CFD
sample are in agreement with those typical for SSG or SSG-like
systems. The memory effect observed in the genuine ZFC memory
experiment finally confirmed that the strongly-interacting ‘col-
lection’ of particles in the sample made by decomposition obey
the super-spin glass behavior.
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Fig. 8. Left—the ZFC curves with and without halt at the waiting temperature. Right—peak significant for ZFC magnetization memory effect of the CFD sample (dotted

line). The black line represents the polynomial fit of the data.
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Abstract Nearly monodisperse, well crystalline,
superparamagnetic CoFe,O4 nanoparticles with diam-
eter of 6 nm were synthesized in oleic acid—water—
pentanol system at 180 °C. Hydrothermal procedure,
as an efficient and environment friendly alternative to
organic decomposition methods, was investigated by
variation of reaction conditions, and the particle
formation mechanism was finally proposed (i.e.,
hydrolysis of metal oleates in organic phase, with size
of the particles (5—8 nm) controlled by polarity-driven
precipitation into water phase). As-prepared particles
were hydrophobic due to coating by oleic acid. Further
modification with dimercaptosuccinic acid led to
water-dispersible particles with hydrodynamic diam-
eter of 20 nm. Prepared particles were investigated by
TEM, XRD, ICP-AES, light scattering, SQUID mag-
netometry, and Mdossbauer spectroscopy.
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Introduction

Magnetic nanoparticles, especially ferrites, have been
attracting large attention in last years because of their
wide potential application and easily tunable proper-
ties. Decreasing the size of nanocrystals below a
critical dimension leads to the so-called superpara-
magnetic (SPM) behavior, demonstrated by collec-
tivization of spins within a single nanoparticle (Liu
et al. 2000).

As a result, the magnetic properties are character-
ized by sum of individual spins within a single
particle, the so-called superspin. At temperatures
much higher than the blocking temperature of the
system (7g), determined by the particle volume and
magnetic anisotropy constant, the magnetic proper-
ties mimic those of a paramagnet, while below the
Tg, hysteretic phenomena in magnetization develops
and the superspins enter the so-called blocked state.

The magnetic nanoparticles are great candidates
for various biomedical applications ranging from
magnetic resonance imaging (Jun et al. 2005), drug
delivery (Goodwin et al. 1999), cancer diagnostic and
treatment (Sincai et al. 2001), to in vitro labeling and
separation experiments (Tartaj et al. 2003). Larger
particles could be used for information storage and
new generation electronic devices (Sugimoto 1999).

However, each of the above-mentioned applica-
tions requires nanoparticles strictly in either super-
paramagnetic or in blocked state, respectively, in the
desired temperature of utilization. Therefore, fine
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tuning of the particle size, shape, and crystallinity is
essential for large-scale production of nanoparticles
aimed to a specific application.

Old-fashion preparation routes, based mainly on
coprecipitation (Blaskov et al. 1996), suffer from
poor size distribution, aggregation, and low crystal-
linity of the resulting product. Some problems were
solved by reverse micelle (Liu et al. 2000; Gyergyek
et al. 2010), redox (Gu et al. 2008), or glycol (Hanh
et al. 2003; Cao et al. 2008) approach, all leading
directly to hydrophilic particles, but usually agglom-
erated. To increase stability of the particles in water
dispersions, they are usually coated by silica layer
(Philipse et al. 1994). Owing to indicated drawbacks,
current development is focusing on high-temperature
(250-320 °C) decomposition of metal acetylaceto-
nates or oleates in organic solvents (Sun et al. 2004;
Bao et al. 2009). This method leads to well crystal-
line, hydrophobic, and almost monodisperse mag-
netic nanoparticles with fairly controllable shape
and size. To be used for biomedical applications,
prepared magnetic particles need to be made hydro-
philic. This can be achieved by silica coating (Cannas
et al. 2010) or surface ligand exchange, e.g., by 2,3-
dimercaptosuccinic acid (Jun et al. 2005; Roca et al.
2009b).

However, organic decomposition method is not
environment friendly due to toxic organic solvents
and by-products, which are difficult to remove from
the prepared particles. Recently, hydrothermal treat-
ment in fatty acid—water—ethanol system was pro-
posed to lead to high-quality hydrophobic particles of
various types (precious metals, dielectric, magnetic,
semiconductor, luminescent) (Wang et al. 2005).
Prepared particles have similar properties as those
from organic decomposition methods, but do not
contain any toxic organic residues. Moreover, this
method is environment friendly and easier to conduct,
as it doesn’t need special water- and oxygen-free
procedures. Despite these advantages, the precise
mechanism of the hydrothermal synthesis is more
difficult to investigate (due to closed system involved)
and so far, a liquid-solid-solution (LSS) phase-trans-
fer is proposed. Although this method has been further
investigated for semiconductor (Ge et al. 2006) and
up-converting (Hu et al. 2008; Wang and Li 2007;
Zhang et al. 2009) nanoparticles, only a few reports
on magnetic ferrite particles were published so far
(Liang et al. 2006; Taniguchi et al. 2009; Li et al.
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2010). In this study, we are trying to better understand
mechanism involved in the particle formation and
to develop inexpensive, efficient and environment-
friendly method for preparation of high-quality cobalt
ferrite nanoparticles targeted to biomedical applica-
tions. The cobalt ferrite was chosen as a prototype
material with good stability against oxidation (com-
pared to widely used magnetite Fe;O,), high satura-
tion magnetization, high magnetic anisotropy, and
also without biological hazard.

Experimental
Materials

Iron(II) nitrate nonahydrate (puriss. p.a.), myristic
acid (purum > 98.0%), dimethyl sulfoxide (puriss.)
and meso-2,3-dimercaptosuccinic acid (DMSA,
purum > 97%) were obtained from Fluka. Oleic acid
(tech. 90%), 1-pentanol (99+%), n-hexane (anhy-
drous 95%), sodium hydroxide (ACS reagent, 97+ %)
were obtained from Aldrich. Toluene (GR for anal-
ysis) was obtained from Merck. Cobalt(I) nitrate
hexahydrate (p.a.) was obtained from Penta-Chemi-
cals. Ethanol (96%, Ph.Eur.) was obtained from
Panreac.

Hydrothermal treatment was carried out in Berg-
hof DAB-2 with 50 mL teflon liner.

Hydrothermal synthesis of CoFe,O,4 nanocrystals

Magnetic nanoparticles were synthesized following
the published hydrothermal procedures (Wang et al.
2005; Liang et al. 2006) with smart modifications.
In a general procedure, 10 mmol (0.400 g) of
NaOH was dissolved in 2 mL of water, 10 mL of
ethanol and 12 mmol (3.39 g) of oleic acid was added
with stirring which led to clear solution. It was
transferred to autoclave tube and water solution of
2 mmol (0.808 g) of iron nitrate and 1 mmol (0.291
g) of cobalt nitrate was added with vigorous stirring
and sonication. 20 mL of distilled water was added in
total. Autoclave was closed and placed into pre-
heated oven at 180 °C for 16 h. After cooling, final
mixture was composed of upper organic phase, lower
water phase and sediment of particles. Liquid phases
were discarded. Remaining particles were washed
four times by re-dispersion in 5 mL of hexane and



J Nanopart Res (2011) 13:5021-5031

5023

Table 1 Properties of CoFe,O, particles prepared at different conditions: size from TEM weighted by number and volume, size, and
polydispersity index from dynamic light scattering and elemental composition by ICP-AES

No. Acid Alcohol Water Temperature TEM size (nm) DLS size (nm) composition: Fe/Co
(emL) @mL) (O By number By volume Z-average PDI As-prepared +DMSA
(nm)
1 Oleic Ethanol: 10 20 180 74 £ 1.8 8722 9.1 0.28 2.89 2.20
2 Oleic Pentanol: 10 20 180 58+ 1.1 64+12 53 0.12 1.96 2.17
3 Myristic Ethanol: 10 20 180 72+19 8.6 £23 88 0.23 2.03 2.19
4 Oleic Ethanol: 20 10 180 6.0+ 19 83 £3.0 69 021 2.14 2.31
5 Oleic Ethanol: 10 20 200 7.1 +£2.4 11.0+ 46 92 024 2.69 2.87
6 Oleic Pentanol: 10 20 200 6.1 £1.2 68+14 62 020 194 2.09
7 Myristic Pentanol: 10 20 200 57+ 1.1 64+14 56 0.16 191 2.03
8 Oleic Toluene: 20 5 200 62+ 1.2 69+14 6.0 0.09 2.00 2.14
9 Oleic(3x)* Ethanol: 10 20 180 6.0 £ 1.3 6.8+ 15 6.6 0.20 2.38 2.59

* Sample 9 was prepared with three fold amount of oleic acid and NaOH as described in “Hydrothermal Synthesis of CoFe204

Nanocrystals” section

precipitation by 15 mL of ethanol. Sonication was
used to speed up re-dispersion and precipitation.
Finally, particles were separated by a permanent
magnet. After washing, they were re-dispersed into
10 mL of hexane and dispersion was centrifuged at
4500 rpm to remove larger agglomerates (if any).
Samples 2-7 (see Table 1) were prepared with
change of the fatty acid (oleic/myristic), alcohol
(ethanol/1-pentanol), alcohol amount (10/20 mL),
and reaction temperature (180/200 °C), respectively.
Sample 8 was prepared starting by the same
procedure as sample 1, but before autoclave treat-
ment, metal oleates from reaction mixture were
extracted by 20 mL of toluene, water phase was
discarded, and 5 mL of distilled water was added.
This toluene-water mixture was treated in autoclave at
200 °C for 16 h. After cooling, the particles were not
sedimented, so ethanol was added to precipitate them.
Sample 9 was prepared as sample 1, but using
28 mmol of NaOH and 38 mmol of oleic acid,
reproducing procedure of Liang et al. (2006).

Surface modification with DMSA

Surface modification was based on procedure used by
Roca et al. (2009b) which was designed for magne-
tite nanoparticles prepared by organic decomposition.

CoFe,0, particles were precipitated by addition of
ethanol to 4 mL of hexane dispersion (ca. 100 mg of
particles by ICP-AES, not counting oleic surface
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layer). Particles were fixed by a magnet to remove
solvents, and a mixture of 25 mL of toluene and a
solution of 100 mg of meso-2,3-dimercaptosuccinic
acid (DMSA) in 5 mL of dimethyl sulfoxide was
added. Reaction mixture was sonicated for 5 min and
mechanically stirred 30 h. During this time, modified
particles precipitated. Solvent was discarded and
particles were washed with mixture of 20 mL of
ethanol and 20 mL of acetone followed by centrifu-
gation at 9000 rpm for 5 min. Washing was repeated
three times. Particles were re-dispersed in ca. 10 mL
of water and 8 mg of NaOH was added. Dispersion
was dialyzed in 4.5 L of deionized water for 72 h.
Final pH was around 6.

Transmission electron microscopy (TEM)

The particles were observed by JEOL JEM-2000
FXII transmission electron microscope. A drop of
dilute hexane dispersion was dried on a carbon-
coated copper grid. Water dispersions of hydrophilic
particles were diluted by ethanol and a drop was dried
on the grid. All pictures were taken at 200 k
magnification and size (diameter) was measured
visually for at least 200 particles for each sample.
Each particle was measured in two perpendicular
directions and the geometric mean was taken. The
sizes of the particles were arithmetically averaged
either directly (weighting by number), or as an
average of particle volume with subsequent cube-root
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(weighting by volume). The volume average is larger
due to the higher weight of bigger particles and
therefore it is more appropriate in evaluation of some
physical properties (blocking temperature etc).

Elemental analysis

Co and Fe content was measured by inductively
coupled plasma atomic emission spectrometer (ICP-
AES) PERKIN ELMER OPTIMA 2100 DV. Solu-
tions were prepared by drying 50 pl. of hexane
dispersion and dissolving it by HCI and HNOj3, and
diluting to 50 mL by distilled water.

Powder X-ray diffraction (XRD)

The XRD was carried out on PANalytical X’Pert
PRO using Cu K, radiation (1.5418 A) with
secondary monochromator and PIXcel position sen-
sitive detector. The range was 10 to 80° with step
0.039°. Profiles were fitted in reciprocal space
(q=4n/A-sin0) with gaussians by Gnuplot 4.2
software in the range 28°-69°. Crystallite size was
obtained from full widths at half maximum B by
Scherrer equation (kK = 0.94):

kA
" Bcos0

(1)

Peak widths were constrained in groups 311-511-
422-222, 440-220-531, 400.

Thermogravimetry

Thermogravimetrical analysis was done on SEIKO
EXSTAR 6300 (simultaneous differential thermal
analysis and thermogravimetry) in the air atmosphere
(100 mL/min), with heating rate 10 °C/ min. Amount
of the samples was 7-11 mg.

Light scattering

Hydrodynamic diameter (called "DLS size* in the
following text) and ( potential were measured on
Malvern ZETASIZER NANO-ZS ZEN3600. The
hexane dispersion was measured in glass cell with
1 cm optical path, and the water dispersion was
measured in plastic cell (1 cm path) and plastic zeta-
potential cell. The dynamic light scattering was done
at focus position 4.65 cm and a proper concentration
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was adjusted to obtain attenuation of 10 or 11 and
photon count from 160 to 200 kcps. The hydrophilic
particles were measured in 0.01 M KNOj; without
filtering, and pH was adjusted by 0.01 M KOH,
0.01 M, and 0.1 M HNOg;, respectively.

Magnetic measurements

Temperature dependences of zero-field-cooled (ZFC)
and field-cooled (FC) magnetizations (at field of 5
mT) and hysteresis loops (at 10 and 300 K, maximum
field of 7 T) were measured on Quantum Design
MPMS7XL (SQUID magnetometer). Samples were
put into a gelatine capsule and fastened by a drop of
instant glue to avoid rotation of particles when being
magnetized.

M@éssbauer spectroscopy

Massbauer spectroscopy of °’'Fe was done on Wissel
spectrometer using transmission arrangement and
scintillating detector ND-220-M (Nal:T1"). An o-Fe
foil was used as a standard and fitting procedure was
done using NORMOS program. Measurements at low
temperature (4 K) under magnetic field of 6 T was
done in perpendicular arrangement.

Results and discussion
Composition of the reaction mixture

Hydrothermal reaction takes place in oleic acid—
oleate—water—ethanol mixture (“Hydrothermal Syn-
thesis of CoFe,O, Nanocrystals” section). Before
addition of iron and cobalt nitrates, solution appears
to be homogeneous and clear. After addition of the
nitrates it becomes dark and turbid, and further
stirring and sonication leads to formation of dark
drops composed of iron and cobalt oleates and oleic
acid, respectively. After prolonged stay at room
temperature (or after addition of hexane or toluene)
the mixture separates to a dark organic phase and a
colorless water phase. Composition of the reaction
mixture before the hydrothermal treatment is there-
fore: Fe(oleate); 2 mmol, Co(oleate), 1 mmol, oleic
acid 2 mmol, Na(oleate) 2 mmol, NaNO; 8 mmol,
water + ethanol 30 mL.
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Size and phase composition of the particles

Influence of the reaction mixture composition was
investigated by TEM size measurements, dynamic
light scattering and elemental analysis; the results are
summarized in Table 1. The TEM images (Fig. 1)
show well-separated particles of CoFe,0O, covered by
oleic acid. Only the sample 2 modified with DMSA
(Fig. 1d) shows lower inter-particle distance, but
again, particles are not agglomerated. Size distribu-
tion of the sample 2 is shown in Fig. 2. Phase purity
was confirmed by XRD (Fig. 3) and crystallite size
was obtained from the profile analysis (as described
in “Powder X-ray diffraction” section). From the
view of monodispersity, the Fe/Co ratio and the phase
purity, respectively, the best particles are obtained
from the reaction mixtures containing pentanol.

Influence of acid/alcohol/temperature
on the particle formation

The particle size and distribution are not significantly
influenced both by choice of the fatty acid and the
reaction temperature. It indicates that the nucleation
step is not critical in the hydrothermal method and
probably takes place together with the growth of the
particles.

However, the particle parameters strongly depend
on the type and the amount of alcohol. Pentanol is
less polar and its distribution ratio in organic phase is
higher than that for ethanol. A higher amount of
alcohol in organic phase then leads to smaller
particles and better size distribution. After the
hydrothermal treatment of reaction mixture no. 1
(containing ethanol), organic phase contains residual
particles with very bad size distribution (Fig. 1b). It
should be noted that there are no particles in organic
phase when using pentanol. Alcohol content in
organic phase thus plays crucial role in particle
precipitation from organic phase during hydrothermal
treatment.

Considering those facts, it can be concluded that
nucleation and growth of the particles takes place
continually (no temperature dependence of size) and
the size of the particles is exclusively controlled by
polarity of the organic phase (dependence on alcohol
type and content). After reaching a certain size,
particles are no more stable in organic phase, and
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Fig. 1 TEM images of sample 1 (a), particles isolated from
the oleic phase of sample 1 after hydrothermal treatment
(b) (this phase was usually discarded and particles were
isolated only from the sediment), sample 2 (c), sample 2
surface modified with DMSA (d), sample 3 (e), 4 (f), 5 (g), 6
(h), 8 (1), 9 (j)
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Fig. 3 X-ray diffraction of sample 2 (prepared in pentanol +
water) and sample 8 (prepared in toluene + water). Crystallite
size was obtained from line broadening

Fe(oleate); 2 mmol
Co(oleate); 1 mmol
oleic acid 2 mmol

Na(oleate), pentanol

/ organic phase

|
Na(oleate) 2 mmol ' water phase v

Fig. 4 Schematic depiction of hydrothermal formation of
nanopaticles: metal oleates are hydrolyzed, and the formed
nanoparticles precipitate into water phase after reaching the
critical diameter

they precipitate into water phase, where their growth
is terminated (see Fig. 4). A formation of solid phase
(sodium oleate) was observed only in the reaction
mixture no. 9, therefore it was not found to be crucial
for nanoparticle formation as claimed in liquid-solid-
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solution mechanism proposed previously (Wang
et al. 2005; Liang et al. 2006; Li et al. 2010).

Formation of nanoparticles with similar properties
was observed also in the system Fe,Co oleate—
toluene—water under 200 °C—this method would be
less environment friendly, but can be optimized for
fabrication of bigger particles (e.g., by seed-mediated
growth).

It is reported (Sun et al. 2004; Bao et al. 2009) that
for the organic decomposition method, the control of
nucleation and growth stage (by well-controlled
heating rate) is critical for the narrow size distribution.
Also the temperature dependence is more pronounced.
Our result suggests, that mechanism involved in
particle formation significantly differs in the hydro-
thermal and the organic decomposition methods.

Surface characterization

Infrared spectroscopy showed presence of CH,
stretching (2922 and 2851 cm™') and bending
(1409 cm™ ") vibrations for the hydrophobic but not
for the hydrophilic particles. Stretching COO vibra-
tions were found at 1600—1550 cm™" for both cases.
The oleic acid was therefore completely replaced by
DMSA during surface modification step (“Surface
modification with DMSA” section).

Surface modification led to shift of the Fe/Co ratio
(Table 1) which was usually lower than 5%. This
shift can be attributed to the certain amount of
unreacted precursor attached to the surface (this is
suggested also by the Mdssbauer spectroscopy,
“Magnetic measurements” section, Table 3)

Amount of organic material on the surface of the
particles was investigated by thermogravimetric
analysis. The hydrophobic particles are covered with
oleic acid, so only 75% of their mass correspond to
the cobalt ferrite core (Fig. 5 up). The remaining
mass can be attributed to oleic anions strongly bound
to surface, as there is no peak (at 1760-1700 cm™ Y
for COOH group in the IR spectrum. About 3% could
be attributed to adsorbed hexane which evaporates
slowly until rapid burning of the whole organic layer
occurs at around 250 °C.

Surface of the hydrophilic particles is different
from the previous (as-prepared) case. The surface
layer is thinner and forms only 20% of the total
weight (Fig. 5 down). During the heating, decompo-
sition and evaporation takes place gradually, until
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Fig. 5 Thermogravimetric analysis of the sample 6: as-
prepared (capped with oleic acid, hydrophobic) and modified
with dimercaptosuccinic acid (hydrophilic)

sudden burning of sulfur occurs at 460 °C connected
with increase of weight (sulfates are created). How-
ever at even higher temperatures, sulfur evaporates
(probably in form of SO;, considering similar
behavior of Fe,(SO4);) and weight of the particles
gradually decreases.

The zeta potential (Fig. 6) is negative down to
pH 2.5, but for well dispersed particles of 20 nm
hydrodynamic size, its value is not as negative as
expected for a stable dispersion: —40 mV (Roca
et al. 2009b). However, it is possible that the
obtained numerical value (—15 mV) could be appro-
priate for particles of small size. Adding more NaOH
during the preparation of hydrophilic particles leads
to agglomerates, as was indicated by higher hydro-
dynamic radius. These agglomerates then show
expected behavior of the { potential (<—30 mV for
diameter 150 nm).

Discussion of the surface modification

One of the most usual methods of surface modifica-
tion to make particles hydrophilic is coating with
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Fig. 6 Zeta potential and hydrodynamic size measurement of
water-dispersed particles of CoFe,O, prepared in oleic acid—
pentanol-water at 180 °C (sample 2) and modified by
dimercaptosuccinic acid

silica (Si0,) created by hydrolysis of tetraethoxysi-
lane (Philipse et al. 1994). However, thickness of the
silica layer is not well controllable and particles tend
to aglomerate (probably due to formation of Si—O-Si
bonds between individual particles) and gradually
sediment after few weeks.

Therefore, other type of modification has been
developed, namely substitution of the oleic acid
ligands by 2,3-dimercaptosuccinic acid (DMSA).
DMSA bonds to the particle surface through the
COO groups, and SH groups are available for further
modifications needed in biomedical applications.
This method was succesfully applied to particles
prepared by organic decomposition (Jun et al. 2005;
Roca et al. 2009b). The modification takes place in
mixture of toluene and dimethylsulfoxide, which well
dissolves DMSA, and also hydrophobic particles can
be well-dispersed in it. However, modified particles
are not more dispersible, and sediment on the walls of
a reaction wessel. After washing with ethanol and
acetone, they can be re-dispersed into water, but to
obtain stable and clear dispersion, it is necessary to
add NaOH as was found by Roca et al. (2009b). The
supposed scheme of NaOH function in stabilization
of the particle dispersion is depicted in Fig. 7 (only
the first step has been proposed by Roca et al.
(2009b)).

However, as can be seen from the Fig. 7, adding
more NaOH than necessary leads to extraction of the
DMSA from the particle surface and results in
irreversible agglomeration of the particles. It was
observed, that only with well controlled amount of
NaOH (in this case about 8 mg per 100 mg of
particles, as 4 mg were not sufficient to obtain clear
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Fig. 7 Scheme of NaOH function during redispersion in water
after surface modification of magnetic particles with DMSA
(clear water dispersion is produced only in the second case)

dispersion), it was possible to obtain DLS size less
than 100 nm, even without filtration through milli-
pore filter.

Further increasing of the amount of NaOH leads to
precipitation of the particles. Increasing amount of
NaOH even more leads again to dispersible particles,
but dispersion is not clear (high agglomeration
occurs).

It was found that also the SH groups are important
for good hydrophilicity, as particles modified by the
succinic acid (by the same procedure) were dispers-
ible only in ethanol and not in water.

Magnetic measurements

Magnetic properties of the CoFe,O, particles were
investigated by SQUID magnetometry and Moss-
bauer spectroscopy of >’Fe.

The temperature dependence of the ZFC and FC
magnetization confirmed, that the particles are super-
paramagnetic at room temperature (Fig. 8). The most
important features observed on the ZFC-FC curves
are: 1. broad maximum on the ZFC curve (denoted as
Tg1), 2. furcation of the ZFC-FC curves (denoted as
Tg>), and 3. saturation of the FC curve at low
temperatures. Saturation of the FC curve suggests
presence of considerable dipolar interactions between
the individual particles. The nonequivalence of the
Tgy and Tp, can be therefore interpreted by the
interparticle interactions, rather then by particle size
distribution (which appears to be very narrow from
the TEM analysis). Such behavior of the ZFC-FC
curves is typical for systems with collective phenom-
ena. Moreover, in the case of hydrophilic particles
with thin surface layer, where intersection of ZFC
and FC curves occurs only at 400 K, the collective
behavior is even enhanced due to reduced distance
between individual particles and creation of magnetic
clusters can be expected.
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Fig. 8 ZFC-FC measurement and hysteresis loops of sample 2
(hydrophobic and hydrophilic)

The superparamagnetic behavior at 300 K was
further confirmed by the measurements of magneti-
zation isotherms, which showed zero coercivity for
all measured samples at 300 K. From the fully
developed hysteresis loop at 10 K, coercive field
H_., remanent magnetization M, and magnetization at
7T Mt were obtained (Table 2). However, weight of
the surface oleic acid layer (which comprised about
25%) was not subtracted, as it was not known exactly
for all samples, which may explain variation of M.

The key magnetic parameters of the nanoparticles
are comparable to those obtained by thermal
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Table 2 Magnetic properties of CoFe,O4 nanoparticles
obtained from ZFC/FC measurement at 5 mT—blocking
temperatures: Tg; (peak of ZFC), Ty, (intersection of ZFC

and FC), parameters of the hysteresis loop at 10 K: coercive
field, remanent magnetization, and magnetization at 7 T, K¢
(obtained using Ty value)

Sample T (K) Tg2 (K) o He (T) Mor (A m* kg™ Kege (106 J/m?)
1 222 318 1.14 45.1 0.22
2 191 286 1.16 67.7 0.48
2 + DMSA 199 400 0.94 67.6 0.50
5 268 380 1.12 57.1 0.13
8 274 397 1.26 67.1 0.55
decomposition of Fe(acac); and Co(acac), at high a 1
temperatures (Torres et al. 2010). Those 5 and 7 nm 0.995
particles show coercivity of 1.4 and 1.7 T (at 5 K), M, o
~T77and 73 A mz/kg (at 5 K), and Tg ~ 174 and 230 :
K, respectively. Gyergyek etal. (2010) reports é‘ 0985 ¢
H.=19T, M;=061 Am%’kg (at 10 K) and Tp § 098}
~240 K for 9 nm particles prepared by thermal = 0075 |
decomposition. Hysteresis loop at 10 K of our 0.97
modified sample 2 suggests presence of two magnetic E
. 0.965
phases, probably caused by magnetic clusters created
during drying. Similar deformation of the hysteresis
loop was observed for FePt particles coated by silica (b) 1
(Lee et al. 2006) and was attributed to inter-particle 0008 F5 )
interactions (the effect increased for thinner SiO, 0.996:
layer). It should be noted that dried hydrophobic 0.994 1
particles are again re-dispersible into hexane, but this = 09921
is not true for modified (hydrophilic) particles, for % ozZZ'
which drying of water dispersion is an irreversible = 0.986 |
process. 0.984
To evaluate ‘magnetic quality’ of our samples, we 0.982
0.98

have considered the following: the particle size
obtained from the TEM and XRD is almost compara-
ble, which points to high crystallinity of the particles.
Further, the effective anisotropy constant, K¢ can be
assumed as a sum of the intrinsic magnetocrystalline
anisotropy constant of the bulk CoFe,O4 (K; ~0.2—
0.4 x 10° J/m®) (Bozorth et al. 1955) and surface/
disorder contribution K, and can be roughly estimated
using the relation K. = 25 kgTg/V (Lu et al. 2000).
The values K¢ obtained from blocking temperatures
Ty and volume-weighted TEM diameters (Table 1)
are included in Table 2. In spite of the fact, that the
approach used is rather rough, they correspond well to
the value for the bulk CoFe,0,, suggesting, that the
surface effects are minor.

Sample 2 was further investigated by Mossbauer
spectroscopy. Clear sextets were found at 4 K and
field 0 and 6 T (Fig. 9). During the fitting of the
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Fig. 9 Mossbauer spectrum of sample 2 at 4 K in magnetic
field 0and 6 T

sample measured at O T, isomer shift (J) and
quadrupole splitting (AEp) were fixed at values
obtained at 6 T due to strong overlap of the
multiplets. Results of fitting procedure are summa-
rized in Table 3 and compared with literature data
(Bouhas et al. 1993) on bulk CoFe,O,4. They show,
that iron ions are nearly statistically distributed in
spinel structure, i.e., (Cog33Feqgs) [CogesFer 33104,
where () indicates A sites (tetrahedral) and [ ]
indicates B sites (octahedral). The observed remain-
ing iron in paramagnetic state is probably due to
unreacted precursor and is apparently responsible for
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Table 3 Analysis of Mdssbauer spectrum of sample 2 at 4 K. Two sextets corresponding to tetrahedral (A site) and octahedral

(B site) Fe** were found

Area (%) J (mm/s) AE, (mm/s) Bext =0T Bt =6T 0
Sextet 1 (A site) 31 0.37 0.01 508 T 565 T 19°
Sextet 2 (B site) 65 0.50 0.03 532 T 478 T 27°
Paramagnetic Fe’* 4 0.30 0.36 00T 60T
Bulk® (A site) 45 0.36 0 512T 565 T 29°
Bulk® (B site) 55 0.49 0 544 T 492 T 28°

Canting angles 0 are from cosine rule

? Bulk values were measured at 4.2 K and correspond to structure (Cog goFego1) [Cogo1Fe; 09]O4 (Bouhas et al. 1993)

Fe/Co change during surface modification (Table 1).
Measurement under magnetic field showed nonzero
canting angle—this is often reported to be caused by
disordered surface layer (in not well crystalline
particles), but it can be caused also by the particles
frozen in non-easy-axis orientation (Pankhurst and
Pollard 1991). In case of our particles, the later
hypothesis seems to be the case, as other experiments
evidence highly-ordered structure, which generally
coincide with the ordered surface spin layer (Roca
et al. 2009a).

At room temperature, only very weak singlet was
found, with 0.5% intensity compared to sextets at
4 K. Calculation shows, that in one 6 nm particle,
there are around 3000 atoms of Fe (16 Fe in (8.39 10\)3
unit cell). Overall weight corresponds to 6000 atoms
of Fe. Momentum carried by particle after photon
absorption would be (where E, = 14.413 keV)

AE econ = i - g
recoil — 2 - 6000 - mp, 26000 - Mpec?
— 23 x lo_llEV (2)

which is far more than the width of photon energy
distribution (calculated from mean life 7 = 142 ns)
[ =//t=4.6x10"eV=23.2x 10" 3E,. Because
the particles have flexible oleic acid molecules on
their surface, which facilitate their movement, reso-
nant absorption at room temperature is not possible.

Conclusions
Hydrothermal synthesis in oleic acid—sodium oleate—
water—pentanol was successfully applied to prepara-

tion of high-quality cobalt ferrite nanoparticles with
diameter (5.8 &= 1.1) nm (w = 0.19) covered with
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oleic anions (25% by weight) and readily dispersible
in non-polar solvents. Dependence of particle prop-
erties on the variations in composition of reaction
mixture was investigated and the mechanism of
particle formation was proposed. Based on this
mechanism, a new route using toluene under pressure
was proposed. Prepared particles were characterized
by TEM, elemental analysis, thermogravimetry,
powder X-ray diffraction, dynamic light scattering
and magnetic measurements. They are superpara-
magnetic at room temperature, and show excellent
magnetic parameters.

The particles were further modified by dim-
ercaptosuccinic acid. Particles were then treated with
well-defined amount of NaOH, what facilitated
creation of stable water dispersion with the hydrody-
namic diameter of particles as low as 20 nm, and
agglomeration-free down to pH 3. The magnetic
properties were conserved, but indication of stronger
inter-particle interaction was observed.
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Nanocomposites of monodisperse nanoparticles
embedded in high-K oxide matrices — a general
preparation strategy
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We present a general approach, which enables preparation of multifunctional nanocomposites of
monodisperse nanoparticles embedded in oxide matrices. The two-step route has been successfully
applied to nanocomposites composed of CoFe,O, nanoparticles embedded in high-K oxide matrices
(ZrO,, Al,Os and TiO,). First, hydrophobic CoFe,O,4 nanoparticles were produced by hydrothermal
synthesis and then their incorporation in the oxide matrix was completed by the sol-gel method using
the corresponding alcoxides. The as-prepared samples were subjected to annealing at temperatures
ranging from 200 to 700 °C, and characterized in detail by the Powder X-Ray Diffraction (PXRD), Energy
Dispersive Analysis (EDX), Mossbauer Spectroscopy (MS) and magnetic measurements. The particle size
does not change with the annealing temperature, while the amorphous matrices crystallize at
temperatures above 400 °C. At much higher annealing temperatures, partial decomposition of the
CoFe,O4 occurs accompanied by formation of additional phases. The magnetic measurements also
confirmed presence and stability of the uniform CoFe,O4 nanoparticles in the matrices. Thus the
proposed method allows preparation of new types of nanocomposites constituted of uniform
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1. Introduction

Recently, nanocomposites of nanoparticles embedded in a
functional matrix attracted considerable attention due to large
application potential in various fields like biomedicine, catal-
ysis, data storage and smart sensing.'”® The functional matrix is
chosen according to its required intrinsic physical, chemical
and mechanical properties; however, it plays several important
roles in the nanocomposites as well. It reduces contact of the
embedded nanoparticles hence their interactions, enhances
their stability due to minimized contact with the environment
and avoids their agglomeration during thermal treatment
leading to better control of their final size.

The most frequent material of the matrix used in nano-
composites is the amorphous silicon dioxide, which can be
easily obtained by several variants of the sol-gel method.** It is
an excellent insulator, with low level of electronic defects, great
transparency and possibility of surface functionalization by
various functional groups. It can be easily etched and patterned
down to a nanometer scale.® By a simple modification of the
sol-gel route using nitrates or chlorides as a source of the

“Department of Magnetic Nanosystems, Institute of Physics of the ASCR, v.v.i., Na
Slovance 2, 18221 Prague, Czech Republic. E-mail: vejpravo@fzu.cz; Tel: +420 266
05 2325
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nanoparticles of the desired type (magnetic, luminescent etc.) embedded in the favored oxide matrix.

corresponding cations, nanoparticles of transition metal oxides
can be grown in the porous silica matrix by controlled anneal-
ing.” The particle size is driven by the annealing temperature
due to the diffusion of the ions in the matrix, so the higher the
annealing temperature, the larger particle size.

However, for many applications, a well-defined and uniform
particle size is essential. Therefore, additional heat treatment is
a limiting factor as the variation of the particle size is limited by
the concentration of the cations, their diffusion coefficients and
solubility in the silica matrix. Moreover, the in-matrix grown
particles have a significant size distribution. At higher temper-
atures, the matrix transforms to crystalline form, which typi-
cally leads to formation of high-temperature phases. Another
point is that the modified sol-gel method is limited to nano-
particles of simple oxides with low solubility of the cations in
the matrix, which also prevents rapid formation of higher oxide
phases even at much lower temperatures.

To avoid the above mentioned difficulties, we have intro-
duced a novel two-step procedure, which can be applied to
preparation of a large spectrum of nanocomposites, where the
common sol-gel derived approach fails. In the first step,
hydrophobic nanoparticles are prepared by a hydrothermal
method. In the second step, the nanoparticles are embedded in
an oxide matrix formed by hydrolysis of the corresponding
alcoxides, followed by gelation and mild drying. This procedure
can be applied to many types of nanoparticles such as magnetic

RSC Adv., 2014, 4, 5113-5121 | 5113
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(iron oxides, spinel ferrites), quantum dots, luminescent, pho-
toactive (TiO,), up-conversion (Ln-doped NaYF,), SERS active
(Au, Ag) etc. in combination with different matrices.

In our study, we have tested the proposed method on prep-
aration of the nanocomposites of CoFe,O, nanoparticles inte-
grated in selected oxide matrices (TiO,, Al,O; and ZrO,), diverse
to the prevalent SiO,. The CoFe,O, nanoparticles are well-
known for their convenient magnetic properties (saturation
magnetization 80 Am” kg™, coercivity 2 T at low temperatures),
also their hydrothermal preparation is mastered.*'® The ZrO,,
TiO,, and Al,O; oxides show many attractive properties, like
high dielectric constant and optical transparency, and their
preparation by the sol-gel method is rather routine.™

The TiO, is a photoactive material, that is mainly used as an
antibacterial agent, a component of self-cleaning surfaces or
water and air purification technologies based on the photo-
catalysis.*'> The CoFe,0,/TiO, nanocomposites have been now
intensively studied due to their advantage of magnetic separa-
tion from the liquid phase after the purification process.'>'*

The Al,O; exhibits promising catalytic properties' and has
been widely studied as a candidate for surface passivation of the
solar cells.'® The Al,O; matrix is mostly used as a passive spacer
to avoid the particle agglomeration and to control the inter-
particle interactions.'”'® ZrO, is known as a diluted magnetic
semiconductor (DMS).*>*® To our best knowledge there are no
reports on the CoFe,0,/Al,0; and CoFe,0,/ZrO, nano-
composites yet. Therefore we also address the most appropriate
conditions for preparation of the CoFe,0,/Al,03; and CoFe,0,/
ZrO, nanocomposites by the general two-step route.

All samples were characterized in detail by the Powder X-Ray
Diffraction (PXRD) and Transmission Electron Microscopy
(TEM) in order to observe the phase composition, particle size
and dispersion of the nanoparticles in the matrix. The
Mossbauer Spectroscopy (MS) was performed for deeper studies
of the iron-containing phases in the samples. Finally, the
magnetic measurements were carried out to confirm the pres-
ence of the CoFe,O, particles in the composites and to deter-
mine the CoFe,O,to-oxide matrix ratio. All results were
compared with those of the bare CoFe,O, nanoparticles. We
demonstrate that the uniform CoFe,O, nanoparticles can be
homogeneously embedded in the high-K oxide matrices
without change of their diameter, size distribution and
magnetic response.

2. Experimental details
2.1. Preparation

The two-step synthesis was used to prepare the nanocomposites
of CoFe,O, embedded in various oxide matrices. The hydro-
phobic CoFe,O, nanoparticles were prepared by the hydro-
thermal synthesis' and subsequently incorporated in the
matrices, as is schematically shown in Fig. 1.

2.1.1. Preparation of CoFe,0, nanoparticles. The 4.0 g of
sodium hydroxide was dissoluted in mixture of water (20 ml)
and ethanol (100 ml) and then 38.10 ml of oleic acid was added
to the mixture (solution 1A). The 2.91 g of cobalt(u) nitrate
hexahydrate and 8.08 g of iron(m) nitrate nonahydrate were
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pressure vessel, T= 180°C hydrolysis: CH;CH(OH)CH;/H,0

oleic acid-coated CoFe,O, NPs
in n-hexane

gelation (5 days)

annealing 200 - 700°C

Fig. 1 (Top panel) Scheme of the general two-step route including
preparation of monodisperse nanoparticles by the hydrothermal
method (step 1) and their incorporation in the oxide matrix by the sol—
gel route (step 2). (Bottom panel) TEM image of the CoFe,O4 nano-
particles prepared by hydrothermal synthesis (on the left) together
with the HR-TEM image of the powder form of the Co_free sample.

dissolved in 180 ml of water (solution 1B). Solution 1A was
stirred intensively at room temperature and added drop-wise to
the solution 1B. The final mixture was stirred and sonicated at
room temperature for 30 min (at 40 W transferred power).
Afterwards, the mixture was heated at 180 °C for 10 h under
autogeneous pressure in autoclave. The clear fraction was
removed and the black-brown fraction was precipitated by
addition of ethanol, decanted in magnetic field and dispersed
in n-hexane using ultrasonic bath. This purification was
repeated for four times. Concentration of the cobalt ferrite in
the prepared ferrofluid was determined gravimetrically and by
Thermogravimetry-Differential Thermal Analysis (TG-DTA). The
reference (matrix-free) sample, labeled as Co_free was obtained
by drying the ferrofluid at 100 °C.

2.1.2. Preparation of the nanocomposites — incorporation
into matrices. The 0.22 mmol of cobalt ferrite nanoparticles in
hexane was diluted with dry n-hexane to required amount
(12.5 ml for Al,O3, 14.9 ml for TiO, and 9.8 ml for ZrO,). The 3
mmol of aluminium isopropoxide, titanium n-butoxide and
zirconium n-butoxide was added to the solution, respectively and
stirred thoroughly. The mixtures were then stirred intensively
and 2 ml solution of isopropylalcohol in water was added in ratio
of 200 : 1 (v/v), 50 : 1 (v/v) and 20 : 1 (v/v) for the Al,O3, TiO, and
ZrO, matrices, respectively. The final mixture was left to stay at 40
°C for 5 days. All gels were finally treated thermally in vacuum
within two steps. First, the gel was heated to 200 °C (0.2 °C
min '), keeping the gel at 200 °C for 2 hours, and finally
annealed at 300, 400, 500, 600, or 700 °C with the step of 1 °C
min " keeping the product at the final temperature for 2 hours.
The samples were labeled accordingly to its matrix and the
annealing temperature, respectively, as M_T, where M = Al, Ti, Zr
and T = 200-700 °C.

This journal is © The Royal Society of Chemistry 2014
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2.2. Characterization methods

All samples were characterized using the PXRD at room
temperature by the Bragg Brentano geometry on the Philips
X'Pert PRO MPD X-ray diffraction system equipped with the
X'Celerator detector using Cu-anode (CuK,; A = 1.5418 A) or Co-
anode (CoK,; A = 1.7889 A). The phase composition, particle
size (using the isotropic approximation) and lattice parameters
of the selected samples were obtained by Rietveld refinement
implemented in the FullProf software.**

Concentration of the nanoparticles in the ferrofluid was
determined gravimetrically by Thermogravimetry-Differential
Thermal Analysis (TG-DTA) using a TG-DTA device by
SETARAM. The TEM and High-Resolution TEM (HR-TEM) using
HRTEM JEOL JEM 3010 was performed in order to study the
morphology of the prepared nanocomposites and determina-
tion of the particle size of the CoFe,O, nanoparticles. The
samples were also studied by the Energy Dispersive X-ray
Spectroscopy (EDX) analysis using scanning electron micro-
scope MIRA 3 LMH by Tescan with the accelerating potential of
15 kv.

The MS measurement was done in the transmission mode
with *’Co diffused into Rh matrix as the source moving with
constant acceleration. The spectrometer (Wissel, Germany) was
calibrated by standard a-Fe foil and the isomer shift is related to
this standard at 293 K. The resulting parameters were deter-
mined in the NORMOS program.

The magnetic measurements were carried out using the
SQUID magnetometer (MPMS7XL, Quantum Design). The zero
field-cooled (ZFC) and field-cooled (FC) curves were recorded as
follows: at first, the sample was cooled down to 10 K, then the
magnetic field of 0.01 T was applied and the temperature
dependence of the magnetization was measured up to 400 K
(ZFC curve). Afterwards, the sample was cooled down to 10 K in
the applied field and the FC curve was obtained. The magneti-
zation isotherms (field dependence of the magnetization) were
measured in the range of £7 T, at selected temperatures.

3. Results and discussion
3.1. Phase analysis

The PXRD was carried out to obtain the phase composition of
the samples and to determine the temperature of crystallization
of the matrix. The results are summarized in Table 1, together
with the phase composition determined by MS. Generally, the
increasing annealing temperature caused decomposition of the
CoFe,0, nanoparticles leading to the creation of parasitic
phases and crystallization of the matrix above 500 °C. The
presence of the amorphous matrix at lower annealing temper-
ature (200-400 °C) is manifested by the broad maxima at
diffraction angle about 22° and increased intensity of the
background. The particle diameter, dxgrp determined as the size
of the coherently diffracting domain of the CoFe,O, nano-
particle is in the range of 5.5-7.0 nm and does not change
significantly with the increasing annealing temperature. The
overlapped reflections of the crystalline matrices and CoFe,0,

This journal is © The Royal Society of Chemistry 2014 102

View Article Online

RSC Advances

phase disallowed the precise determination of the particle size
of the CoFe,0, nanoparticles in multiphase samples.

The EDX reveals the CoFe,O,/matrix weight ratio for the
samples containing only CoFe,O, phase and matrix. The values
are summarized in Table 2 together with the theoretical ratio
and the ratio calculated from the values of the saturation
magnetization, M as is discussed further.

The TEM images were captured to obtain the morphology of
the nanocomposites. The particle diameter determined by TEM,
drem is in good agreement with the dxrp for all evaluated
samples. The representative TEM images are shown in Fig. 4, 6
and 8, respectively. The MS was performed to confirm the
presence of CoFe,O, and exclude presence of the other iron
phases, for the samples for that the PXRD measurements were
not sufficient for the analysis due to the overlapped reflections.
MS can clearly distinguish between the Fe** and Fe®" ions due to
the total different isomer shift as will be presented further, thus
clearly indicates presence of other phases than CoFe,0,.

The crystal structure determined by PXRD and MS of indi-
vidual nanocomposites will be now discussed in more details
followed by the results of magnetic measurements.

3.1.1. The matrix-free sample, Co_free. The diffraction
pattern displays only the reflections corresponding to the spinel
structure with the lattice parameter a = 8.40 A, that is in good
agreement with the CoFe,0, phase (PDF4 databasis, card no.
00-022-1086). The particle size determined using the Rietveld
refinement is 5.5 £+ 0.5 nm. The TEM image (Fig. 1) shows well-
crystalline particles with drgy = 6 nm.

The MS spectra reveals that the most of the particles are in
the blocked state, as is observed by the presence of sextet with
asymmetric absorption peaks corresponding to the small
particle size with non-zero size distribution. Therefore, the
convolution of the Gaussian distribution function and the
Lorentzian profile function was used to refine the spectra. The
smaller values of the hyperfine fields (46.6 T for the Oy-sites;
41.3 T for the Ty-sites) are consistent with the small particle
size, dygrp = 5.5 nm. The isomer shift, 6 = 0.33 mm s~ and zero
quadrupole shift are attributed to the ferrite spinel structure.
The doublet and the singlet correspond to the particles in
superparamagnetic (SPM) regime and close to the blocking
temperature, respectively. The PXRD patterns together with the
MS spectra and magnetic measurements are depicted in Fig. 2.

3.1.2. CoFe,0,/TiO, nanocomposites. The diffraction
patterns of the Ti_200, Ti_300 and Ti_400 samples depicted in
Fig. 3 exhibit only reflections corresponding to the spinel
structure with the lattice parameters, a = 8.38 A, that is in good
agreement with the reference sample, Co_free. The lower
intensities of the CoFe,O, reflections with the increasing
annealing temperature are observed, suggesting the decompo-
sition of the CoFe,0, to additional phases. This observation has
been further confirmed by the MS, where the doublet with high
0 =10.98 mm s~ ' corresponding to the Fe>" ions is detected in all
samples except Ti_200 (Fig. 3). The high quadrupole splitting
(AEq = 2.15 mm s~ ') can be ascribed to the Fe,TiO, phase that
crystallizes in the spinel structure,” therefore can be hardly
resolved in PXRD due to the overlapped reflections with the
CoFe,0, phase.

RSC Adv., 2014, 4, 5113-5121 | 5115
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Table 1 The phase composition of all samples determined by PXRD and MS. The matrix is either amorphous or crystalline, where (C) and (M)
denote cubic and monoclinic structure, respectively. The content of individual crystalline phases in the samples is described as follows: * 5-30%,

** 30-60%, *** >60%

Sample Matrix PXRD Phases PXRD Phases MS

Al_200 Amorphous CoFe, 0, *** CoFe, 0, ***

Al_300 Amorphous CoFe,0,*** CoFe,0,***

Al_400 Amorphous CoFe,0,***, AIO(OH)* COFe, 0 ***

Al_500 Amorphous CoFe,0,*** CoAl,O,* COFe, 0, ***

Al_600 Amorphous CoFe,0,**, CoAl,O,** CoFe, O, ***

Al_700 Amorphous CoFe,0,%*, CoAl,O,*, FeAl,0,** CoFe,0,*** FeAl,O,*

Ti_200 Amorphous CoFe,0,*** CoFe, 0, ***

Ti_300 Amorphous CoFe, 0 *** CoFe,0,***, Fe,TiO,*

Ti_400 Amorphous COFe, 0, *** CoFe,0,/Fe*"*, Fe,TiO,***

Ti_500 TiO, anatase***, TiO, rutile* CoFe,0,*, FeTiO5* CoFe,0,/Fe*"*, Fe,TiO,***, FeTiO,;*
Ti_600 TiO, anatase**, TiO, rutile* CoFe,0,*, FeTiO5* CoFe,0,/Fe*"** Fe,Ti0,**, FeTiO;*
Zr_200 Part. ZrO, (C)** CoFe,0,** CoFe,0,***

Zr_300 Part. ZrO, (C)** CoFe,0,** COFe, 0 ***

Zr_400 Part. ZrO, (C)** CoFe,0,* —

Zr_500 Zr0, (C)** CoFe,0,** Fe’' jons***

Zr_600 Zr0, (C)** CoFe,0,** Fe’' jons***

Zr_700 ZrO, (C)**, ZrO, (M)* CoFe,0,** —

Co_free N/A CoFe, 0, *** CoFe, 0, ***

Table 2 Comparison of the weight content of CoFe,O4 in the matrix
determined by EDX analysis, Wgpyx and magnetic measurements at 10
and 300 K, Wmio, Wnmzoo respectively with the theoretical one, W+

Sample W (Wt%) Wepx (Wt%) Wha1o (Wt%) Whasoo (Wt%)
Al_200 25.0 30.4 20.7 20.8
Al_600 25.0 — — 7.1
Ti_200 17.0 15.5 15.5 14.6
Ti_600 17.0 — — 5.2
Zr_200 12.0 13.7 13.8 12.5
Zr_600 12.0 — — 1.5

The crystalline matrix is detected for the samples annealed
at 500 °C and higher temperatures, predominantly in anatase
form. The asymmetry of the anatase reflections indicates pres-
ence of the rutile with tendency to increase the amount of the
rutile at the expense of the anatase upon further annealing of
the sample at 600 °C, which is connected with the increase of
the size of the crystallites of the matrix.>*** The reflection
located at 38° can be attributed to the FeTiO; phase, as is
consistent with the results obtained by MS, where another
doublet appears for the Ti_500 and Ti_600 samples with 6 = 1.1
mm s ', AE; = 0.58 mm s ' corresponding to the FeTiO;
phase.”®

The TEM image depicted in Fig. 4 of the Ti_200 sample
shows crystalline nanoparticles (see HR-TEM image) with low
size distribution dispersed in amorphous matrix. The particle
size, drgm = 6 nm is in good agreement with the dygp.

3.1.3. CoFe,0,/Al,0; nanocomposites. The diffraction
patterns together with the MS spectra are depicted in Fig. 5.
Clearly resolved peaks corresponding to the spinel structure are
observed at low temperatures (200, 300 °C) with the lattice
parameters around a = 8.38 A, which is in good agreement with
the reference sample. The matrix remains amorphous through
the whole series, as is consistent with A. Corrias et al.>*® who

5116 | RSC Adv, 2014, 4, 5113-5121 103

observed the crystallization of the Al,O; matrix at temperatures
higher than 700 °C. Annealing of the nanocomposite at 400 °C
led to the occurrence of pseudoboehmite phase AIO(OH) man-
ifested by broad reflections at 28°, 49° and 54°.*” The presence
of AIO(OH) is supported by the TEM observation (see Fig. 6),
where the needle-shape aggregates typical for this phase is
observed for the Al_400 sample.>®

Increase of the annealing temperature to 500 °C has resulted
into the asymmetry of the peak profiles, that can be elucidated
by the presence of the parasitic CoAl,0, and FeAl,O, phases,
that also crystallize in spinel structure with slightly different
lattice parameter (@ = 8.104 A and 8.156 A respectively, PDF4
databasis, cards no. 00-044-0160; 01-086-2320). The shift of the
peaks to the higher angles for the Al_700 sample is clearly
observable and points to the dominant presence of these spinel
structures. The CoAl,0O, and FeAl,0, cannot be unambiguously
resolved by the PXRD, due to the nearly similar lattice param-
eters. However, the presence of FeAl,0, has been detected by
MS (6 = 0.99 mm s ', AE, = 1.7 mm s~ ').® For all samples
except the Al_700 sample, only the Fe** ions (6 = 0.35 mm s~ ')
corresponding to the CoFe,O, phase have been detected by the
MS.

3.1.4. CoFe,0,/ZrO, nanocomposites. The samples
annealed at lower temperatures (200-400 °C) exhibit diffraction
peaks matching with the reflections of the spinel structure with
lattice parameter a = 8.39 A, that corresponds to the CoFe,0,
phase. The broad peak around 30° can be attributed to the
partially crystalline cubic ZrO, matrix (see Fig. 7). This peak gets
narrower with the increasing temperatures, suggesting the
continuous crystallization of the matrix. The MS exhibit similar
profile as for the matrix-free sample confirming the presence of
the CoFe,0, nanoparticles (see Fig. 7). The crystalline particle
with size around 5.5 nm can be seen in HR-TEM image in Fig. 8.

The rapid change of the diffraction pattern is observed at
500 °C, where the matrix is well crystalline, predominantly in

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (Top panel) The PXRD pattern of the Co_free sample with the refined pattern (full black line) on the left together with the MS spectra
performed at room temperature on the right. The open circles mark the Bragg reflections of the CoFe,O4 phase. (Bottom panel) The ZFC-FC
curves at 0.01 T and the magnetization isotherms measured at selected temperatures.
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Fig. 3 The PXRD patterns of the CoFe,O4/TiO, series on the left. The MS spectra of selected samples performed at room temperature on the
right.

the cubic form, partially transferring to the monoclinic form at CoFe,O, phase cannot be properly distinguished by the PXRD
higher temperature (700 °C). The crystalline matrix is also due to the overlapped reflections with the ZrO, phases. The MS
observed by HR-TEM (Fig. 8) for the Zr 600 sample. The spectra contain only the doublet with 6 = 0.36 mm s *
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Fig. 4 (Top panel) The TEM image of the Ti_200 sample on the left with the HR-TEM image on the right. (Bottom panel) The ZFC-FC curves at
0.01T for the Ti_200 sample and the Ti_600 sample in the inset on the left. The magnetization isotherms at 10 K for both samples on the right.
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Fig. 5 The diffraction patterns of the CoFe,O4/Al,Os3 series on the left. The MS spectra of the selected samples performed at room temperature
on the right.

corresponding to the Fe*" ions and AE; = 1.07 mm s~ ' whichis been elided by magnetic measurements, as is shown further.
higher than for the CoFe,0, phase (usually AE; = 0.76 mm s~ ' Therefore, the observed doublet in MS can be interpreted as the
(ref. 29)). The presence of the CoFe,Q, in the Zr_600 sample has  Fe** ions dispersed in crystalline matrix.
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Published on 10 December 2013. Downloaded by Institute of Physical Chemistry (Czech Academy of Sciences) on 07/10/2014 14:42:40.

View Article Online

Paper RSC Advances

015 oo,
1.8 < o0 -
16 e Al_600

100 200 300 400|

M (Am?/kg)
o [9)]
M (Am?/kg)

1.4

: \

0:8 -~ =l —e— AL200 f-10

06 j Al_200 —— AL |
0 60 120 180 240 300 360 6 4 2 0 2 4 6

T (K) gH (T)

Fig. 6 (Top panel) The TEM images of the Al_200 and Al_400 samples, respectively. (Bottom panel) The ZFC—-FC curves at 0.01 T for the Al_200
sample and the AlL600 sample in the inset on the left. Magnetization isotherms at 10 K for both samples on the right.
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Fig. 7 The diffraction patterns of the CoFe,0,4/ZrO, series on the left. The MS spectra of the selected samples performed at room temperature
on the right.

3.2. Magnetic measurements CoFe,0, in form of nanosized particles, through the typical
high coercivity at low temperatures. The two selected samples

3.2.1. General remarks. The magnetic measurements were . .
from each series were measured, one with the amorphous

carried out in order to unambiguously confirm presence of the
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Fig. 8 (Top panel) The HR-TEM images of the Zr_200 and Zr_600 samples. (Bottom panel) The ZFC—FC curves at 0.01 T for the Zr_200 sample
and the Zr_600 sample in the inset on the left. The magnetization isotherms at 10 K for both samples on the right.

matrix annealed at 200 °C, one with the crystalline matrix
annealed at 600 °C. The ZFC-FC measurements were performed
and character of the curves has been compared with the matrix-
free sample. The necking of the magnetization isotherms that
affected the determination of precise value of the coercivity,
H° is caused by the insufficient fixation of the sample. There-
fore, estimation of the H." was done by approximating the
necked part by linear term. The values of saturation magneti-
zation determined after subtraction of the paramagnetic
contributions were used to determine the weight content of the
CoFe,0, particles in the matrices (Table 2). The resulted char-
acteristic parameters are summarized in Table 3. The ZFC-FC
curve of the Co_free sample shows the blocking temperature,
Tg, around 270 K with saturation of the FC curve pointing
to strong interparticle interactions.** The magnetization
isotherms exhibit large He° around 1 T typical for the CoFe,O,
phase (see Fig. 2 and Table 3).

Table 3 Magnetic parameters: blocking temperature, Tg; saturation
magnetization at 10 and 300 K, M1%, M3°° and coercivity at 10 K, HX°

3.2.2. Nanocomposites. All three samples annealed at 200
°C (Ti_200, Al_200 and Zr_200) exhibit similar ZFC-FC curves
as the matrix-free sample (see Fig. 4, 6 and 8) with the nearly
similar Ty pointing at the presence of the CoFe,O, nano-
particles, that has been further confirmed by high coercivity
at 10 K (Table 3). No coercivity is observed at 300 K,
H%° suggesting the particles are in superparamagnetic
regime. The weight contents of the CoFe,O, in matrix
calculated from M are in good agreement with the theoret-
ical ones.

The ZFC-FC curves of the Zr_600 and Ti_600 samples do not
match with the Co_free sample at all. The non-saturation of the
FC curve of the Ti_600 sample indicates the weakening of the
interparticle interactions, that can be explained by decompo-
sition of the CoFe,0, particles into smaller fragments (ions,
clusters) in the matrix or by increase of the distances between
the particles in the matrix or due to the phase transformation of
the part of the CoFe,0, particles. The mostly linear FC curve
of the Zr_600 sample points at the strong interactions within
the particles suggesting the formation of aggregates. The
absence of the CoFe,O, phase has been further confirmed by
very low Hi® and M.

MlO MSOO Hl()
S S c
sample Ty (K) (Am? kg ) (Am? kg ) (mT) On .the other hand, th? presence of CoFe,O, has be.en
unambiguously confirmed in the Al_600 sample by the high

Al_200 =260 12.0 10.0 690 HL° and similar course of the ZFC-FC curve as for the Co_free
AL_600 =295 7.0 3.4 620 sample. The unsaturation of the low temperature part of the FC
Ti_200 =265 9.0 7.0 720 . . . L .

. curve points at the weakening of interparticle interactions that
Ti_600 >400 4.0 2.5 100 .
Zr 200 ~295 3.0 6.0 240 canbe proved by the presence of weak magnetic phases CoAl,O,
Zr_600 >400 1.5 0.7 50 and FeAl,0,4, detected by PXRD (see previous discussion) and
Co_free =270 58.0 48.0 1000 also indicated by the decrease of the Mj.
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4. Conclusions

We have developed a general approach, which enables prepa-
ration of nanocomposites of monodisperse nanoparticles in
amorphous or crystalline oxide matrix. The proposed method
was successfully applied to preparation of nanocomposites of
monodisperse CoFe,O, nanoparticles embedded in high-K
oxide matrices - TiO,, Al,O; and ZrO,, respectively. In the first
step, the uniform nanoparticles were prepared by the hydro-
thermal synthesis and subsequently, they were incorporated
into the matrices using the sol-gel method. The detailed char-
acterization by Powder X-Ray Diffraction, electron microscopy,
Mossbauer  Spectroscopy and magnetic
confirmed presence of the CoFe,O, nanoparticles without
change of the particle size with the increasing annealing
temperature up to the onset of crystallization of the matrices
(above 400 °C). The preparation of a nanocomposite with a
crystalline matrix is also possible using suitable annealing
conditions. The results clearly demonstrated that nano-
composites with well-defined particles embedded in various
oxide matrices can be easily obtained by the two-step prepara-
tion method. The universal principle of the route - embedding
the hydrophobic nanoparticles in the matrix using the corre-
sponding alcoxides — opens possibilities to fabricate variety of
multicomponent systems, which cannot be obtained by the
common methods, mainly due to absence of soluble salts,
interaction of the components during synthesis or requirement
of a narrow particle size distribution.
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3.1.2 Nanocastice a nanokompozity dopovaného feritu kobaltna-

tého

e S. Burianova, J. Poltierova Vejpravova, P. Holec, J. Plocek, D. Niznansky, J. Appl.
Phys. (2011), 110, 0739021. [C1-92] [85]

e S. Burianova, J. Vejpravova, P. Holec, D. Niznansky, J. Magn. Magn. Mater. (2013),
334, 102. [C1-101] [87]

V posledni dobé se do predmétu zajmu dostaly pseudoternarni systémy se spinelovou
strukturou zalozené na feritu kobaltnatém. Motivaci vyzkumu je optimalizace magnetickych
vlastnosti a sledovani stability spinelové struktury vici perovskitové pii dopovani lanthano-
idy, coz je jedno ze zasadnich témat v oblasti vyzkumu katalyzatorti na bazi prechodnych
kovti.

Vlivu dopovéni lanthanem se vénuji prace [85, 87]. Vzorky byly pfipraveny metodou
sol-gel (tj. jednalo se nanokrystaly v matrici oxidu kfemicitého) a mikroemulzni metodou.
U vzorku ziskanych mikroemulzni metodou byl pii dopovani az do 3 molarnich procent
pozorovan efekt zmenseni velikosti ¢astic diky ovlivnéni velikosti micel, které determinuji
finalni velikost castice, dojde-li pouze k primarni nukleaci. Magnetické vlastnosti byly dle
ocCekavani zavislé na velikosti ¢astic, dopovani lanthanem je ovlivnilo minimalné. Detailni
studie pomoci Mossbauerovy spektroskopie v magnetickém poli ukazaly vyznamny efekt
sklonéni povrchovych spini v dopovanych vzorcich (dhel sklonéni az 40 stupni), coz bylo
potvrzeno analyzou magnetizac¢nich izoterm, které nevykazovaly saturaci az do vysokych
magnetickych poli.

Distribuci kationttt Co?*, Ni?*t a Fe?* ve spinelové struktuie v zavislosti na stupni do-
povani Ni*T se zabyvéa prace [87]. Pomoci irokého spektra metod bylo zjisténo, Ze kationty
Ni%* obsazuji preferencéné tetraedrické polohy, a narust substituce vede dle ocekavani k po-
klesu koercivity a saturované magnetizace. Vzhledem k velikosti nanokrystalii (nad 15 nm)

bylo pozorovano, ze vSechny vzorky jsou za pokojové teploty v blokovaném stavu.
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A comparative study of pure CoFe,O, nanoparticles and La-doped CoFe,O, nanoparticles, prepared by
microemulsion route has been performed. The samples were characterized using x-ray diffraction and
transmission electron microscopy in order to obtain average particle size. The doping of small amount
of La’" ions (up to 3 molar %) causes significant reduction of the particle size using the identical
preparation route. The samples were investigated by magnetization measurements, which revealed the
coercivity values strongly dependent on particle size, but not significantly on level of La®" doping.
Detailed in-field Mossbauer spectroscopy studies were performed in order to determine spin canting
angles and cation distribution within the spinel network. The non-negligible canting angles up to 40° in
the La-doped samples were observed. The presence of the spin surface effects was also supported by
magnetic measurement as the magnetization did not saturate even in considerably high magnetic fields
(7 T). Moreover, significantly reduced values of the saturation magnetization were obtained. The
observed features originated by the surface spin disorder in nanosized particles are explained in the

frame of the core-shell model. © 2011 American Institute of Physics. [d0i:10.1063/1.3642992]

I. INTRODUCTION

Magnetic nanoparticles are under intensive research
within last years due to their physical properties that differ
rapidly from their bulk material."” Their unique magnetic
properties are governed by their reduced size. At first, such
particle reaches the so-called single-domain limit, predicted
already by Kittel in 1946.%> Furthermore, in nanoparticles a
non-negligible fraction of atoms lies on the surface that
affects the magnetic properties of the whole particle. The
surface atoms have lower coordination number and the
exchange bonds are broken. If those surface effects are sig-
nificant, the ideal spin structure of a nanoparticle is not valid,
however, it can be well-described by the so-called core-shell
model, that was firstly proposed by Coey.*

In the core-shell model, a nanoparticle consists of two
parts: the ordered core, where all spins are aligned in direc-
tion of the easy axis, and the disordered shell, where spins
are inclined at some angle to their normal direction. The dis-
tribution of this canting angle is not random but depends on
the influence of the magnetic nearest neighbors of the canted
spins. Therefore, the magnetization near the surface is gener-
ally lower than that inside leading to diminishing the satura-
tion magnetization. This model could also explain the lack
of the saturation of the magnetization even in high magnetic
fields that was observed in small particles that exhibit signifi-
cant surface effects.>®
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Among the nanoparticles, spinel ferrites constitute an
important class of materials. Their magnetic properties
depend on magnetic interaction driven by cation occupation
in the two types of the coordination polyhedra: tetrahedral
and octahedral, respectively. In contrast to the bulk cobalt
ferrite with inverse spinel structure, the nanosized CoFe,O,4
(Refs. 7-10) has usually only partially inverse spinel struc-
ture, represented as (CosFe;,)[Co Fe;,4]O4, where x
depends on temperature and method of preparation of the
material."!

The CoFe,0,4 nanoparticles are mainly highly attractive
due to their magnetic and dielectric properties; they exhibit
large coercivity (up to 2 T at low temperatures) with moder-
ate saturation magnetization (80 A.mz.kgfl), remarkable
chemical stability and mechanical hardness.'*"?

A promising possibility of improving the magnetic prop-
erties of CoFe,O, nanoparticles is through doping by rare
earth elements. It was predicted, that such a modification
should affect the structure and hence the magnetic properties
of the spinel, particularly enhancing the coercivity by intro-
ducing other source of the spin-orbital interaction. Only few
studies of the rare-earth substituted cobalt ferrites have been
presented so far, however, with contrary results,” 81415

In this work, we focused on doping of the cobalt ferrite
nanoparticles by La® " ions with attempt to study its influence
on structure (degree of inversion) and magnetic properties.
Namely, the influence of the La doping on the core-shell
spin structure of the nanoparticles has been investigated by
in-field Mossbauer spectroscopy.

© 2011 American Institute of Physics

Downloaded 10 Oct 2011 to 147.231.26.31. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



073902-2 Burianova et al.

Il. EXPERIMENTAL PART
A. Preparation route

We have prepared four samples of a general chemical for-
mula: La,Co_La,Fe, 0,4, with x=0, y=0 (Co01); x=0.1,
y=0 (La0l); x=0.2, y=0 (La02); and x =0, y =0.1 (La03).
The raw nanopowder was prepared through the hydrolysis of
microemulsion containing alkoxides solutions by addition of
water.'®!'” The starting alkoxides solution was prepared from
iron isopropoxide, lanthanum isopropoxide, and cobalt
2-methoxyethanol (although other alkoxides could also be
used) in dry alcohol. Lanthanum and iron isopropoxide were
obtained by reaction of sodium isopropoxide with lanthanum
and iron trichloride in dry isopropanol under nitrogen atmos-
phere. Sodium isopropoxide was prepared from metal sodium
and dry isopropanol under nitrogen by the standard proce-
dure.'® Such a reaction must be hold under the nitrogen
atmosphere, because alkoxides are very sensitive on humidity
and decompose very fast on the air. The chemical processes
may occur according to the following reactions:

Na + C3H;0OH — NaC;H,OH + 1/2H,,
. C3HiOH .
LaCl; + 3NaC3H,O —  La(C3H}0),+ 3NaCl,

. C3HiOH .
FeCl; + 3NaC3H,0 —  Fe(C3H}0),+ 3NaCl.

Sodium chloride is only little soluble in isopropanol, there-
fore, sodium chloride could be removed from the solution.
However, small amount of sodium chloride always stays in
the solution even after several washes with isopropanol.
Because this quantity is very small, the solution can be used
as a precursor for the preparation of nanoparticles.

Because it is necessary to have a soluble form of the
cobalt, the cobalt 2-methoxyethanol was prepared by follow-
ing procedure: cobalt isopropoxide was obtained by reaction
of lithium isopropoxide with cobalt dichloride in dry isopro-
panol under nitrogen atmosphere, and the final product
cobalt 2-methoxyethanol was obtained by reaction of cobalt
isopropoxide with 2-methoxyethanol under the same condi-
tions as previous reactions. Lithium isopropoxide was pre-
pared from metal lithium and dry isopropanol under nitrogen
atmosphere by standard procedure.' The chemical processes
may occur according to the following reactions:

Li + C3H,OH — LiC3H,OH + 1/2H,,

) . C3HiOH . )
CoCl, + 2L1C3H‘7O — Co(C3H17O)2 + 3LiCl,

toluene

Co(C3H;0), + 2C3H30, — Co(C3H;0;), + 2C3H,OH.

Lithium chloride can be simply removed from the solution
because it is well soluble in isopropanol in contrast to the
cobalt isopropoxide.

Stoichiometric mixture of alkoxide solutions was drop
wise added to prepared microemulsion (Lutensol ON
110-10.06 wt.%, cyclohexane—1.36 wt. %, l-octanol—5.94
wt. %, and distilled water—2.64 wt. %). After stirring for
30 minutes under nitrogen atmosphere, the alkoxides were

J. Appl. Phys. 110, 073902 (2011)

hydrolyzed by addition of distilled water. Precipitated raw pow-
der was decanted by ethanol for several times, dried at room
temperature and then heated up to 100 °C. Finally, the samples
were heated at 400 °C for 1 h in static air atmosphere.

The list of prepared samples is summarized in Table I.

B. Sample characterization - X-ray diffraction and
transmission electron microscopy

The samples were then characterized by powder x-ray
diffraction (PXRD) using the Bruker diffractometer AXS
GmbH using the fixed-slit geometry. The Cu-K, beam with
monochromator was used. The PXRD patterns were col-
lected in the 20 range: 10°-100° with a step of 0.04° for all
samples. The cubic lattice parameter, a and particle size (by
means of the mean size of the coherently scattering domain),
d were obtained by the Rietveld refinement implemented
in the Fullprof program.”*** The particle appearance was
observed by transmission electron microscopy (TEM) using
PHILIPS EM 201 80 kV device with tungsten cathode.

C. Méssbauer spectroscopy

The Mossbauer spectra measurement was done in the
transmission mode with °’Co diffused into a Rh matrix as
the source moving with constant acceleration. The spectrom-
eter (Wissel, Germany) was calibrated by means of a stand-
ard o-Fe foil and the isomer shift was expressed with respect
to this standard at 293 K. In order to determine degree of
inversion in the spinel structure and the spin canting angle,
respectively, the samples were also measured using cryostat
(Janis Research) at the temperatures of 4.2 K equipped with
superconducting magnet of 6 T. The magnetic field was
applied perpendicular to the direction of y-rays (Fig. 1). The
fitting of the spectra was performed with the help of the
NORMOS program.

In general, the spin canting angle, o requires measure-
ment of the spectrum without and with the applied field,
yielding the B and the B g, respectively.?® The fitting proce-
dure in the case of spinels can be then performed as follows:
At first, due to the well-resolved sextets, the in-field spec-
trum is fitted and the FWHM, area of peaks, A, isomer shift,
0, quadrupole splitting, A, and effective field, B, are
obtained. Except the B4, other parameters are not affected
by the external magnetic field; therefore their values can be
then used for the fitting of the spectra without applied field
to obtain the B Finally, the spin canting angle, o can be
computed as follows (see Fig. 1):

Biﬁf _ngp _Bif

Cosof = —————. (1)
2Bapthf

TABLE I. Summary of the prepared samples.

Chemical composition Label
CoFe,04 Co01
Lag 1CogoFe,0y4 La01
Lag 2Cog sFe,04 La02
CoLag Fe; o0Oy4 La03
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FIG. 1. Diagram of the experimental arrangement for measurements of the
in-field Mossbauer spectroscopy. The spin canting angle, o is the angle
between the applied field, B, and the hyperfine field, B

It is obvious that no canting angles would correspond to val-
ues 0° or 180°. The error of fitting is about 10°.

D. Magnetic measurements

The magnetic measurements were carried out using the
SQUID magnetometer (MPMS7XL, Quantum Design). The
zero field-cooled (ZFC) and field-cooled (FC) curves were
recorded as follows: To obtain the ZFC curve the sample
was cooled down to 10 K, then the magnetic field of 0.01 T
was applied, and the temperature dependence of the magnet-
ization was measured up to 400 K. Afterwards, the sample
was cooled down to 10 K in the applied field and the FC
curve was obtained. The hysteresis loops were recorded up
to 7 T at selected temperatures, and the maximum magnet-
ization at 7 T, M, remanent magnetization, M, and coerciv-
ity, H,, respectively, were determined for all samples.

lll. RESULTS AND DISCUSSION
A. Basic characterization of the samples

The PXRD measurements confirmed formation of the
spinel structure. All samples were found out to be single-
phase. The La0l and La02 samples showed very similar
PXRD patterns, as is displayed in Fig. 2(b) for the La03 sam-
ple. The significant broadening of the lines is observed in
comparison to the CoOl suggesting smaller particles. There
is no detectable trace of other impurities. The resulting lat-
tice parameter, a and average particle size, d obtained from
Rietveld refinement are presented in Table IV. The introduc-
tion of small amount of the La>" ions (the La01 and La02
samples) did not give a detectable change in lattice constant,
which are in good agreement with those obtained by other
workers.”* The La03 sample, where the La’" ions were
doped instead of the Fe+ ions, shows significant increase of
the lattice parameter, a. As was discussed by other workers
the introducing of the La®" ions in spinel lattice could lead
to cation redistribution that affects the value of lattice param-
eters.® Therefore, the cation distribution within spinel net-
work in these two samples should be different as was proved
by the Mdssbauer spectroscopy.

TEM observations shown in the Fig. 2 confirmed the
smaller particle size of the La-doped samples (La0Ol, La02,
La03) in comparison to the La-free sample (CoOl1). In case
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FIG. 2. PXRD patterns for the (a) Co01 and (b) La03 samples, respectively.
The experimental data are depicted by the open circles, the solid line repre-
sents the fit according to the Rietveld analysis, and the vertical lines mark
the corresponding Bragg positions. The insets show the TEM observation of
the samples.

of the La-doped samples, the particle size exhibits consider-
able distribution; it ranges from 5 to 25 nm The micrograph
of the Co01 sample shows presence of small particles and
also its aggregates, the typical size ranges from 20 to 50 nm
in diameter.

B. Méssbauer spectroscopy
Room temperature (RT)

The Mossbauer spectrum (shown in Fig. 3(a)) of the
Co01 sample consists of a sextet indicating the blocked state
of the nanoparticles already at the RT.

On the other hand, the spectra of the La-doped particles
(shown in Figs. 3(b)-3(d)) consist of a broad sextet with
asymmetric peaks, a quadrupole doublet, and a broad singlet,
respectively. In comparison to the undoped sample, the lines
of the sextet are significantly broader and the obtained hyper-
fine fields are lower due to smaller particle size and the pres-
ence of the La’" ions. As shown by the analysis of the
Méossbauer spectra, the La*" ions are preferably distributed
within the octahedral sites due to their large ionic radii.'®
The presence of the La’" ions within the spinel network
gives rise to variation in coordination surroundings of the
octahedral and tetrahedral sites; which leads to an enhanced
distribution of the hyperfine fields resulting in broadening of
the spectral lines. A similar broadening of the lines upon Nd
doping was observed by Zhao.”> The distribution of the
hyperfine fields was fitted using a single broad sextet.

The observed doublet demonstrates that part of the sam-
ple is in superparamagnetic state, and the singlet is assigned
to the part of the sample that is near its blocking
temperature.

The linewidth of the La02-spectrum is broader in com-
parison to the LaOl-spectrum. It can be understood as fol-
lows. Introducing twice higher amount of La’" (La02)
causes the higher distribution of the hyperfine fields; there-
fore the line broadening is more pronounced.
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FIG. 3. The room temperature Mossbauer spectrum of the (a) CoOl, (b)
La01, (c) La02, (d) La03 samples. The dashed lines correspond to the sub-
spectra 1, the dotted lines correspond to the subspectra 2, the dot-and-dash
lines correspond to the subspectra 3 (doublet).

The La03 sample shows a different tendency, majority
of the sample is in superparamagnetic state at the RT. This is
consistent with magnetic measurement (shown further),
where the mean blocking temperature for the La03 sample is
below the room temperature.

In-field Méssbauer spectroscopy (spin canting and
degree of inversion)

The in-field Mdossbauer spectroscopy gives information
of the spatial orientation of a magnetic sublattice with
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FIG. 4. Comparison of the Mdssbauer spectra of the CoO1 and La02 sample,
respectively, measured at 4.2 K (a) in zero magnetic field and (b) with exter-
nal applied field of 6 T. The dashed lines correspond to the subspectra 1, the
dotted lines correspond to the subspectra 2.

respect to its net magnetization. Moreover, as the applied
field splits the overlapping sextets the in-field spectra can be
used for determination of the so-called degree of inversion
of the spinel structure. The in-field Mossbauer spectra are
shown in Figs. 4(a)-4(b) for the Co01 sample and in Figs.
4(c)—4(d) for the La02 sample, respectively.

The undoped Co01 sample shows well-resolved sextets,
as the applied field adds to the magnetic hyperfine field at
the tetrahedral sites and subtracts from the hyperfine field at
the octahedral sites.®
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TABLEII. In field Mossbauer parameters.

J. Appl. Phys. 110, 073902 (2011)

Isomer shift & Quadrupole shift 2¢ Eff. field B Hyp. field By FWHM Rel. area Interpr.
(mm.s™") (mm.s™") (T) (T) (mm.s™") (%)
Co01
Subsp. 1 0.35 0.00 57.1 51.5 0.31 36.7 Fe* ' T,
Subsp. 2 0.49 0.01 48.1 53.7 0.41 63.3 Fe*t o,
La01
Subsp. 1 0.38 0.00 55.8 51.2 0.37 30.6 Fe* T,
Subsp. 2 0.48 0.02 48.0 52.3 0.63 69.4 Fe* o,
La02
Subsp. 1 0.38 0.00 55.5 50.9 0.36 311 Fe’* T,
Subsp. 2 0.48 0.02 48.2 522 0.60 68.9 Fe*t 0,
La03
Subsp. 1 0.37 0.00 56.2 51.3 0.37 25.6 Fe* T,
Subsp. 2 0.49 0.05 472 514 0.864 74.7 Fe* o,

In the case of the doped samples, the splitting of the sex-
tets is not so significant that can be attributed to the broaden-
ing of the spectral lines due to the presence of the La*" ions,
as was discussed in the previous subsection. Therefore, the
distribution of the effective and the hyperfine field, respec-
tively, was included into the fit and the resulting distribution
of the canting angles has been calculated. The small satura-
tion (the higher intensity of the inner lines (3, 4)) effect was
found out in the measurements at 4 K. This corresponds to
the fact, that the Mossbauer-Lamb coefficient is considerably
higher at 4 K than at room temperature. Other effects that
affect this ratio are polarization effects and thickness of the
sample. Evaluation of these effects is rather complicated.
Because the hyperfine and effective fields are determined by
the positions of the peaks and not by the intensities of the
saturated lines, the saturation effects do not affect these nec-
essary parameters for evaluation of the spin canting angles.
The obtained Mdssbauer spectra parameters are summarized
in Table II.

The resulting spin canting angles and their distributions
and degree of inversion (composition) of the samples are
summarized in Table III. The o4, o, denote the canting angle
of the Fe>™ magnetic moments in the tetrahedral (subsp. 1)
and octahedral sites (subsp. 2), respectively. The degree of
inversion was determined from the area of the split sextets,
the rounded brackets denote the tetrahedral sites and the
squared brackets denote the octahedral sites, respectively.

At a first view it is obvious that the spin canting in the
La-doped sample is much higher than in the undoped
CoFe,O4 nanocrystals. This can be caused by two reasons:
At first, the La-doped samples exhibit 4-5 times smaller par-
ticle size than the undoped sample, therefore the surface

TABLE III. Spin canting angles, o, (tetrahedral sites), o, (octahedral sites),
and degree of inversion of the samples.

effects are expected to be more significant. Moreover, intro-
ducing the La*" ions in the spinel lattice could cause a spin
frustration that leads to higher spin canting.

The resulting cation distribution confirmed that the
structure is not completely inversed as was observed
before.''*® In the Co01 sample about one quarter of Co*"
ions occupy the tetrahedral sites. The degree of inversion is
higher in the La-doped samples that is in good agreement
with results published by group of Tahar.® They observed
that the introducing of the La®" ions into the spinel lattice
causes transferring of the Co>" ions from the tetrahedral to
the octahedral sites and opposite transferring of the Fe’™
ions to relax the induced lattice strain.

C. Magnetic measurements - ZFC-FC and hysteresis
loops

The results from magnetic measurements well support
the results of the Mdossbauer spectroscopy. The measure-
ments of the ZFC and FC magnetization revealed that the
blocking temperature for the Co01 sample is well above 400
K, as there is no significant maximum of the ZFC curve and
also the lack of a bifurcation point of the ZFC and the FC
curve. In comparison to the CoO1 sample, the La-doped sam-
ples show ZFC-FC curves typical for a superparamagnetic
system with size distribution and interparticle interaction”
(see Fig. 5). The La-doped samples show two broad maxima
over a large temperature range indicating two significant
fractions of size in the samples. The broader maxima of the
ZFC curve was used to estimate to the Tp that is below 400
K. However the ZFC and FC curves do not coincide up to

TABLE IV. Summary of the particle parameters. Particle diameter from
PXRD d, blocking temperature determined from the bifurcation point of the
ZFC-FC (Tp), coercivity (H.), magnetization at 7 T (M,7,) and remanence
(M,) at 10 K.

Sample o (°) o (%) Degree of inversion Sample a (A) d(nm) Tg(K) H.(T) Mo (Amikg™) M, (Am>kg™")

Co01 21°%9 162°£9 (Cog.27Fep 73)[Cog.73Fe; 27]04 Co01 837(7) 26  >400 0.73 85.2 60.1

La01 42°*+11  136°*12  (CopsoFepei)[CoosiFersolagi]Os  La0l  838(0) 42 370  0.90 60.7 312

La02 41°*+13  136°*13  (CopssFeper)[CooarFerslaoa]Os  La02  837(7) 49 380 1.03 53.7 263

La03 39914 138°%15  (CogsiFeoso)[CooaoFerarlaoi]Os  La03  842(9) 57 250 0.18 62.1 234
114
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FIG. 5. Temperature dependence of ZFC-FC magnetization of the (a) Co01,
(b) La01, (c) La02, and (d) La03 samples.

400 K, signalizing that the irreversibility temperature, T},
(the point where the ZFC curve departs from the FC curve)
is above 400 K. The differences of the Ty and T, values
indicate the particle size distribution and the presence of
inter-particle interactions.”

The La0l and La02 samples have approximately the
same particle size; therefore, the values of their blocking
temperatures are comparable. With increasing amount of
La®>" ions in CoFe,O, the value of the blocking temperature
remains more or less intact, taking into account the estima-
tion error of =15 K. On the other hand, the T is signifi-

J. Appl. Phys. 110, 073902 (2011)

cantly lower for the La03 sample where the La>" ion was
doped instead of Fe*" ions, and the sample consists of larger
particles. Also the difference of the Ty and T;, is quite
higher indicating larger particle size distribution. The lower
blocking temperature in the La-doped samples in comparison
to the undoped CoFe,Q, is attributed mostly to the reduced
particle size.

The value of the coercivity of the CoO1 sample is signif-
icantly lower than expected for the cobalt ferrite nanopar-
ticles of comparable size.'*'* The significant decrease of the

80'a)

40

La01

M (A.m 2/kg)
5

rH(T)

FIG. 6. Hysteresis loops of the (a) Co0O1, (b) La01, (c) La02, and (d) La03
samples measured at different temperatures.
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coercivity in cobalt ferrite nanoparticles prepared by microe-
mulsion method in comparison to the same-sized nanopar-
ticles, prepared by the sol-gel method was also recently
observed by other authors.?” At first sight this might be sur-
prising because the sol-gel samples encapsulated in silica
matrix should exhibit lower interparticle interactions that
should lead to the lower coercivity. However, the samples
prepared by sol-gel method exhibit usually lower crystallin-
ity resulting in large number of surface defects, that enhance
the channels of the dipolar interactions. This all features
enhance the coercivity of the sol-gel samples comparing to
the samples prepared by the microemulsion route.

The smaller particle size in the La-doped samples ex-
hibit larger coercivity at 10 K that is of the same order as
those reported by Tahar in nanoparticles prepared by the pol-
yol method.”® This enhancement can be explained by pres-
ence of the non-negligible surface effects that leads to
increase of the surface anisotropy constant. The really small
coercivity value of the La03 sample (0.18 T) in comparison
to the other La-doped samples with nearly same particle size
is very surprising and further experiments are needed to
explain this effect.

The values of the magnetization at 7 T for the Co0l
sample reach the expected values around 80 A.m>kg™"' at
10 K'3. However, only the undoped sample (Co01) exhibits
saturation of magnetization clearly. For the La-doped sam-
ples, the magnetizations at 7 T are slightly lower and do not
show saturation even in the applied field of 7 T (see Fig. 6).
These results are consistent with the conclusions from Moss-
bauer spectroscopy as the La-doped samples exhibit non-
negligible surface effects.*

IV. CONCLUSIONS

In summary, we have prepared the CoFe,O,4 nanopar-
ticles by the microemulsion route with different level of La
doping instead of Co or Fe. It was observed that the La-
doping affects the particle size; the doped particles are typi-
cally 5 nm in diameter, while the undoped CoFe,O,4 nanopar-
ticles show 26 nm even using the identical preparation
procedure. The significant surface effects in the La-doped
samples were confirmed by several independent measure-
ments. First, the significant spin canting angles of the Fe®"
moments obtained from Mdssbauer spectroscopy were
observed. Second, the reduced values of magnetization at 7
T were obtained. Third, no saturation effect of the magnet-
ization even in field of 7 T was detected. These results can
be satisfactorily interpreted by the core-shell spin structure
of our particles. The expected changes in magnetic proper-
ties upon La-doping were not straightforward. The particle
size is much different when introducing La3+; therefore, the
obtained magnetization data are not easily comparable. The
important observation is the dramatic reduction of the coer-
civity upon doping of La*" instead of Fe** (~0.2 T) in con-
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trast to the La®" doping instead of Co*" (~
to the undoped sample).

To explain this effect, x-ray magnetic circular dichroism
experiment has been scheduled to resolve element-specific
contributions to the magnetic anisotropy.

1 T, comparable
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ABSTRACT

The Co(q —xNiFe;04/Si0, (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) nanocomposites were prepared using the sol-gel
method and characterized by Powder X-ray Diffraction (PXRD), Energy Dispersive X-ray Spectroscopy
(EDX) and magnetic measurements. Moreover, Mossbauer spectroscopy (performed at room tempera-
ture and at 4.2 K with applied field 6 T) was performed to determine the cation distribution within the
spinel network. The PXRD measurements confirmed the presence of the spinel phase in all samples. The
particle diameters, obtained from the PXRD, were found out to vary between 15 and 24 nm. The lattice
parameters decrease linearly with increasing content of the Ni2* ions. The ZFC (zero field cooled) and
FC (field cooled) measurements of the magnetization showed that the blocking temperature is well
above the room temperature for all samples. Both the coercivity and the saturation magnetization
decrease linearly with increasing content of the Ni?* ions. The room temperature Méssbauer spectra
exhibit a sextet with asymmetric lines indicating a different crystal environment for the Fe** ions,
accommodated in the tetrahedral and octahedral sites. By application of the external magnetic field at
4.2 K, these overlapped sextets split up allowing determination of the ratio of the Fe>*(0y)/Fe3*(T,)
that exhibited slight decrease with increasing Ni content. The obtained results are discussed considering
influence of the Ni doping.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The spinel ferrite oxide nanoparticles (MFe,04, where M
represents a bivalent metal) have been intensively studied in
recent years due to wide range of possible application, such as in
magnetic recording, gas sensors, biomedicine, and catalysis [1-5].
Moreover, their magnetic properties can be tuned by variation of
the M-cation and its distribution within the spinel network. The
structure of the spinels can be described as the cubic close-packed
arrangement of oxygen atoms, which create two different sites for
the cations, the tetrahedral (A-sites) and octahedral (B-sites),
respectively. Their magnetic properties are driven by the
exchange interaction within (A-A, B-B) and between (A-B) these
two sites, respectively. Because the ferromagnetic interactions
within the same sites (A-A, B-B) are much weaker than strong
antiferromagnetic interaction between the A-B sites and there are
twice as many B-sites as the A-sites, the spinel ferrites usually
display ferrimagnetic behavior [6].

Due to the diversity of applications, specific requirements on
the magnetic properties are imposed, namely on the characteristic

* Corresponding author. Tel.: +42 0266052368.
E-mail address: burians@fzu.cz (S. Kubickova).

0304-8853/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jmmm.2013.01.005

parameters like the blocking temperature, coercivity and satura-
tion magnetization. For instance, the blocking temperature above
the room temperature and high coercivity are required for mag-
netic recording. In contrary, the low coercivity is desired in
transformers and fast switchable memories.

Generally, magnetic properties of spinel nanoparticles are mostly
affected by the size and shape. Even for the same size of the
nanoparticles, a smooth variation of their magnetic properties can
be achieved by either the substitution of various type of cations and/
or their distribution within the spinel structure, e.g. by combining a
hard (e.g. CoFe;O4) and a soft magnetic materials (e.g. NiFe;Oy,),
respectively. While the CoFe,Q, is in potential interest due to large
coercivity (up to 2 T at low temperatures) and moderate saturation
magnetization (80 Am?kg~') [7,8], the NiFe,0, is a soft magnetic
material with low coercivity (tenths to hundredths of mT) and
saturation magnetization (55 A m? kg~ ') [9]. Both materials are well
known to have only partially inverse spinel structure, represented
as (M,Fe; _,)[M; _,Fe; ;. ,]04, where y is the degree of inversion that
depends on the temperature and the method of preparation [7].
Moreover, the nanosized spinel ferrites can be prepared in various
forms; nanoparticles [10,11], nanocomposites [12] or ferrofluids [13].

In this study, we have focused on substitution of the CoFe,04
nanoparticles embedded in an amorphous non-magnetic silica
(Si0,) matrix by Ni’* jons with attempt to study the influence
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of the substitution on the crystal structure and the magnetic
properties. Series of Co(; _x)NisFe,04/SiO, nanocomposites with
x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0 was prepared using a modified sol-gel
method. The concentration of the nanoparticles in the matrix is
kept constant through the whole series of the samples. Since we
are dealing with nanoparticles embedded in the SiO, matrix, we
address the samples as nanocomposites. Other aim of our study is
to obtain the degree of inversion, y of the substituted samples
that dominantly affects the magnetic properties. Usage of the
in-field Mossbauer spectroscopy at low temperature enables
much more precise evaluation of y than the room temperature
Mossbauer spectroscopy, used by other authors [14].

2. Experimental details
2.1. Preparation route

The conventional sol-gel method using TEOS (tetraethoxysi-
lane), HNOs as an acid catalyst, formamide as a modifier, and
methanol as a solvent was used to prepare the Co(; _x)NixFe,04/
SiO, nanocomposites [12,15]. The sol was prepared by mixing
the stoichiometric amount of the nitrates (Co(NOs),-6H50,
Fe(NOs3)3-9H,0 and Ni(NOs), - 6H,0) in methanol. The 15 mmol
Fe(NOs3)s - 9H,0 was used to prepare all samples within the series.
The started molar concentrations of 7.5 mmol Co(NOs),-6H,0
and 0 mmol Ni(NO3),-6H,0 were used for the unsubstituted
CoFe,0, sample. With increasing Ni?*/Co?* ratio (x=0.0, 0.2,
0.4, 0.6, 0.8, 1.0) the molar concentration of the Co(NOs), - 6H,0
decreases with a step of 1.5 mmol and the molar concentration of
the Ni(NOs), - 6H,0 increases with a step of 1.5 mmol. The Fe/Si
ratio was kept at 1/5 for all samples within the series. The
gelation time was 24 h at 40 °C and the samples were left for
48 h for ageing. Afterwards, the samples were progressively dried
at 40 °C for 2 days in the flowing N,-atmosphere. After drying,
they were pre-heated first at 300 °C under vacuum and then
annealed at 900 °C under normal atmosphere for two hours.

2.2. Structure characterization

The samples were characterized by Powder X-ray Diffraction
(PXRD) using the Bruker diffractometer AXS GmbH with the fixed-
slit geometry. The Cu-K, beam with monochromator was used.
The PXRD patterns were collected in the 26 range: 10-100° with a
step of 0.04° for all samples. The particle diameters (mean size of
the coherently diffracting domain) and lattice parameters were
obtained using the Rietveld refinement implemented within the
FullProf program [16,17]. The instrumental function of the diffract-
ometer was obtained by measuring the calibration standard, LaBg.
The samples were also studied by the Energy Dispersive X-ray
Spectroscopy (EDX) analysis using scanning electron microscope
MIRA by Tescan with the accelerating potential of 15 kV.

The Mdssbauer spectra measurement was done in the transmis-
sion mode with >’Co diffused into a Rh matrix as the source moving
with constant acceleration. The spectrometer (Wissel, Germany) was
calibrated by standard «-Fe foil and the isomer shift is related to this
standard at 293 K. The samples were also measured at 4.2 K using
cryostat (Janis Research) equipped with superconducting magnet of
the maximum field strength of 6 T that was applied in the perpendi-
cular direction to the direction of y-rays. The resulting parameters
were determined using the NORMOS program.

2.3. Magnetic measurement

The magnetic measurements were carried out using the SQUID
magnetometer (MPMS7XL, Quantum Design). The zero field-cooled
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(ZFC) and field-cooled (FC) curves were recorded as follows: at
first, the sample was cooled down to 10 K, then the magnetic field
of 0.01 T was applied and the temperature dependence of the
magnetization was measured up to 400 K (ZFC curve). Afterwards,
the sample was cooled down to 10 K in the applied field and the FC
curve was obtained. The magnetization isotherms (field depen-
dence of the magnetization) were measured in the range of + 7T,
at different temperatures.

3. Results and discussion
3.1. Sample characterization—PXRD, EDX

The PXRD confirmed the spinel structure of all samples, no
detectable amount of other phases was observed. The presence of
the amorphous silica matrix is manifested by the broad peak
around 25° with nearly negligible intensity with respect to the

250
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150 1 EEE Bragg positions
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Fig. 1. The PXRD patterns for the CoFe,0, sample. The experimental data are
depicted by the open circles, the solid line represents the fit according to the
Rietveld refinement and the vertical lines mark the corresponding Bragg positions.
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Fig. 2. The plot of the peak (PXRD) with the highest intensity for all samples.
The arrow indicates the shift of the position of this peak indicating the changes of the
lattice parameters. In the inset, the variation of the lattice parameter, (a) with the Ni*
concentration, (x) is shown.
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intensities of the diffraction patterns. The diffraction pattern
together with the fit of the CoFe,0,4 sample is depicted in Fig. 1.
The patterns of all samples exhibit a slight shift of the positions of
the Bragg peaks (Fig. 2) indicating the change of the lattice
parameter, a (Table 1). The lattice parameters decrease linearly
with increasing concentration of Ni?* ions (inset of Fig. 2) that
can be well explained by the smaller ionic radius of the Ni>* ions
in the octahedral sites in comparison to the Co?>* ions
(r(Co®*)=0.745 A, r(Ni**)=0.690 A [18]) which decreases the
oxygen interatomic distances. This tendency was also observed by
other authors [19,14].

The crystallite size is generally obtained from the broadening
of the diffraction peak using the well-known Scherrer formula
[20]. Such a rough evaluation of the particle size is usually not
sufficient. First, the instrumental broadening should be elimi-
nated considering the instrumental function of the diffractometer.
Second, two main contributions to the physical broadening have
to be resolved: the broadening due to the strain and size. These
microstructural effects can be distinguished and treated using the
Rietveld refinement [16,17], the procedure used in our case. The
resulting particle diameters, d, are listed in Table 1. The particle
size varies from 15 nm to 24 nm, randomly within the series.
Based on this observation we can conclude that the particle size is
driven by the mean size of the pores determined by initial

Table 1

Particle diameter (d) and lattice parameter (a) determined by the analysis of
the PXRD data, together with the Co/Ni ratio obtained from the EDX analysis.
(x) corresponds to the theoretical stoichiometric molar ratio of the Ni2* ions.

treatment of the SiO, matrix. Variation of the equilibrium
solubility of the Co?*/Fe3* ions in the SiO, matrix also influences
the pore formation and hence the particle size.

The average values of the Co/Ni ratio determined from the EDX
analysis are summarized in Table 1. The decreasing tendency in
the Co/Ni ratio with increasing content of Ni2* ions is in good
agreement with the required (theoretical) ones.

3.2. Méssbauer spectroscopy

The samples with x=0.0, 0.4, 1.0 were characterized using
the room temperature Mossbauer spectroscopy (Fig. 3, top panel).
All spectra consist of sextets with asymmetric lines indicating two
different coordination environments for the Fe3* ions, the tetra-
hedral (T4) and the octahedral (O;) sites, respectively. In the
Cog Nig4Fe;0,4 and NiFe,0O4 samples, the observed doublet can be
attributed to the part of the sample in paramagnetic or rather
superparamagnetic state. However, the in-field Mdssbauer spec-
troscopy revealed that this doublet corresponds to the paramag-
netic Fe>* ions, dissolved in the SiO, matrix as is discussed
further. The obtained values of the isomer shift (6 =0.37 mm s~
for the Oy, 0.29 mm s~ for the T4) are consistent with the high
spin state of the Fe** ions in the spinel environment and the
values of the hyperfine fields (Bns(Op) =52 T, Bys(Tq) =48.5 T) are
typical for the CoFe,0,4 spinel structure [21,22].

The overlapped sextets at room temperature spectra do not
allow computing the degree of inversion with the appropriate
accuracy; therefore the in-field Mdssbauer spectroscopy with
applied field of 6 T perpendicularly to the direction of y-rays
was performed. The overlapped sextet splits up by the application
of the external magnetic field which is superimposed to the
hyperfine field of the Ty-sites and is subtracted from the hyper-
fine field of the Oy-sites (Fig. 3, bottom panel). The resulting
Mossbauer parameters and degrees of inversion, y are summar-
ized in Table 2. The slight decrease in the y is observed with
increasing concentration of Ni2* ions, that is in good agreement
with previously published results [14]. This tendency can be well

X d (nm) a(A) Co/Ni theor. Co/Ni exp.
0.0 21 8.391(3) - -
0.2 24 8.382(3) 4.0 34
04 22 8.376(7) 1.5 1.3
0.6 15 8.361(0) 0.7 0.8
0.8 15 8.350(4) 0.3 0.4
1.0 20 8.344(3) 0.0 0.0
; i
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Fig. 3. The Mdssbauer spectra of the (a) CoFe,04 sample and (b) Cog gNig4Fe,04 sample measured at room temperature, (¢) CoFe,04 sample and (d) Cog gNig 4Fe;04 sample
measured at 4.2 K with external applied field perpendicular to the direction of the y-rays. The dashed lines correspond to the octahedral sites (subsp. 1), the dotted lines to

the tetrahedral sites (subsp. 2) and dash-dotted lines to the paramagnetic Fe>* ions.
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explained by the higher stabilization energy of the Ni*>* ions in
the Oy-sites than of the Co?* ions [23].

The sextet with By =6T was also observed in all in-field
measured spectra that confirmed the presence of the paramag-
netic Fe3* ions dissolved in the SiO, matrix as suggested by the
room temperature measurement. This conclusion was also sup-
ported by the zero-field measurement at 4.2 K, where the singlet
with § =0.35 mm s~! was detected.

3.3. Magnetic measurements

The ZFC-FC curves measured with applied field of 10 mT are
shown in Fig. 4, top panel. The temperature dependencies of

Table 2
In-field Mossbauer parameters: the isomer shift, J, quadrupole shift, 2¢, effective
field, B, relative area and degree of inversion, y.

o 2e Begr Rel. area y Interpr.
(mms~') (mms- ') (T) (%)
CoFe,0,4
Subsp. 1 0.49 0.0 49.0 60.3 0.28 Fe3* 0
Subsp. 2 0.37 0.0 56.5 334 Fe* Ty
Subsp. 3 0.34 0.0 6.0 6.3 Fe*+ para
Cog eNig 4Fe;04
Subsp. 1 0.49 0.0 49.3 56.8 0.19 Fe3* 0,
Subsp. 2 0.37 0.0 56.5 383 Fe* Ty
Subsp. 3 0.34 0.0 6.0 49 Fe3* para
NiFe,0,4
Subsp. 1 0.47 0.0 49.8 49.1 0.11 Fe3* oy,
Subsp. 2 0.36 0.0 56.2 41.7 Fe3* Ty
Subsp. 3 0.35 0.0 6.0 9.2 Fe3* para
6

M (A.m2.kg™ 1

M (A.m2.kg™1)

0 100 200 300 400
T (K)
Fig. 4. Top panel: The ZFC-FC magnetization measured at 10 mT for the samples

with x=0.0, 0.6 and 1.0. Bottom panel: The ZFC-FC magnetization measured at 50
and 100 mT for the sample with x=1.0.

120

the ZFC-FC magnetization of all samples exhibit a very similar
character; there are no significant maxima at the ZFC curve. The
lack of a bifurcation point of the ZFC and FC curves indicates that
the blocking temperature is well above the 400 K. The saturation
of the low-temperature part of the FC curve signalizes non-
negligible inter-particle interactions of the dipolar origin [24].
The ZFC-FC curves at 50 and 100 mT were measured for the
sample with x=1.0 (Fig. 4, bottom panel). The shift of the maxi-
mum at the ZFC curve with increasing applied field confirms that
the sample exhibits a superparamagnetic phenomenon with non-
negligible inter-particle interactions in the blocked state [25].

The magnetization isotherms of all samples measured at 10 K
and 300 K are demonstrated in Fig. 5 and the resulting parameters
such as the coercivity, pyHc, remanent magnetization, M; and
magnetization at 7 T, M7 r are summarized in Table 3. The linear
term, which is superimposed on the hysteresis loop and resulted
in the lack of saturation, can be explained either by the presence
of the Fe>* ions dissolved in the SiO, matrix or by the nanopar-
ticle-matrix interface that caused surface spin canting. The
obtained values for the CoFe,0O, and NiFe,O4 samples, respec-
tively, are in good agreement with those reported previously
[8,9]. The variation of these magnetic parameters with increasing
Ni?* concentration is depicted in the insets in Fig. 5. The high
coercivity of CoFe,04 is attributed to the strong spin-orbit
coupling of Co?* ions at the Oy-sites that generates a large
anisotropy constant in comparison to the NiFe,O4 case [26];
therefore, the decrease in the coercivity with increasing concen-
tration of the Ni®>* ions is observed. The linear decrease in the
M- 1 within the series measured both at 10 K and 300 K can be
attributed to the lower magnetic moment of the Ni2* ions
(u=2pg) in comparison with the Co®* ions (u=3ug).

80 1

®
o

40 -

M7T (A.m2kg-1)
[«2]
o

M (A.m? kg™")

80
80 1

70
60

50

M77 (A.m2kg-1)

405

M (A.m?.kg™")
o

-80

-10 -8 -6 -4 -2 0 2 4 6 8

Fig. 5. Magnetization isotherms for all samples measured at 10 K (top panel) and
at 300 K (bottom panel). In the insets the variation of the coercivity, H. (dashed
grey line) and the magnetization at 7 T, M 1 (solid line) with the Ni?>* concentra-
tion, (x) is depicted.
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Table 3

The magnetic parameters measured at 10 K and 300 K: the magnetization at 7 T, M; 1, remanent magnetization, M; and coercivity, yyHc. The (x) corresponds to the

theoretical stoichiometric molar ratio of the Ni*>* ions.

X ”0”«1:0 K (T) M;OTK (A m2 kgfl) M:O K (A m2 kgfl) ﬂoﬂgoo K (T) M:;O_l(:'l K (A m2 kgfl) M‘3-00 K (A m2 kgfl)
0.0 1.6 (7) 83.(7) 65.(8) 0.16 (0) 76.(3) 27.(2)
0.2 1.4 (7) 81.(4) 60.(3) 0.19 (5) 72.(2) 26.(4)
0.4 12 (3) 71.(9) 52.(8) 0.16 (1) 63.(3) 22.(1)
0.6 0.7 (8) 62.(1) 38.(1) 0.05 (8) 52.(7) 11.(3)
0.8 0.4 (6) 56.(6) 30.(4) 0.03 (6) 47.(4) 7.(9)
1.0 0.0 (3) 51.(4) 11.(6) 0.00 (8) 43,8) 2.(2)

4. Conclusions

The modified Co(; _x)NixFe,04/SiO, nanocomposites were pre-
pared using the sol-gel method. The particle diameters obtained
from the PXRD were found out to vary between 15 and 24 nm
within the series, with no systematic trend in particle size with
respect to level of the Ni substitution. The linear decrease of
lattice parameters with increasing Ni?* concentration, due to the
smaller Ni** jonic radii was observed. The degree of inversion
obtained from the in-field Mossbauer spectroscopy exhibits a
slight decrease with increasing content of Ni2* ions indicating
higher stabilization energy of Ni?>* ions occupying the octa-
hedral sites. The saturation magnetization and coercivity linearly
decrease with increasing Ni2* concentration due to the lower
effective anisotropy constant of the whole particle and smaller
magnetic moment per formula unit. We have demonstrated that a
smooth tuning of the magnetic parameters can be easily realized
in the Ni(; _x)CoxFe,04 system in nanocrystalline state.
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3.1.3 Nanodastice feritu horeénatého

e P. Holec, J. Plocek, D. Niznansky, J. P. Vejpravova, J. Sol-Gel Sci. Tech. (2009), 51,
3, 301. [C1-74] [88]

e T. Sasaki, S. Ohara, T. Naka, J. Vejpravova, V. Sechovsky, M. Umetsu, S. Takami, B.
Jeyadevan, T. Adschiri, J. Supercritical Fluids (2010), 53, 92. [C1-80] [72]

Dalsim systémem se spinelovou strukturou, ktery byl okrajové studovan, je ferit horec-
naty. Pfipravou nanokrystalt feritu hore¢natého pomoci mikroemulzni metody a jejich cha-
rakterizaci se zabyva prace [88]. Pfitomnost pouze spinelové faze potvrdila méfeni RTG
difrakce a Mossbauerovy spektroksopie. Velikost nanocastic byla fizena naslednym zihanim
v rozmezi 31 - 38 nm (urceno na zakladé vysledkit RTG difrakce a transmisni elektronové
mikroskopie). VSechny vzorky vykazovaly superparamagnetické chovani za pokojové teploty.

Ve spolupraci se skupinou Dr. Naky byla publikovana prace [72], kterd prezentuje kon-
tinualni syntézu nanokrystald feritu hotfecnatého za tzv. superkritickych podminek a dale

shrnuje vysledky strukturni charakterizace a magnetickych méreni.
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Abstract This work presents the preparation and char-
acterization of magnesium ferrite which is one of the
important magnetic oxides with spinel structure. Magne-
sium ferrite was prepared via microemulsion method
mediated hydrolytic decomposition of mixed alkoxide
solutions. This microemulsion was using for preparation
magnesium ferrit for the first time. The starting solution,
composed from magnesium methoxide and iron ethoxide in
dry ethanol, was introduced in to the prepared micro-
emulsion and sequentially hydrolyzed by distilled water
addition (Pithan et al. in J Cryst Growth 280:191-200,
2005; Shiratori et al. in J Eur Ceram Soc 25:2075-2079,
2005; Herrig and Hempelmann in Mater Lett 27:287-292,
1996). After raw powder precipitation, the samples were
decantanted by ethanol and then calcined at temperatures
800, 900, 1,000 or 1,100 °C for 1 h. The resulting samples
were characterized using powder X-ray diffraction, high
resolution transmission electron microscopy, Mossbauer
spectroscopy and magnetic measurements. X-ray diffrac-
tion and Mdssbauer spectroscopy confirmed the presence
of the spinel phase. The particles size was calculated from
the XRD line broadening using Scherrer equation and their

P. Holec (D<) - J. Plocek

Institute of Inorganic Chemistry of the ASCR, v.v.i.,
Husinec-Rez 1001, 25068 Rez, Czech Republic
e-mail: holec@iic.cas.cz

P. Holec - D. Niznansky

Department of Inorganic Chemistry, Faculty of Science, Charles
University in Prague, Albertov 2030, 12840 Prague 2, Czech
Republic

J. Poltierova Vejpravova

Faculty of Mathematics and Physics, Department of Condensed
Matter Physics, Charles University, Ke Karlovu 5,

12116 Prague 2, Czech Republic

size was found about 31-38 nm, with only slight depen-
dence on the heat treatment temperature. TEM revealed the
particles size of about 39 nm. Magnetic measurements
showed a ferrimagnetic behavior for all samples.

Keywords Magnesium ferrite - Microemulsion -
Nanoparticles - Magnetic measurements -
Mossbauer spectroscopy

1 Introduction

Magnetic particles have become a subject of considerable
interest in last few decades and many physical studies have
been devoted of them. The ability to produce nano-sized
magnetic materials opened new application for magnetic
materials, such as magnetic data storage, magnetocaloric
refrigeration, electronics, ferrofluid technology, magneti-
cally targeted drugs carriers, contrast agents in magnetic
resonance imaging, etc.

As is known, some magnetic properties such as saturation
magnetization, remanent magnetization and coercivity
depend strongly on the particle size and microstructure of the
materials. Therefore, it is interesting and important to
develop techniques by which the size and shape of parti-
cles can be well controlled. One of the ways to prepare the
nanocomposites with the required properties represents
microemulsion method. Principle of this method is hydro-
lysis of alkoxide solution, which is encapsulated in micro-
droplets of the microemulsion. Separate microdroplets act as
separate “microreactors” with specific size and narrow size
distribution. Final particle size is determined by the micro-
droplet size. Main advantage of this method is obtention
of pure nanomaterial without any matrix and relatively
low preparation temperatures. On the other side, main
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disadvantage of this method are synthesis under inert
atmosphere and bad commercial accessibility of some
alkoxides.

In this paper, we present the synthesis of MgFe,O4
nanoparticles and their characterization by magnetic mea-
surements, Mdssbauer spectroscopy, X-ray diffraction and
high resolution transmission electron microscopy. Magne-
sium ferrite has spinel structure, generally denoted by the
formula AB,O,4, where the A-ions occupy tetrahedral sites
and the B-ions octahedral sites of the lattice. Magnesium
ferrite has spinel structure, where magnesium and iron ions
occupies in the tetrahedral A-sites and in the octahedral
B-sites of the spinel. Spinel are often known that the ratio
of the number of atoms in the octahedral and in the tetra-
hedral cavity differ from the ideal state. For this reason, it
can be expected relative deviations from the theoretical
sextet area ratio 1:2 (tetrahedral sites:octahedral sites).

Second purpose of this work is confirmation of the mi-
croemulsion method suitability for preparation different
ferrite nanoparticles (cobalt ferrite, zinc ferrite, manganese
ferrite, etc.).

2 Experimental
2.1 Sample preparation

The raw nanopowder was prepared through the hydrolysis of
microemulsion containing alkoxides solution by water
addition. The starting alkoxide solutions were prepared from
magnesium methoxide and iron ethoxide (although other
alkoxides could also be used) in dry ethanol. Starting mag-
nesium methoxide was used commercial (Sigma—Aldrich).
Starting iron ethoxide was obtained by reaction of sodium
ethoxide with iron trichloride in dry ethanol under dry
atmosphere. Sodium ethoxide was prepared from metal
sodium and dry ethanol by standard procedure [4]. Stoichi-
ometric mixture of alkoxide solutions was dropwise added
to prepared microemulsion (Lutensol ON 110 10.06 wt%,
cyclohexane 81.36 wt%, 1-octanol 5.94 wt%, and distilled
water 2.64 wt%). After thorough stirring for 1/2 h under dry
atmosphere, the alkoxides were hydrolyzed by distilled
water addition. Precipitated raw powder was several times
decanted by ethanol, dried at room temperature and then
heated up 100 °C. Dry powder was divided to quarters and
each of them was heated at temperature 800, 900, 1,000 or
1,100 °C respectively for 1 h in static air atmosphere.

2.2 Experimental technique
X-ray patterns were measured at room temperature on Sie-

mens D5005 diffractometer with a Cu anode. A transmission
electron microscope (TEM) was used for direct observation

@ Springer

of the particles. Particle size determination was carried out
using Scion Images software. The Mossbauer measurement
was done in the transmission mode with °’Co diffused into a
Cr matrix as the source moving with constant acceleration.
The spectrometer was calibrated by means of a standard Fe
foil and the isomer shift was expressed with respect to this
standard at 300 K. Measurements were taken at 4 K with
magnetic field 6 T. The fitting of the spectra was performed
with help of a commercial program. The magnetization
measurements were carried out in Quantum Design PPMS
(Physical Property Measurement System) at 10, 100, 200,
300, and 350 K.

3 Results and discussion
3.1 X-ray diffraction measurement

X-ray diffraction measurements were carried out on all
samples. A relatively long measurements time was chosen
(step 0.050° 26, time 45 s/step) and results are depicted in
Fig. 1. The peaks position coincided with the characteristic
peaks of the standard spinel phase. So, that the spinel structure
was found as predominant phase in patterns for all annealing
temperatures and negligible amount magnesium oxide was
found in the samples but no other phases were detected. The
diffraction patterns exhibit sharp peaks at all temperatures
treatment which corresponds to well-crystallized solid pha-
ses. From the broadening effect of the peaks, the average
particle size was determined about 31-38 nm (see Table 1).

3.2 TEM observation

The particle size observation by means of TEM confirms
the tendency shown by the X-ray diffraction. The particle

au © MgO
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Fig. 1 X-ray diffraction patterns of MgFe,O, samples heated at 900
and 1,100 °C
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Table 1 Average particle size depending on the heating temperature (calculated from XRD and TEM) for MgFe,O, and MgFe,04/Si0,

Heating temperature (°C) 800 900 1,000 1,100
Particle size MgFe,O, (XRD) (nm) 31+4 3243 36+ 6 38 +4
Particle size MgFe,04/Si0, (XRD) (nm) - 11+4 19+5 25+ 6
Particle size MgFe,O4 (TEM) (nm) 39 +4 - - -
Particle size MgFe,0,/SiO, (TEM) (nm) 441 8+3 12+4 21 +4
size increases only slightly with increasing heating tem- 601

perature. From the Fig. 2 we can see that some particles are T oK
larger than 200 nm and some particles are smaller than 407 200 K
16 nm. The biggest particles are so large because the 1 Egggﬁ
particles are aggregated into one big particle. And therefore = 207 /’/’

the average particles size is about 39 nm (Table 1) from N% ]

TEM. Figure 2 represents TEM micrography of the é 04

MgFe,0,4 sample annealed at 800 °C. This figure was used p=

to calculate the mean particle size. -207 _/_’;’/j

3.3 Magnetic measurements -40 :%

The magnetization of nanocrystalline MgFe,O, was '6_% 0000 10000 0 20000 20000
determined for sample prepared at 800 °C. Measurements H(O¢)

were done at 10, 100, 200, 300, and 350 K. From Fig. 3, it
could be seen, that saturation magnetization values
increase with decreasing temperature of measure, and their
values are 29, 32, 38, 44, and 47 Am2/kg at 350, 300, 200,
100, and 10 K respectively. Coercivities are zero at 350,
300, 200, and 100 K but we can see very small open
hysteresis loop with a low coercivity at 10 K.

200 nm

Fig. 2 TEM of the MgFe,O, sample heated at 800 °C

Fig. 3 Magnetization of the sample heated at 800 °C measured at
various temperatures
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Fig. 4 ZFC-FC curves of the MgFe,0, sample heated at 800 °C

Figure 4 shows dependence of magnetization versus
temperature. The lower curve is obtained for the sample
cooled down to 10 K in zero field (ZFC), while the upper
curve reflects the sample cooled down in a field of 10 mT
(FC). In the maximum of the ZFC curve, which is observed
at 350 K (Tg) we can see the division of ZFC and FC
magnetization curves. The results of the measurements
ZFC and FC reveal ferrimagnetic character nanoparticles
until 350 K (Tg). Above this temperature ZFC and FC
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measurements reveal superparamagnetic character. This is
probably due to the time of measurement and rotation of
magnetic moment. The time of the magnetic measurement
is longer than the relaxation time of the magnetic moment
of nanoparticles, for this reason we can see the connection
of ZFC and FC magnetization curves. When we compare
the results from measurement of hysteresis and ZFC and
FC measurements, we can say that the nanoparticles have
ferrimagnetic character. The FC magnetization slowly
increases with decreasing temperature until 20 K where the
saturation is found FC. Magnetic measurement showed a
ferrimagnetic character of all samples.

In the following section it were compared the magnetic
properties of the prepared magnesium ferrite (by micro-
emulsion method) with magnesium ferrite in silica matrix
(by sol-gel method). Magnesium ferrite has zero coercivity
at 350, 300, 200, and 100 K but at 10 K it has low coer-
civity. Magnesium ferrite in silica matrix has zero
coercivity at 100 and 300 K but the hysteresis appears in
magnetization curves at 2 K with larger coercivity than in
magnesium ferrite. ZFC and FC measurement, demon-
strated that MgFe,O, nanoparticles have blocking
temperature in the range of 340-360 K, whereas MgFe,O,4/
Si0, nanocomposites have a blocking temperature about
10 K. It is clear that the samples prepared by sol-gel
method and calcined at lower (800 °C) temperature are
superparamgnetic and at higher (900, 1,000, 1,100 °C)
temperatures have a ferrimagnetic character. While the
samples prepared by microemulsion method treated at 800,
900, 1,000, and 1,100 °C have a ferrimagnetic character,
which is caused by different size of particle.

3.4 Mossbauer spectroscopy

Mossbauer spectroscopy is a popular experimental tech-
nique for studying the microscopic magnetic properties of
various ferrite systems. The X-ray diffraction did not give a
satisfactory interpretation of our systems. For this reason,
Mossbauer spectroscopy was used for the analysis.

subsp. 2
1,024
subsp. 1
~ 1,001 i, data + fit
F]
s
F
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<
3
£
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0,94 1

velocity (mm/s)

Fig. 5 Interpretation of the Mossbauer spectra of the MgFe,O,
nanoparticles heated at 1,100 °C

Table 2 represents the data inferred from the measure-
ments carried out at 4 K and 6 7. Figure 5 shows the
spectra of the sample annealed at 1,100 °C. All samples
measurement at 4 K and 6 7 show two sextets belong to
nanoparticles have a ferrimagnetic character. We can write
to the formula MgFe,O, as (Mg,_.Fe,)[MgFe, ,]Oy,
where x is obtained from the relative substitution of the
iron in tetrahedral and octahedral position. The distribu-
tion of cations in tetrahedral and octahedral positions
was inferred from Mossbauer data as follows: for the
sample annealed at 900 °C as (Mgq ;Feq3)[MgosFe; 7104,
for the sample annealed at 1,000 °C as (MggesFeo32)
[Mgq 37Fe; 63]O4 and for the sample annealed at 1,100 °C
as (Mg e4Fe036)[Mgo.36Fe1.64]04. Differences in the dis-
tribution of cations are influenced by the temperature
processing, these distribution of cations in tetrahedral and
octahedral position affects the properties of the material but
amount of cations remains the same. The amount of iron in
tetrahedral position grow at the expense of the octahe-
dral position with increasing temperature processing. The
Mossbauer spectroscopy confirmed the presence of an
ordered phase MgFe,O, at 4 K and 6 7, where MgFe,0O,
has a partial inversion of the spinel structure.

Table 2 Interpretation of the Mdssbauer spectra of the MgFe,04 nanoparticles heated at 900, 1,000, and 1,100 °C

Site Heating Isomer shift

temperature (°C)

J (mm/s)

Qaudrupole splitting Hyperfine field Relative area

Fe*™ octahedral
Fe** tetrahedral
Fe* octahedral
Fe* tetrahedral
Fe* octahedral

Fe>™ tetrahedral

900

1,000

1,100

0.4723 £+ 0.0033
0.3489 £ 0.0035
0.4681 £ 0.0042
0.3571 £+ 0.0081
0.4712 £ 0.0022
0.3436 & 0.0020

AEq (mm/s) BHF (T) (%)

0.0346 & 0.0057 46.9835 + 0.0251 69.6 £+ 0.814
0.0237 & 0.0082 56.4300 & 0.0345 30.4 + 0583
0.0343 & 0.0107 46.8205 + 0.0486 67.6 £ 1.492
0.0160 £ 0.0159 56.4730 £ 0.0659 32.4 + 1.529
0.0372 + 0.0043 46.6182 + 0.0171 63.6 £ 0.705
0.0189 & 0.0049 56.7854 % 0.0199 36.4 £ 0.574
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4 Conclusion

The metallic alkoxides in alcoholic solutions were used
as ferrite precursors. The microemulsions used for next
preparation consisted of cyclohexane, distilled water,
1-octanol and Lutensol ON 110.

The Mossbauer spectra and X-ray diffraction patterns
confirmed the presence of MgFe,0,. The particle size of
MgFe,0, nanoparticles was calculated using Scherrer‘s
equation to 31-38 nm for samples heated form 800 to
1,100 °C. TEM showed the nanoparticles with the size about
39 nm. True the use of microemulsion method, it is possible
to produce nanoparticles with narrow size distribution. Heat
treatment temperature has only slight influence on the particle
size in comparison with the influence of the microemulsion
composition. The saturation magnetization values increase
with decreasing temperature. ZFC-FC measurements, dem-
onstrated that nanoparticles blocking temperature of the
800 °C sample was about 350 K. Hysteresis measure-
ments and ZFC, FC curves of the MgFe,O,4 nanoparticles
revealed ferrimagnetic character at temperatures up to 350 K.
The structural formula of MgFe,O, is usually written as
Mg, _,Fe,)[MgFe,_,]0,4, where round and square brackets
denote sites of tetrahedral (A) and octahedral [B] coordina-
tion respectively, and where x represents the degree
inversion. The degree of inversion, calculated from the sub-
spectral area values. So that the formula can be written
as (Mg -Feq3)[MgqsFe; 7]04 for the sample annealed
at 900 °C, for the sample annealed at 1,000 °C as
(Mgo gsFeo 32)[Mg 37Fe; 63]O4 and for the sample annealed
at 1,100 °C as (Mgo.e4Fe036)[Mgo 36F€1.64]04. Magnesium
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ferrite prepared via microemulsion method has a partial
inversion of the spinel structure and therefore magnesium
ferrite exhibit a ferrimagnetic behavior at low temperature.

The results show that nanocomposites prepared by sol—
gel method contain smaller particles than nanoparticles
prepared by microemulsion method. However the nano-
particles prepared by microemulsion method are pure
MgFe,0, spinel phase unlike the sol-gel method.

The main result of this work, is innovative and successful
utilization of microemulsion method for preparation fer-
rites. The results show that MgFe,O,4 nanoparticles can be
synthesized by this microemulsion method.
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We produced magnesium ferrite (MgFe,04) nanoparticles by hydrothermal synthesis in supercritical
water. Suspensions containing varying ratios of Mg(OH), and Fe(OH); at room temperature were pres-
surized to 30 MPa, fed into a tubular reactor by high-pressure pump, and rapidly heated to reaction
temperature by mixing with supercritical water. The MgFe,04 phase forms at 460 °C. The Mg/Fe molar
ratio was varied from 0.5 to 1.5 with the goal of obtaining single-phase MgFe,04. At the stoichiometric
ratio for MgFe,04, Mg/Fe=0.5, the product contains both MgFe,04 and a-Fe,0s. At Mg/Fe=1.0 and 1.5,
the product is the desired single-phase MgFe,04. The synthesized MgFe,04 nanoparticles, with particle
size of about 20 nm, exhibit superparamagnetic behavior.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic particles, whose properties depend on their size, have
been studied for applications such as catalysis, energy storage,
high-density data storage, and ferrofluids [1]. Magnetic particles of
nanometer-range size are useful in biotechnology applications such
as magnetic separation, magnetic resonance imaging, and magnetic
hyperthermia treatment [2]. Magnetic hyperthermia treatment
involves the breakdown of cancer cells at 42-45 °C. Magnetic parti-
cles generate heat in the presence of a magnetic field; the degree of
magnetic heating depends on particle size and magnetic properties
[3]. Among candidate particles for use in magnetic hyperthermia
treatment, magnetite and maghemite have been best studied to
date because of their magnetic properties and biological compat-
ibility [4,5], and MgFe,04 particles of micrometer-range size are
reported to exhibit greater magnetic heating than do other fer-
rites [6]. Recently, magnetic hyperthermia treatment has been
investigated for use in conjunction with a drug delivery system
(DDS) so as to enable heating of only cancer tissue. A require-
ment for use with a DDS is that particle size must be in the range
10-100 nm for accumulation in cancer tissue [7]. Therefore, syn-

Abbreviations: DDS, drug delivery system; FC, field-cooling; SQUID, super-
conconducting quantum interface device; TEM, transmission electron microscopy;
VSM, vibrating sample magnetometer; XRD, X-ray diffraction; ZFC, zero-field-
cooling.

* Corresponding author. Tel.: +81 22 217 5629; fax: +81 22 217 5629.

E-mail address: ajiri@tagen.tohoku.ac.jp (T. Adschiri).

0896-8446/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.supflu.2009.11.005

thesis of MgFe,04 nanoparticles of precisely controlled size is of
great interest.

MgFe, 04 nanoparticles can be synthesized by milling, but parti-
cles thus produced lack uniform size and morphology [8,9]. Zhang
and co-workers [10] synthesized the nanoparticles by the reverse
micelle method and Willey et al. [11,12] by sol-gel supercritical
drying, but in both cases, the synthesis at lower temperature may
results in the inclusion of impurities that are not favorable for
human body. Joy and co-workers [13] synthesized the nanoparti-
cles by microwave hydrothermal treatment, but the product lacked
sufficient crystallinity.

We have developed a hydrothermal synthesis method for form-
ing advanced metal-oxide particles in supercritical water [14], and
other researchers have also prepared fine metal-oxide particles by
this method [15-18]. Some important advantages of supercritical
hydrothermal synthesis of particles are as follows: (i) nanoparticle
formation; (ii) single-crystal formation with a high level of crys-
tallinity; (iii) capability to control particle size and morphology
to some extent with pressure and temperature; and (iv) capabil-
ity to create a homogeneous reducing or oxidizing atmosphere by
introduction of gases or additional compounds (O, H,). We report
herein the synthesis of fine MgFe,0,4 nanoparticles in supercriti-
cal water using a flow-type apparatus, and the evaluation of their
magnetic properties.

2. Material and methods

Iron (III) nitrate solution (Fe(NOs3)3-9H,0, Kojundo Chemi-
cal Laboratory Co., Ltd., 99.9% purity) was prepared at fixed
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concentrations of 0.01 or 0.005M. Magnesium nitrate solution
(Mg(NO3),-6H,0, Kojundo Chemical Laboratory Co., Ltd., 99.0%
purity) was also prepared at concentrations so as to vary the Mg/Fe
molar ratio from 0.5 to 1.5. The metal nitrate solutions were mixed
with equivalent amount of potassium hydroxide solution (KOH,
Wako Pure Chemical Industries, Ltd.), and Fe(OH)3; and Mg(OH),
precipitates were formed. The resulting precipitates were sepa-
rated by centrifugation and washed with distilled water two times.
Finally, Fe(OH)3 and Mg(OH), mixed suspensions were prepared
by dilution with distilled water.

The flow-type apparatus used in this study has been described
in detail elsewhere [14]. Metal oxides suspension was pressurized
at 30 MPa and fed into a reactor by high-pressure pump (flow rate
1 mL/min). Distilled water was also pressurized and fed through
another line by another high-pressure pump (flow rate 10 mL/min),
and then heated by electric furnace to a pre-determined temper-
ature. The suspension was mixed with the supercritical water at
a junction in the reactor, which rapidly heated the mixture up to
the reaction temperature. After mixing, the reactants went through
a tube whose temperature was kept at the reaction temperature.
The length, diameter, and volume of the tube at this isothermal
zone were 50cm, 0.18 cm, and 0.77 cm?, respectively. Residence
time at the isothermal zone of 400 and 460°C was 2.4 and 0.9s,
respectively. At the exit of the reactor, the fluid was rapidly cooled
by an external water jacket. The reaction temperature was var-
ied from 400 to 460 °C by controlling the temperature of distilled
water and the Mg/Fe molar ratio was varied from 0.5 to 1.5 with the
goal of obtaining single-phase MgFe,04. Synthesized nanoparticles
were collected by in-line filtration, washed with distilled water and
HNOj solution to remove Mg(OH),, and then dried in an oven at
60°C.

Particle structure was determined by X-ray diffractometer
(XRD; Rigaku RINT 2000 system with a Cu-Koa; beam). Particle mor-
phology was observed by transmission electron microscopy (TEM;
JEOL, Ltd., JEM-1200EX). Composition ratio of Mg:Fe in the products
was measured by inductively coupled plasma (ICP; PerkinElmer Co.,
Ltd., Optima 3300) analysis. Magnetic properties were measured
by vibrating sample magnetometer (VSM; Tamakawa Co., Ltd., TM-
VSM1230-HHHS) and superconducting quantum interface device
magnetometer (Quantum Design, MPMS).

3. Results and discussion

First, we investigated the effect of temperature on the formation
of MgFe;0,. Fig. 1 shows XRD patterns of the products synthe-
sized with Mg/Fe=0.5 at 400 and 460°C. At 400°C, the product
is mostly MgFe,0,4 phase (designated ®); a-Fe,03 (designated W)

®: MgFe,O,
B o-Fe;0, - ]

10 20 30 40 50 60 70
20 /degree

Fig. 1. XRD profiles of particles synthesized at Mg/Fe=0.5, 30 MPa, and various
temperatures: (a) 400°C; (b) 460°C.

129

@ MgFe,0, Y
W o-Fe0,

20 /degree

Fig. 2. XRD profiles of particles synthesized at 460°C, 30 MPa, and various Mg/Fe
molar ratios: (a) Mg/Fe=0.5; (b) Mg/Fe=1.0; (c) Mg/Fe=1.5.

phase also forms but as an impurity. At 460 °C, the amount of «-
Fe, 03 product decreases. In general, metal oxide is formed through
dissolution and recrystallization processes of hydroxide precursors
in aqueous solution. In this study, MgFe,04 was formed through
dissolution-recrystallization of Fe(OH)3 and Mg(OH), at elevated
temperature. In order to confirm the solubility of Mg(OH), at ele-
vated temperature, we have investigated the effect of temperature
on the formation of MgO using batch type reactor. A Mg(OH),
suspension was loaded into a batch reactor and heated by elec-
tric furnace. The reaction temperature was changed from 400 to
600°C and the pressure was fixed to 30 MPa. XRD measurements
showed that MgO phase was formed only at 600°C. The result
means that the solubility of Mg(OH), becomes higher with increas-
ing temperature. It indicates that dissolution of Mg(OH), at higher
temperature leads to form MgFe,; 4. Furthermore, formation of o-
Fe, 03 is inhibited due to rapid increase in temperature. Even at the
higher temperature, single-phase MgFe, 04 product does not form
at Mg/Fe = 0.5, possibly because the Fe(OH); precursor is unable to
react with Mg(OH); and forms a-Fe;03 as an impurity.

Second, we investigated the effect of the Mg/Fe molar ratio to
improve the phase purity. Fig. 2 shows XRD patterns of the products
for Mg/Fe=0.5,1.0,and 1.5. For Mg/Fe = 0.5, the product contains o-
Fe,03 (designated ). For Mg/Fe = 1.0 and 1.5, MgFe, 04 (designated
@) forms in a single phase. Furthermore, ICP measurement of the
particles synthesized with Mg/Fe =1.0 was conducted. The result
shows that the composition ratio of Mg:Fe is 1.0:2.3. The conver-
sion ratio from Mg(OH), to MgO reaches the ratio for forming only
MgFe;04. Such a nonstoichiometric synthesis of barium hexaferrite
using a flow-type apparatus was also reported by Hakuta et al. [19].
Fig. 3 shows a TEM image of the synthesized MgFe,04 nanoparti-
cles. The average size of the particles is calculated as 16.5 nm with a
standard deviation of 3 nm (17.8%) by counting 100 particles taken
from TEM images. Generally speaking, separation of nucleation and
growth periods is a key to forming monodispersed particles. In a
flow-type apparatus, a large degree of supersaturation is obtained
easily and renucleation is inhibited during reaction because the
reaction solution is heated rapidly; therefore, the particle size is
smaller than for particles synthesized by batch reactor [20].

Finally, we investigated magnetization of the synthesized
MgFe, 04 nanoparticles. After a sample is cooled from room tem-
perature to 2.0 Kunder a magnetic field (field-cooling, FC) at 200 Oe,
susceptibility decreases monotonically with increasing tempera-
ture (Fig. 4a). In contrast, after a sample is cooled similarly but
without external magnetic field (zero-field-cooling, ZFC), magneti-
zation increases and reaches a maximum at the so-called blocking
temperature; in this case, T=94K (Fig. 4b). Magnetization after
ZFC coincides with that after FC above T~ 100 K. These irreversible
behaviors are characteristic of superparamagnetism [21]. Magne-
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Fig. 3. TEM image of MgFe,04 nanoparticles synthesized at 460°C, 30 MPa,
Mg/Fe=1.0.
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Fig. 4. Plot of magnetic susceptibility vs temperature and magnetization curve
(inset) for MgFe,04 nanoparticles synthesized at 500 °C, 30 MPa, Mg/Fe =1.0.

tocrystalline anisotropy E, decreases with decreasing particle size
because E, is proportional to KV, where Kis the magnetocrystalline
anisotropy constant and Vis the nanoparticle size. For thermal acti-
vation energy kgT, where kg is the Boltzmann constant, at E5 <kgT,
the magnetic moment of the particle fluctuates randomly, show-
ing paramagnetic character; at Ep > kg T, the magnetic moment of an
individual ferromagnetic particle aligns along the axis of easy mag-
netization. For ZFC, magnetic moments are randomly oriented, and
consequently the total magnetic moment of the powder sample
becomes zero; for FC, field-induced moments are quenched. The
magnetization curve at 298 K indicates that the coercivity force is
less than 10 Oe (Fig. 4 inset).

4. Conclusions

We succeeded in synthesizing single-phase MgFe,04 nanopar-
ticles by supercritical hydrothermal synthesis in a flow-type

apparatus. At 460°C, 30 MPa, and Mg/Fe =1.0 and 1.5, we obtained
single-phase MgFe,04 nanoparticles. For successful synthesis of
the single phase, high reaction temperature and nonstoichiomet-
ric conditions are important. The obtained nanoparticles are about
20 nm in size and exhibit superparamagnetic behavior.
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3.1. NANOCASTICE A NANOKOMPOZITY TERNARNICH SPINELU 131
3.1.4 Nanokrystaly chromitu kobaltnatého

e D. Zakutna, A. Repko, I. Matulkova, D. Niznansky, A. Ardu, C. Cannas, A. Mantlikova,
and J. Vejpravova, J. Nanopart. Res. (2014), 16, 2251. [C1-108] [71]

Vlivem velikosti nanokrystalt na magnetické usporadani v multiferoickém chromitu ko-
baltnatém, CoCr,O, se zabyva prace [71]. Je popsan postup pfipravy nanocastic pokrytych
kyselinou olejovou pomoci modifikované hydrotermalni metody s naslednym zihanim, bylo
dosazeno velikosti ¢astic v rozmezi 4,4 - 11,5 nm v zavislosti na teploté zihani (300 - 450 °C).
Charakterizace pomoci elektronové mikroskopie, RT'G difrakce a vibrac¢ni spektroskopie po-
tvrdila jednofazové slozeni vzorku a tzkou distribuci velikosti ¢astic. Magnetizace a stiidava
susceptibilita nanocéastic ukazaly na vyznamny vliv poklesu velikosti ¢astic na magnetické
usporadani, zejména vzristajici podil spinového neusporadani. V pripadé castic o velikosti
4,4 nm doslo k témér tplnému potlaceni ferrimagnetického usporadani a vzniku skelného
spinového stavu. Moznou interpretaci je dosazeni srovnatelné velikosti Castice a koherentni
délky spirdlni komponenty v magnetické struktufe (3,1 nm). Tato studie iniciovala rozvo]
preparativnich postupt pro pfipravu monodisperznich nanocastic dalsich multiferoickych
chromitti s cilem objasnit korelaci mezi kritickou velikosti ¢astic a magnetickym uspora-
danim a néasledné potvrdit ¢i vyvratit podminku spirdlniho magnetického usporadani pro

spontanni polarizaci v multiferoickych systémech spinového typu.
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Abstract The CoCr,04 nanoparticles were prepared
by hydrothermal treatment of chromium and cobalt
oleates in a mixture of solvents (water and ethanol or
pentanol) at various temperatures. The samples were
further annealed at the temperatures from 300 to
500 °C. The obtained nanoparticles were character-
ized using powder X-ray diffraction (PXRD), trans-
mission electron microscopy (TEM), high-resolution
TEM, scanning electron microscopy, thermogravi-
metric analysis, Raman and infrared spectroscopy,
and magnetic measurements. The particle size, rang-
ing from 4.4 to 11.5 nm, was determined from the
TEM and PXRD methods. The tendency of particles
to form the aggregates with the increasing annealing
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temperature has been observed. The magnetic mea-
surements revealed that the typical features of the
CoCr,0, long-range magnetic order are suppressed in
the nanoparticles.

Keywords Cobalt chromite - Hydrothermal
method - Nanoparticles - Size effect -
Multiferroic materials

Introduction

Up to date, the studies of magnetic nanomaterials were
focused mostly on spinel ferrites due to their straight-
forward application potential in biomedicine, data
storage, electronics, etc. However, there are only few
works concerning isostructural chromite as nanopar-
ticles (NPs) or thin films. The MCr,0O4 (Where M is
metal) compounds form a normal spinel structure,
where the M>" and Cr*" are located in the tetrahedral
(T,;) and octahedral (Oy,) sites, respectively. They are
known as multiferroic materials with complex mag-
netic phase diagrams and magnetic structure, where
the ferroelectric order occurs in spite of nonzero
spontaneous magnetization in the conical spin config-
uration (Lyons et al. 1962; Hastings and Corliss 1962;
Menyuk et al. 1964; Shirane et al. 1964; Tomiyasu
et al. 2004; Chang et al. 2009; Kim et al. 2009).
Among the spinel chromites, the CoCr,0y is the
first example of a multiferroic compound with both the
spontaneous magnetization and polarization of spin
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origin (Yamasaki et al. 2006), where the strong
clamping between the ferromagnetic and ferroelectric
domains, leading to the magnetic reversal of the
ferroelectric polarization, has been observed. Con-
cerning the magnetic order, the compound undergoes a
ferromagnetic transition at 7c = 93 K, and with the
further lowering of temperature, the additional tran-
sition to the conical spin state occurs at 26 K. The so-
called lock-in transition, Tijock.in, takes place around
15 K with minimal change of the propagation vector
(Funahashi et al. 1987; Chang et al. 2009). Consider-
ing the size effects in chromites, a comprehensive
work reports on MnCr,O4 NPs prepared by high-
energy ball milling, which points to unusual Bloch
exponent value 3.35, which decreases and approaches
a typical value of 1.5, as expected for a common
ferromagnet, with decreasing particle size (Bhowmik
2006). Recently, several works also report on the
CoCr,04 NPs obtained using various methods.

One of the first preparations of cobalt chromite NPs
was carried out by Dutta et al. (2009). They reported
the synthesis of nanocrystalline CoCr,O4 by a fast
sonochemical route, which was based on acoustic
cavitations in a liquid. The final particle size was about
30-40 nm, and the magnetic properties were only
slightly influenced in comparison to the bulk material.
Rath and Mohanty (2010; Rath et al. 2011) prepared
the CoCr,O4 NPs of a mean size about 8 nm using a
simple coprecipitation method and observed an
unusual transition from paramagnetic to superpara-
magnetic (SPM) state. Edrissi and Keshavarz (2012)
improved the preparation method using organic pre-
cursors: Cr°* and Co? ™ chelates of 2-mercaptopyridin
N-oxide for the preparation of the cobalt chromite
NPs. Durrani et al. (2012) prepared the cobalt
chromite NPs by hydrothermal synthesis at higher
values of pH (>10), and this procedure led to rather
large particles (>100 nm).

So far, no work on preparation and physical proper-
ties of monodisperse cobalt chromite NPs with size
below 20 nm has been reported, and, therefore, a study
of magnetic and ferroelectric properties down to very
low scales has not been possible yet. In order to reach the
critical size range, we focused on preparation of the
CoCr,04 NPs using hydrothermal method, successfully
applied in the case of CoFe,O4 NPs (Repko et al. 2011).
In this paper, we report on a modified hydrothermal
preparation yielding the CoCr,O4 NPs with size ranging
from 4.4 to 11.5 nm, which is comparable to the
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characteristic size of the coherence of the spiral
magnetic structure. The samples were characterized
using different methods such as powder X-ray diffrac-
tion (PXRD), transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), scanning electron
microscopy (SEM), thermogravimetric analysis
(TGA), and Raman and infrared spectroscopy (FTIR).
Basic characterization of the magnetic properties was
also performed, and the results are discussed in the
context of decreasing particle size.

Experimental
Sample preparation

The samples were prepared using the hydrothermal
method. Following amounts of reactants were used for the
preparation: 10 mmol (400 mg) of sodium hydroxide,
12 mmol (3.39 g) of oleic acid, and metal chlorides
(Cr*™:Co*™ = 2:1). The preparation was carried out in
the mixture of 15 ml of alcohol (ethanol/1-pentanol) and
20 ml of water. First, the sodium hydroxide was dissolved
in a small amount of water, and then ethanol was added.
This solution was mixed together with oleic acid to avoid
the formation of soap (clear solution was formed instead).
Then, the water solution of metal salts which served as a
precursor was added, and the reaction mixture became
sticky. Afterward, the solution was sonicated for 5 min.
Two phases were formed: water and organic phase
(Fig. 1), and the following reactions took part:

3C13H33C00Na + CI‘C13 — Cr(C18H33C00)3
+ 3NaCl

2C]8H33CO0Na + COClz i CO(C18H33COO)2
-+ 2NaCl

Cr(CygH,COO0Y),
Co(C,4H,,CO0),
Cy4H,,COOH
C,4H,,COONs, C,H,OH

//

* oy

organic phase i

e

Fig. 1 The process of formation of the CoCr,O4 NPs. The
metal salts are hydrolyzed and precipitated into the water phase
after reaching a critical diameter

€C,5H,,COONn, C,H,0H
H,0
Naci

water phase

H,0
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Table 1 The preparation conditions for the NPs prepared by the hydrothermal procedure

Sample Reaction composition Reaction conditions Annealing temperature (°C)
Ratio Cr:Co  Alcohol Water  Oleic Reaction Reaction
(mmol) (ml) (ml) acid (ml) temperature (°C) time (h)

DZ 300 2:1 Ethanol: 10 10 3.82 200 16 300

DZ 350  2:1 Ethanol: 20 20 3.82 200 16 350

Dz 400  2:1 1-Pentanol: 5 10 3.82 200 10 400

DZ 450  2:1 Ethanol: 10 15 6.37 200 16 450

This reaction mixture was put into a Teflon liner
(volume 50 ml), enclosed in the autoclave, and placed
into oven for 10-16 h at the reaction temperature of
200 °C. After cooling down the autoclave, the
following phases were obtained: upper oleic phase,
which contained a small amount of NPs, aqueous
phase, and sedimented NPs. Liquid phase was dis-
carded, and remaining NPs were dispersed in 15 ml of
hexane. Then, the nondispersed NPs (aggregates) were
separated using centrifugation, and hexane dispersion
was used for the following preparation. Then, the NPs
were precipitated from dispersion using 10 ml of
ethanol and were separated by means of centrifugation
(4,500 rpm for 5 min). This procedure (dissolving in
hexane and precipitation using ethanol) was repeated
for three times. The samples possessing amorphous
phase were heat treated in the furnace at the final
annealing temperatures. The preparation conditions
for all samples are summarized in Table 1.

Characterization methods

Powder X-ray diffraction was performed using the
PANalyticalX‘Pert PRO diffractometer with Cu K,
radiation (1 = 1.541874 A) equipped by secondary
monochromator and PIXcel detector. All samples were
measured in the 26 range of 15-80° with the step of 0.02°.
The particle diameter obtained from PXRD measure-
ments was determined using two approaches: using the
Scherrer’s equation, dscherrer = k - /(8 - cos §) and by
the Rietveld analysis, dgjerveld implemented within
the FullProf software (Rodriguez-Carvajal 2000). In
both approaches, the instrumental broadening was
considered.

Transmission electron microscopy was carried out
using the JEOL 200CX device operating at 200 kV
using two different modes: bright field (BF) and dark
field (DF). The mean particle diameter, drgy, Was
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statistically determined from at least 100 particles for
each sample using the log-normal distribution
function.

High-resolution TEM images were captured with
the JEM 2010 UHR device equipped with the Gatan
imaging filter (GIF) and the 794 slow scan CCD. The
samples for the TEM and HRTEM analysis were
prepared by drying the dispersion of NPs on the coated
copper grid.

Scanning electron microscopy images were
obtained using the Tescan Mira I LMH device with
the energy-dispersed X-ray detector (EDX) Bruker
AXS. The powders were deposited on carbon film.

Thermogravimetric analysis was carried out using
the STA 449 F1 Jupiter device. The samples were
heated up to 600 °C (heating rate 10 °C/min) in argon
atmosphere.

Raman spectra were measured using the Thermo
Scientific DXR Raman Microscope with the Olympus
microscope (objective 50x) in the spectral range of
50-1900 cm ™" with the resolution of 3 cm™'. He-Ne
laser or diode lasers (532 and 780 nm) were used for
the measurement. The spectrometer was calibrated by
calibration software using multiple neon emission
lines and multiple polystyrene Raman bands and
standardized by white light.

Raman and infrared spectroscopy spectra were
obtained using the Thermo Scientific Nicolet 6700
FTIR spectrometer (resolution 2 cm™', DTGS detec-
tor, KBr beam splitter, Happ-Ganzelapodization, KBr
windows, and zero filling 2) in region 400-4000 cm ™"
with Nujol technique.

The zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations (applied field of 10 mT) and magne-
tization isotherms at selected temperatures were
measured on the Quantum Design MPMS7XL device
(SQUID). The temperature dependencies of the a.c.
susceptibility were recorded in zero external magnetic
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field at frequencies: 0.1, 1, 10, 10%, and 10° Hz with
the amplitude of the a.c. magnetic field of 0.3 mT. The
prepared samples were put into the capsule and fixed
with the piece of polystyrene.

Results and discussion
Powder X-ray diffraction

Powder X-ray diffraction was used for determination
of the phase composition, particles size, and lattice
parameters of prepared samples. The measured dif-
fraction patterns together with the refined profiles of
the samples are shown in Fig. 2. All samples exhibit
the characteristic diffractions corresponding to a cubic
spinel phase with the space group Fd3m (card No.
JCPDF 22-1084). The small amount of NaCl has been
detected in the DZ 350 and DZ 400 samples, probably
due to nonsufficient washing procedure after the
reaction, which has no negative impact on the physical
properties of the spinel phase. Moreover, the DZ 350
sample contains also a small amount of Cr,03.

The lattice parameter, a and NP diameters, d are
summarized in Table 2. It has been observed that both
the a and d increase with increasing annealing
temperature. The a values of our samples are slightly
lower than the tabulated ones (a = 8.3299 /DX, card No.
JCPDF 22-1084). These effects can be explained by

Experimental Data
— Refinement__

6000 1 o s 0. o . S Dz450
-~ - ~ 17 3 &= 3 =
3 2 2 o T T 7 P
8, 4000 | et ~
g
S DZ 350

e I\ A A
I T I T
20 30 40 50 60 70 80
20 (deg.)

Fig. 2 Experimental data of the PXRD measurements together
with the fit using the Rietveld method. The vertical lines
correspond to the positions of Bragg maxima of the CoCr,0O4
phase (card No. JCPDF 22-1084). The DZ 300 and DZ 450
samples are pure spinel phase. The DZ 400 sample also contains
parasitic NaCl phase, and the DZ 350 sample exhibits presence
of the NaCl and Cr,O; phases
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defects present in crystal lattice (dislocation and
vacancies) and by numerous dangling bonds on a NP
surface, as is typical for small-sized NPs. The increase
of a and d with the increasing annealing temperatures
indicates the decrease of the structural disorder or
cation redistribution within the spinel network (Sicka-
fus et al. 1999). The particle diameters obtained from
PXRD, dscherrers aNd dRictvela are almost identical for
all samples.

Transmission electron microscopy

The BF mode images reveal spherical shape of the
NPs. The DF mode provides additional information
about crystallinity of the prepared NPs. The Figs. 3
and 4 show the TEM images of the samples together
with the corresponding size distributions. It can be
seen that the NPs are overlapping and have tendency to
form aggregates with the increasing annealing tem-
perature. Thus, the determination of dygy, values for
all samples serves only as a rough estimate of NP
diameter and ranges from 6.7 to 11.5 nm for individ-
ual samples, respectively. Determined values correlate
well with the dgietvelq and dscherrer Values in the range
of the error (Table 2), which points at high crystallin-
ity of the individual NPs." The diffraction patterns of
selected area measurements (SAED) were used for an
additional determination of the phase composition of
prepared samples (Fig. 5) and confirmed the presence
of crystalline spinel cobalt chromite.

High-resolution TEM

In addition, the DZ 300 sample was characterized
using HRTEM, a typical image of the well-crystal-
line NPs and the corresponding SAED measurement
are shown in Fig. 6. The results from SAED are also
summarized in Table 3. The depicted value of the
interplanar distances of 2.5 A corresponds well with
the (311) plane of the cobalt chromite spinel
structure.

! Since the PXRD reflects the coherently diffracting volume of
the particle and TEM size corresponds to the dimensions of the
two-dimensional projection of the entire polycrystal in its
specific orientation, the size obtained from PXRD should be
almost identical to the TEM size in the case of the well-
crystalline NP of approximately spherical shape.
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Table 2 Particle size determined from the TEM and PXRD. In
the column PXRD, there are two values obtained by the simple
estimation (Scherrer’s equation), dscherrer and using the

Rietveld refinement, dgiewvera- The drem represents the values
of median size of the particles revealed by the fit of the log-
normal distribution. The a represents the lattice parameter

Sample Annealing PXRD TEM a (A)
Temperature (°C)

dScherrer dRietveld dTEM

(nm) (nm) (nm)
DZ 300 300 49+ 1.4 44 +£0.5 6.7+ 0.3 8.271(4)
DZ 350 350 54 +£13 5.1 £ 0.5 59+ 0.1 8.282(2)
DZ 400 400 6.9 +3.2 6.2 £ 0.5 6.4 +0.2 8.301(3)
DZ 450 450 11.8 + 1.4 11.5 £ 0.1 11,5+ 0.5 8.306(2)

Fig. 3 TEM images of the samples: a DZ 300 (DF mode), b DZ 350 (BF mode), ¢ DZ 400 (DF mode), and d DZ 450 (DF mode)

EDX and TG analysis

The EDX analysis from SEM microscopy was used for
the elemental analysis of the samples. The main
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elemental components of the sample are Co, Cr, and
O. The EDX analysis confirms that the atomic ratio
between Co:Cr =~1:2 (Co at. 18.19 %; Cr at.
36.79 %), as has been expected.
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Fig. 4 Histograms 25 18
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Fig. 5 The SAED image of the DZ 300 sample. The solid lines
mark the corresponding reflections of the spinel structure

Finally, the TG analysis was carried out to evaluate
the organic and water content in the prepared samples.
The results from the TG analysis of all prepared
samples are shown in Fig. 7. The TG curves of the as-
prepared samples show minimal weight losses up to
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diameter (nm)

500 °C due to evaporation of absorbed water. The
weight losses observed above 400 °C are attributed to
organic remnants in the samples. The values of the
amount of the organic content in the samples, deter-
mined from the total weight losses, are summarized in
Table 4.

Vibrational spectroscopy

The CoCr,0, belongs to the normal cubic II-I11 spinels
with the space group Fd3m (O}). The atoms of
CoCr,04 occupy the 8a (T,), 16d (O,), and 32e
(oxygen) Wyckoff sites. These sites contribute to the
Fog + FryAgy + E, + Fo, + 2F ,and Ay, + E, +
2F5, + Fig + Ay, + E, + F5, + 2F;, modes of the-
oretical vibrational representation. From these modes,
the Ay, F>, (triply degenerate), and E, (doubly
degenerate) are active in Raman spectra while four
F,, (triply degenerate) are IR active and one remain-
ing Fy, is acoustic mode, and, therefore, cannot be
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Fig. 6 The HRTEM (a) and SAED b images of the DZ 300 sample

Table 3 Assignments of the SAED image of the DZ 300
sample. The dyy_exp corresponds to the experimental values,
and dy_g corresponds to the standard values (card No. JCPDF
22-1084) of the interplanar distance values

hkl a1n @20 @11) @00 11
duaexp (A) 4852 2930 2503 2122 1.609
duya « (A) 4840 2947 2512 2084  1.603

dehydration

96 -
95 - —

organic decomposition

Weight Loss (%)

94

T T T T T T T T T T T
100 200 300 400

Temperature (°C)

Fig. 7 TG analysis of the samples

observed in the IR spectra. The rest of modes are both
Raman (F,) and IR (2A,,, 2E,, and 2F,,) inactive
modes. It was concluded from the theoretical predic-
tion of the selection rules that Raman spectra of the
pure cubic spinel consist of five fundamental bands
(A1 + E; + 3F,,). These narrow bands are located at
686, 604, 515, 452, and 196 cm™' for the bulk
CoCr,0,4 as was presented by Maczka et al. 2013.
The narrow bands were also observed in nanosized
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Table 4 Results from TG analysis of the samples

Sample Weight loss (mass %) Organic content
(mass %)

DZ 300 5.96 2.04

DZ 350 4.30 1.74

DZ 400 3.09 1.00

DZ 450 3.00 0.98

(20-25 nm) CoCr,0,4 in SiO, matrix, but they were
slightly shifted to 684 cm™' (A,,), 603 cm™" (F1,(1)),
514 cm™" (Fpu(2)), 449 cm™' (E,), and 195 cm™'
(F24(3)); for the spectra see Fig. 8. The four F;, bands
active in the IR spectra were found at 630, 530, 380,
and 190 cm ™" in the bulk sample (Preudhomme and
Tarte 1971a, b) and at 627 cm™" (Fy,(1)), 532 ecm™'
(F1.(2)), 373 ecm ™! (F1,(3)), and 197 cm™" (F,(4)) in
nanosized CoCr,0,4/Si0,.

The Raman spectra of all samples contain five
theoretically expected bands, but they are broader than
those observed for bulk material (depicted in Fig. 9).
Additional narrow (sharp) band located at 496 cm ™!
was observed in Raman spectra of the DZ 300 and DZ
350 samples. The position of the bands (predicted by
theory) for mentioned samples and their interpretation
are summarized in Table 5. The higher number of
bands in the Raman spectra than was theoretically
predicted can be explained using several ways. The
presence of impurity phase can produce the additional
Raman active band, however, all samples were found
out to be nearly single phase, only the DZ 350 sample
contained a small amount of Cr,Osz, below the
detection limit of Raman spectroscopy (band positions
of Cr,03 are 616, 554, 529, 352, and 295 cm_l). The
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Fig. 8 Raman spectra of the bulk (top panel) and NPs in the
SiO, matrix (bottom panel) of the cobalt chromite NPs

one additional Raman band in the spectra cannot be
also elucidated by the potential lowering of the cubic
O,, symmetry to tetragonal D, symmetry caused by
the Jahn-Teller effect. The observed lowering of
symmetry to the tetragonal one is connected mainly
with the bands of Fy,(1) and F,(2) in IR spectrum and
F,(2) and F,(3) in Raman spectrum, as has been
observed in the copper chromite (Khassin et al. 2009).
However, this splitting is not observed in our spectra.
The most probable origin of presence of one additional
band in Raman spectra in the DZ 300 and DZ 350
samples can be the order—disorder effect (Da Rocha
and Thibaudeau 2003; De Sousa Meneses et al. 20006;
Laguna-Bercero et al. 2007; Maczka et al. 2013). The
normal II-III, fully inverted, and partially inversed
spinel structure belong to the same space group, and
the same selection rules for vibrational spectra are
applied. The fully (ideal) inverted spinel contains half
of M" ions in the T-sites and remaining half of M""
jons and all M" ions in the O)-sites. The described
cation redistribution can lead to the shift of the Raman
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Raman intensity (a.u.)

700 600

Raman shift (cm™)
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Fig. 9 Raman spectra of the CoCr,0, samples

bands. The band assigned to the E, symmetry is
located at 484 cm™" in spectra of the DZ 300 and DZ
350 samples, while it is shifted to 458 and 454 cm lin
the spectra of the DZ 400 and DZ 450 samples,
respectively. Both values of position of E, symmetry
bands predicted by theoretical calculation are located
at 485 cm~! (Kushwaha and Kushwaha 2007) and
454 cm™! (Kushwaha 2009). The additional Raman
active band at 496 cm ™' can be attributed to the some
degree of cation redistribution within the spinel
network (Maczka et al. 2013). The change of intensity
of additional Raman band can be influenced by the
change of particle size. The decreasing particle size
can lead to higher inverse spinel configuration in
comparison with the bulk CoCr,0, that crystallizes
predominantly in the normal spinel structure (Maczka
et al. 2013).

The MID infrared spectrum with two broad more or
less asymmetric bands with the centers approximately
at 620 and 520 cm ™" (Fig. 10), which are attributed to
the v; and v, vibrations, was obtained (for the detailed
assignment see Table 6). The broadness and asym-
metry of these bands essentially depend on the nature
of M™ cation and preparation conditions and do not
depend on the nature and mass of the M cation
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Table 5 Interpretation of the CoCr,O, Raman spectra

Raman shift (cm™)

DZ 300 DZ 350 DZ 400 DZ 450 Assignment Symmetry
190 190 190 186 0 (0-Co-0) F»,(3)
484 484 458 454 v5(Cr — 0), vs(Co — O) E,

534 534 523 519 v(Cr — 0) Fy,(2)
631 631 628 622 vs(Cr — O) Fre(1)
669 665 660 658 vs(Cr — O) A,

(Preudhomme and Tarte 1971a, b, Sickafus et al.
1999). The bands can be assigned to the lattice of
condensed octahedra. The v3 vibration seems to be
related to the complex vibration involving the partic-
ipation of both types of cations (T, and Oy,). The last v,
vibration clearly depends on the mass of the M cation
and can be assigned to the vibration involving a
displacement of the 7, cation. Some studies of
isomorphic replacement of 7, and O, cations were
presented by Preudhomme and Tarte 1971a, b, Hos-
terman et al. 2013. It can be summarized that v; and v,
vibrations are never split, v is split and shifted in the
case of O, cation replacement and only shifted in the
case of T, cation replacement, and v, is split and
shifted in the case of 7, cation replacement and no
significant changes were observed in the case of O,
cation replacement. The very fine structure of these
bands (v; and v,) is not so sharp in the IR spectra of our
samples, which is probably due to the nanosized
dimension. The nanosized dimension of the samples
leads to the broadness of the bands of the v3 and v,
vibrations in the FAR IR region. Therefore, it is not
possible to make conclusions about the presence of
partial T, cation replacement observed in the IR
spectra and it is not possible to confirm the effect
observed in the Raman spectra of the DZ 300 and DZ
350 samples.

Magnetic properties

Magnetic behavior of the sample series was investi-
gated by means of ZFC and FC magnetization
recorded in moderate external magnetic field, magne-
tization isotherms at selected temperatures, and
frequency-dependent a.c. magnetic susceptibility.
The temperature dependencies of the ZFC-FC
magnetization are shown in Fig. 11. A furcation of
the ZFC and FC curves (denoted as Ty) followed by a
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Fig. 10 The Infrared spectra of the CoCr,O, samples using the
laser with the wavelength of 532 nm

Table 6 Interpretation of the CoCr,0O,4 IR spectra

Wavenumber (cm™)

DZ Dz DZ DZ Assignment Symmetry
300 350 400 450

522 527 522 514 v(Cr—=0) Fu(2)
620 618 626 622 Vas(Cr — O)  Fr,(1)

maximum on the ZFC curve on cooling (7},.x) can be
observed in all samples; both the Ty and Ty,. shift to
lower temperatures with decreasing particle size as
depicted in Fig. 12. Figure 13 shows the temperature
dependencies of the inverse ZFC and FC
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Fig. 11 Temperature
dependencies of the zero-
field-cooled (ZFC) and
field-cooled (FC)
magnetization, M of the DZ
300, DZ 350, DZ 400, and
DZ 450 samples (measured
at external magnetic field,

toH = 0.01 T). The arrows
mark the position of the
ZFC-FC furcation (7 and
the maximum on the ZFC

(Tmax)

M (Am?/kg)

M (Am?/kg)

7(K)

magnetization that follow a typical functional form:
' = TIC + /gy — o/(T — Op), consisting of a
Curie—Weiss ferromagnetic term and a Curie para-
magnetic term. Such behavior has been already
reported for NPs of MnCr,0, and other ferrimagnetic
spinels (Bhowmik 2006). The determination of the
constants C and ¢ from this equation is problematic,
because they are coupled in the paramagnetic regime;
however, an estimation of the so-called asymptotic
Curie temperature, 03, can be obtained by extrapola-
tion of the 1/M data in the vicinity of the Ty, as shown
in Fig. 13. The closer to the bulk ordering temperature,
T., the better developed long-range ferrimagnetic
order; in other words, the increasing magnetic disorder
in NPs is manifested by the large difference between
the 0 and T.. According to the core—shell model of
ferrimagnetic NPs (Kodama et al. 1996), the disorder
is usually associated with the increasing contribution
of shell surface spins while the long-range ferrimag-
netic order is related to core spins. In our samples, the

S shifts to significantly lower values with decreasing
particle size, as shown in Fig. 12, suggesting sub-
stantial of spin disorder.

The first order derivatives of the ZFC and FC curves
are presented in Fig. 14. The minimum for the ZFC
becomes broad and less pronounced for NPs with
decreasing size, which is related to the above-
mentioned disorder effects in NP samples. This is
implied by the fact that the sample is magnetically
more ordered in the FC state than the ZFC state. The
first-order derivative does not show additional sharp
extremes, indicating that the noncollinear spin
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Fig. 12 The dependence of the furcation temperature, T
temperature of the ZFC maxima, Tp.; and the Curie
temperature, 0p, on the particle diameter determined using
PXRD, dpxrp

configuration below the 7Ty and Tk, lacks or
weakens in the NPs. The difference between the
ZFC and FC magnetizations, shown in Fig. 14,
corroborates the gradual increase of the spin disorder
with decreasing particle size. Except the Trrelated
anomaly and a single inflex point at about 30-60 K
present in all samples, the DZ 450 sample shows a
shallow minimum around 20 K suggesting presence of
the bulk-like order-to-order magnetic phase transi-
tions. Shift of the ZFC minimum of NP samples to
higher temperature indicates the increase of the
ordering temperature with the increasing particle size,
which is a trend opposite to that observed for the
MnCr,0O4 NPs (Bhowmik 2006), but corresponds to
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Fig. 13 Temperature dependencies of the inverse zero-field-
cooled (ZFC) and field-cooled (FC) magnetization together with
the asymptote of the paramagnetic Curie temperature, 0p

the evolution of the spin disorder with the particle size.
As reported previously (Dutta et al. 2009; Rath et al.
2011), the particles with size about 40 nm exhibit
magnetic properties very similar to the bulk CoCr,0,
compound with the ordering temperature of about
85 Krepresented by a dominant maximum on the ZFC
magnetization. Additional magnetic phase transitions
related to the T and also Tj,cx.in temperatures can be
observed either on the a.c. susceptibility (Dutta et al.
2009) or specific heat (Rath et al. 2011). Nevertheless,
the considerable size distribution of the NPs reported
in (Dutta et al. 2009, Rath et al. 2011) causes minor
variations in the 7y and Tioccin resulting in less-
pronounced anomalies in contrast to sharp peaks
observed on single crystals or polycrystalline samples
of CoCr;04. On the other hand, the particles in our
study exhibit a relatively narrow size distribution and
the size converges to the typical correlation length of
the spiral component in the ground state of the
magnetic structure [~3.1 nm (Tomiyasu et al.
2004)]. Hence, a significant suppression of the long-
range magnetic order, at least at the ground state
magnetic phase, is expected.

The typical magnetization isotherms of the samples
with the border particle sizes (DZ 300 and DZ 450) are
shown in Figs. 15 and 16. The magnetization curves
carried out above the T;show linear dependence on the
applied field without hysteresis as is generally
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Fig. 14 Temperature dependencies of the first derivative of the
zero-field-cooled (ZFC) and field-cooled (FC) magnetization
(top panel) and difference of the ZFC and FC magnetizations

(bottom panel) (measured at external magnetic field,
1oH = 0.01 T)
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Fig. 15 Typical magnetization isotherms (7 = 2 K) of the
samples annealed at the lowest (DZ 300) and the highest (DZ
450) temperature in comparison to the bulk sample prepared
using the citric method (citric m.)
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Fig. 16 Details of the magnetization isotherms of the DZ 300 and
DZ 450 samples. For the DZ 300 sample, the curves are measured
at selected temperatures below the 7. For the DZ 450 sample, the
curves are recorded at the temperatures corresponding to the
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Fig. 17 Temperature dependence of the real part of the a.c.
magnetic susceptibility, y’ recorded in the frequencies: 0.1, 1,
10, 102, and 10° Hz; the maxima exhibit a moderate shift to
higher temperatures with the increasing frequency
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ground state (10 K), ferrimagnetic (50 K), and paramagnetic
(100 K) phase in the bulk CoCr,O,. The arrows indicate branches
of the curves with hysteresis corresponding to the increasing/
decreasing applied magnetic field

characteristic for paramagnetic phases. Those mea-
sured at 2 K show moderate hysteresis of ~0.2 T,
which is about two orders larger than that reported for
a single crystal (Tomiyasu et al. 2004), but comparable
to the coercivity, H., of the polycrystalline sample
(shown for comparison in Fig. 15). The enhancement
of the H.. can be usually observed in nonstoichiometric
samples or in samples containing a small amount of
antiferromagnetic phases like CoO or Cr,O; (not
detectable by PXRD) in contact with the NPs, which
can be involved in the exchange-bias phenomena
(EB). Inspecting carefully both the positive and
negative values of the H. after FC (not shown), a
clear shift of the hysteresis loop to the negative fields
occurs, which supports the role of the EB in the H,
enhancement. The values of the EB field [defined as:
Hgp = (HF — H.)/2] are 0.140, 0.055, and 0.025 T
for the DZ 450, DZ 300, and reference samples,
respectively. Nevertheless, the magnetization does not
saturate even in the field of 7 T suggesting that the
fraction of the ordered sample is rather low and thus
the EB is a matter of a minor sample volume. The
overall lack of saturation can be attributed either to the
surface spin disorder (Kodama et al. 1997), or it can be
rather explained by the formation of the glassy-like
state. With increasing temperature to the 7T the
magnetization isotherms of the DZ 300 sample show
monotonous decrease of both the H,. and remanence,
while those of the DZ 450 sample exhibit a sudden
increase of the remanence at about 50 K suggesting
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transition to a different magnetic phase as observed in
the bulk sample.

The temperature dependencies of the real part of the
a.c. susceptibility of the DZ 350, DZ 400, and DZ 450
samples are shown in Fig. 17. The curves show a
single maxima for each frequency (f), which shift to
higher temperatures with increasing f, as expected. In
order to classify the nature of the relaxation processes
in the samples, a simple estimation of the relative shift
of the maximum temperature per frequency decade
was performed (Goya et al. 2003). The corresponding
parameter, @, is defined as AT*(T*loglof)*], where T*
is the temperature of the susceptibility maximum at
given frequency, f. The @ values decrease with the
increasing particle size as 0.023, 0.012, and 0.003 for
the DZ 350, DZ 400, and DZ 450 samples, respec-
tively. Typically, the & values about 0.02-0.05
suggest formation of concentrated spin-glass (SG) or
cluster-glass (CG) states, usually in the surface layer
(shell) of the NPs (Dormann et al. 1997; Li et al. 2003);
the @ values in order of 0.001 are either characteristic
for canonical SG or ferromagnetic CG compounds
(Nishioka et al. 2000) or suggest formation of rather
well-ordered magnetic phase. Considering the previ-
ously discussed results of the magnetization measure-
ments, the a.c. susceptibility study corroborates the
proposed increase of the spin disorder in NPs with
decreasing particle size, leading to suppression of the
long-range ferrimagnetic order.

Conclusions

The hydrothermal method in oleic acid—sodium ole-
ate—water—ethanol was successfully used for the
preparation of well-crystalline cobalt chromite NPs
with the size ranging from 4.4 to 11.5 nm, yielding the
as-prepared NPs capped by the oleic acid. The
mechanism of the NP formation in the oleic acid—
sodium oleate—water system was also proposed. The
water and organic content was determined using the
TGA,; the as-prepared particles contain about 2 % of
the organic phase. It was found that the particles size
increases with the increasing annealing temperature,
as expected, and the size distribution, determined from
the TEM analysis, is relatively narrow. The Raman
and FTIR spectroscopy studies confirmed presence of
inverse spinel structure; however, additional bands
related to disorder were also observed.
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Finally, magnetic properties of the samples were
investigated and related to the particle size. Typical
features of glassy-like state become more pronounced
with the decreasing particle size, as it is evidenced by
the temperature and in-field dependence of magneti-
zation and frequency-dependent a.c. susceptibility.
The shift of the ZFC-FC furcation point (7p) and the
maxima on the ZFC curve (Ty.) toward lower
temperatures with the decreasing particle size are
attributed to continuous increase of the spin disorder.
While the ferrimagnetic order still dominates in the
largest particles, it almost collapses in the sample with
the least particle size close to the coherence length of
the spin wave in the ground state magnetic structure.
As the magneto-electric coupling in the bulk CoCr,0y4
is believed to be conditioned by formation of the spiral
magnetic phase, a study of dielectric properties with
respect to the particle size is of high demand to clear
up the scenario of multiferroicity in the CoCr,O,4 and
related compounds.
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3.2 Nanomaterialy s oxidy Zeleza

V této sekci jsou shrnuty préace zabyvajici se nanoc¢asticemi a nanokompozity rtznych fazi
oxidl zeleza. Prvni ¢ast se zaméfuje na nanokompozity s oxidem zZelezitym a druha cast se

vénuje pracem zaméfenym na izolované castice magnetitu a maghemitu.

3.2.1 Nanokompozity na bazi oxidu zelezitého

e J. Vejpravova, R. Kornak, D. Niznansky, K. Haimann, and K. Maruszewski, J. Magn.
Magn. Mater. (2007), 310, E797. [C1-64] [89]

e P. Brazda, D. Niznansky, J. L. Rehspringer, and J. P. Vejpravova, J. Sol-Gel Sci. Techn.
(2009), 51, 78. [C1-73] [90]

e A. Mantlikova, J. Poltierova Vejpravova, B. Bittova, S.Burianova, D. Niznansky, A.
Ardu, and C. Cannas, J. Solid State Chem.(2012), 112, 136. [C1-100] [91]

e V. Tyrpekl, J. Poltierova Vejpravova, A. G. Roca, N. Murafa, L. Szatmary, D. Niznan-
sky, Appl. Surf. Sci. (2011), 257, 4844. [C1-90] [77]

e V. Vales, J. Poltierova Vejpravova, V. Holy, V. Tyrpekl, P. Brazda, and S. Doyle, Phys.
Status Solidi C (2010), 7, 1399.[C3-6] [92]

e V. Novotna, J. Vejpravova, V. Hamplova, J. Prokleska, E. Gorecka, D. Pociecha, N.

Podoliak, and M. Glogarova, RSC Adv. (2013), 3, 10919. [C1-103] [93]

V této Casti jsou zahrnuty publikace zabyvajici se pripravou rtznych nanokompozitii
s nanokrystaly oxidu zelezitého. Pripravené materidly jsou detailné analyzovany pomoci
Maossbauerovy spektroskopie, elektronové mikroskopie, RTG difrakce a déle jsou urceny jejich
magnetické vlastnosti pomoci jiz dfive zminénych metod (mé¥eni teplotni zavislosti magne-
tizace a stiidavé susceptibility a magnetizacnich kiivek).

Prvni prace [89] se zabyva statickymi a dynamickymi magnetickymi vlastnostmi nano-
kompozitl tvofenych patentovanou latkou FF6.2 (aborbér elektromagnetického zafeni, obsa-
huje nanokrystalicky oxid Zelezity) a kulickami amorfniho oxidu kfemicitého. Nanokompozity
byly pfipraveny pomoci modifikované Stéberovy metody ve skupiné prof. Maruszewskeho
(Politechnika Wroclawska) a charakterizovany vyse uvedenymi metodami. V nanokompozi-

tech byla potvrzena pfitomnost 5 nm nanocastic maghemitu s teplotou blokace a efektivni
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anizotropni konstantou vzristajici pro nanokompozity s vyssi koncentraci nanocastic, coz je

v souladu se zesilujicimi dipolarnimi interakcemi v koncentrovanéjsich kompozitech.

Préace [90] se vénuje pifipravé a magnetickym vlastnostem nanokompozitu € oxidu Zelezi-
tého v matrici amorfniho oxidu kfemicitého. Je popsana zcela nova metoda vyuzivajici mole-
kularniho prekurzoru, ktery obsahuje ionty Zelezité i stavebni jednotky matrice SiO5. Pomoci
této syntézy je mozné pripravit nanokompozit s vice nez dvojnasobnou koncentraci Fe,O5
oproti standardni metodeé sol-gel. Prace dale popisuje charakteristické magnetické vlastnosti
této metastabilni faze oxidu Zelezitého. Dalsi prace [91] vyuziva standardni metody sol-gel
pro pfipravu viceslozkového nanokompozitu Fe;O3-CeO2-SiO,. Cilem je optimalizovat zpt-

sob pripravy tak, aby byl dosazen maximalni vytézek faze e-Fe;Os.

Dalsi dvé préace popisuji pfipravu a studium strukturnich a magnetickych vlastnosti mag-
neticky separovatelného katalyzatoru na bazi v-Fe,O3 a TiO, [77]. Je popséna ekologicky
Setrna dvojkrokova syntéza, ktera spociva v pripravé nanokrystaltt maghemitu a jejich na-
slednému pokryti TiOs pomoci heterogenni precipitace TiOSO, mocovinou. Detailni cha-
rakterizace pomoci experimentalnich metod zminénych v tvodu této sekce je dopliieno o
studium fotokatalytickych vlastnosti nanokompozitu zihaného pfi riznych teplotach od 200
do 400 °C. Méfeni in situ a ex situ praskové difrakce na synchrotronu ANKA, Karlsruhe
umoznilo urceni fazového slozeni, velikosti a tvaru c¢astic a ovéreni struktury jadro-slupka

pomoci Debyeovy rovnice, vysledky jsou soucésti prace [92].

Posledni prace v této sekci se zabyva pripravou nanokompozitu chiralnich kapalnych krys-
talll a superparamagnetickych nanocastic 7-Fe;O3 [93], jejiz motivaci je intenzivni vyzkum
systémi s tzv. multiferoickou odezvou. Jedné se o materialy, které vykazuji vice nez jedno
feroické usporadani, nejcastéji (anti)feromagnetické a ferolektrické, idedlné s tzv. magneto-
elektrickou vazbou. Casto se jedné o podvojné oxidy pfechodngch kovil, nicméné roste zéjem
o pripravu hybridnich kompozitti spojenim dvou a vice materialii, kdy jeden je nositelem fe-
roelektrickych a druhy vhodnych magnetickych vlastnosti. Prace popisuje postup pripravy a
studium dielektrickych a magnetickych vlastnosti tohoto unikatniho kompozitu v zavislosti
na teploté a vnéjsim magnetickém poli. Byl nalezen optiméalni podil magnetické komponenty
- 5.6 %, kdy je zachovano unikatni elektrické usporadani ptivodnich kapalnych krystalt
(chiralni smektickad faze). Velikost magnetickych nanocéstic (4 nm) byla zvolena tak, aby
odpovidala co nejlépe velikosti jednotlivych molekul kapalnych krystalt (cca 1 nm), a proto
generovala co nejmensi podil poruch v usporddaném stavu. Magnetické vlasnosti kompozitu
odpovidaly de facto chovani samotnych nanocastic, pouze se snizujici se koncentraci na-

nocastic v kompozitu dochazelo ke snizovani teploty blokace z diivodu oslabeni dipolarnich
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mezicasticovych interakci. Interakce superspinu a polarizace se dosud nepodarilo prokazat.
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Abstract

We report on magnetic behavior of the electromagnetic compatibility (EMC) compound FF6.2 and composites prepared by the
modified Stéber method using FF6.2 as the magnetic ion-containing (Fe?" /Fe* ") precursor. The composites were characterized by the
X-ray diffraction analysis (XRD) and morphology of the magnetic powders was investigated by a scanning electron microscope (SEM)
and a high resolution transmision electron microscope (HR TEM). Magnetic properties of the materials were studied by measurements

of the magnetization, AC susceptibility and Mdssbauer spectra.
© 2006 Elsevier B.V. All rights reserved.

PACS: 75.75.+a; 71.20.Be
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1. Introduction

Recently, new class of materials with huge application
potential, the so-called electromagnetic compatibility
(EMC) compounds, was discovered by Kolodzej et al. [1].
The magnetic ion containing media are capable of
absorbing electromagnetic energy and have been utilized
as highly effective EM-field shielding. Our work was
motivated by current boom of nanoparticles investigation
due to unusual phenomena arising from finite size and
surface effects (like superparamagnetism, high-field irre-
versibility, poor saturation, extra anisotropy contributions
or shifted loops after cooling in a magnetic field) [2]. We
used the EMC precursor to prepare a new nanocomposite
system of promising physical properties.

2. Experimental and results

The nanocomposite powders have been prepared by the
Stober method [3]. The FF6.2 comprises Fe?> " /Fe’ " ions

*Corresponding author. Tel.: +420221911379; fax: +420221911617.
E-mail address: jana@mag.mff.cuni.cz (J. Vejpravova).

0304-8853/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jmmm.2006.11.106
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in a special organic polymer; its exact composition is
protected by the UK patent [1]. The FF6.2 constituent was
suspended in hexanol before adding to the sol; to keep a
clear notation the samples were labeled according to the
initial amount of FF6.2 suspension in ml: S100-S700.
Detailed synthesis procedure is presented in Ref. [4].

The scanning electron microscope (SEM) and high
resolution transmision electron microscope (HR TEM)
images illustrated the highly crystalline nature of the
nanoparticles (grain diameter of 5nm) embedded in regular
amorphous silica spheres (500 nm in diameter). The XRD
patterns showed the spinel structure of the magnetite
(Fe304) with very broad lines as expected for the nanosized
particles. However, the pattern of magnetite is almost
identical with that of maghemite and at this point we
cannot exclude, that composites comprise y-Fe>O3. Except
the broad peak arising from the amorphous matrix, no
additional phase was observed.

The Mossbauer spectra (MS) were collected at 4K and
300 K. Measurements were done in the transmission mode
with the >’Co in a Cr matrix as the source, standard-Fe foil
at 293K was used as the for the isomer shift (IS)
expression. The fitting of the spectra was performed with
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the NORMOS program. The room temperature MS can be
decomposed into one singlet and two sextets. The broad
singlet (IS =0.31 mm/s) represents a collapsed sextet
corresponding to the Fe in the particles, which are in the
SP state (fraction with the blocking temperature 7y below
300K). The broad sextet (IS =0.39mm/s, quadrupole
splitting QS = —0.01 mm/s, hyperfine field Bys=28.4T)
corresponds to Fe in the particles, with the Ty very close to
300 K. The second sextet (IS = 0.32mmy/s, QS = 0.00 mm/s,
By =42.7T) corresponds to the maghemite (y-Fe,Os)
due to IS = 0.32mm/s, which is the characteristic value
of Fe’*. The MS recorded at 4K can be fitted using two
sextets and a doublet. The sextets (IS = 0.47mm/s,
QS = 0.02mm/s, B =53.0T; IS = 0.43mm/s,
QS = —0.04 mm/s, Byr= 51.1T) correspond to Fe in the
tetrahedral and the octahedral coordination of the spinel
structure, respectively. The doublet occurs due to a small
amount of the superpara-magnetic phase (IS = 027 mm/s
and QS = 0.41 mm/s).

Magnetization (M) and AC susceptibility data were
recorded on commercial apparatus PPMS 9T (quantum
design) in the temperature ranges 2-350 K and magnetic
field up to 9T. The zero-field cooled (ZFC) and field-
cooled (FC) M(T) curves show typical features of a SP
system by means of furcating below 7Ty in contrast to the
FF6.2 data (Fig. 1a). The Ty values range between 75 up to
85K, however show no regular dependence on the initial
FF6.2 concentration. The estimation of Tj is very rough
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when considering the effect of particle size distribution and
magnetic field magnitude on the furcation point. We
propose that the 7y value observed by this technique
would correspond to the blocking process at 30 mT of the
particle fraction with the largest size in the whole sample.

The conclusion on SP behavior of the studied composites
is corroborated by the AC susceptibility data (Fig. Ilc).
Both, the real and imaginary response, exhibit a broad
maximum, which is systematically shifted to higher
temperatures with increasing AC field frequency. The data
were further analyzed with respect to the Arrhenius law [5]
yielding the values of the characteristic relaxation time, tq
and the energy barrier, E,. The values of E, slightly
increase with increasing the FF6.2 content, the 7, values
follow no monotonous trend reaching ~10~°s within the
whole series consistently with expectations for a system of
non-interacting SP particles. The AC response of the FF6.2
itself differs from the above-mentioned observations (Fig. 1d).

While the properties of the composites above T do not
vary notably with changing the FF6.2 concentration, the
parameters characterizing the blocked state are influenced
obviously, for the comprehensive summary, please see
Table 1. The hysteresis loops recorded at 2 K show that the
saturated magnetization value, M, »x increases consistently
with the increasing FF6.2 content up to 6.4 x 107> Am?/kg
in the S700 sample. In consistency, the remnant magnetiza-
tion values at 2K, My >k follow the analog trend ranging
from 0.5 x 10> Am?/kg in S100 to 6.5 x 107> Am?/kg in

700
MR
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Fig. 1. Comparison of composites and FF6.2 properties: (a) ZFC-FC curves (log scale in M). (b) magnetization curves at 2K. ¢, d-AC susceptibility:

(c) frequencies 13, 10%, 10*Hz, (d) 103 Hz.
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Table 1

€799

Saturated magnetization, M, »x at 2K; remnant magnetization, Mg, ,x at 2K, Tp estimated from the AC susceptibility, 7Tp,. and ZFC-FC
magnetization, Ty zrc_pc dependencies; results of the Arrhenius law fit, 7o, E,/kp

Sample M, 2k (Am*/kg) Mg, >k (Am?/kg) T, ac (K) Ts, zrc—rc (K) 70 (1077 x 5) E,lkg
S100 2x 1073 0.5x 1073 138 70 6.7 1836
$200 5% 1073 1.5x 1073 131 80 29 1878
S300 6x1073 25% 1073 130 85 1.7 1338
S500 8 x 1073 4x1073 174 70 1.6 1581
S600 11x1073 5% 1073 177 75 6.0 2249
S700 15x 1073 6.5x 1073 183 80 3.6 2875

S700, respectively. The hysteresis observed in the blocked-
state characterized by the coercivity force, H, is negligible
(~0.025T) and does not vary within the whole series (Fig. 1b).
The FF6.2. compound does not exhibit any remnant
magnetization and hysteresis.

3. Conclusions

Nanocomposite powders containing uniform iron oxide
nanoparticles (~5nm) dispersed in silica matrix were
investigated together with the initial magnetic dopant
FF6.2. Mossbauer spectra revealed superparamagnetism at
room temperature (very broad peaks) while the 4K
measurement showed majority of magnetically ordered
spinel structure. Magnetization and AC susceptibility
investigations supported SP behavior above the blocking
temperature (~80 K). T is more or less independent on the
concentration of the magnetic agent FF6.2 as expected due
to uniform size of FF6.2 particles accommodated in the
SiO, spheres. The saturated magnetization value increases
consistently with the increasing FF6.2 content; the remnant

151

magnetization values at 2K follow the analogues trend.
The hysteresis observed in the blocked state is almost
negligible. In contrast, the original FF6.2 do not exhibit SP
response and show no remnant magnetization. Detailed
investigations of dielectric properties are in progress.
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Abstract ¢-Fe,03/Si0, nanocomposite was prepared by
novel solgel method using single precursor for both nano-
particles and matrix. This method allows to prepare the
samples free of a-Fe,O3 with 40% of Fe,O5 in SiO,. Nano-
particles of 12 nm diameter were obtained by annealing at
1,000 °C. The samples were characterized by powder X-ray
diffraction and transmission electron microscopy. Mossbauer
spectroscopy identified e-Fe,O; as the only magnetically
ordered phase at room temperature. Magnetic measurements
revealed progressive necking of hysteresis loops measured at
300 and 2 K. In both cases the intrinsic coercivity reaches
only 0.25 T. Measurements up to 14 T shows monotonous
decreasing trend of saturated magnetization with increasing
temperature.
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1 Introduction

Iron (II) oxide forms two well-known polymorphs—the
maghemite (y-Fe,03), which is in fact a metastable phase,
and is transformed into the hematite (a-Fe,O5) at higher
temperatures. At certain conditions, the elusive ¢-Fe,O3 can
be obtained as an intermediate between these two phases.

Recently, the &-Fe,O; phase attracted much attention
due to its enormous room-temperature coercivity of about
2 T [1-3], and coupling of magnetic and dielectric prop-
erties, the so-called magneto-electric response [4]. Its
physical properties with large application potential stimu-
lated numerous investigations, however, majority of the
samples with the 2 T-coercivity reported at the room
temperature contained significant fraction of the o-Fe,O3
phase, as observed by powder diffraction experiments and
Maéssbauer spectroscopy.

Preparation of the single-phase ¢-Fe,O3 is without
question a crucial step limiting investigation of its intrinsic
physical properties.

The first preparation of this phase was reported by
Forestier and Guiot-Guillain in 1934 [5]. Consequently,
many different methods were developed in order to avoid
formation of spurious iron(IIl) oxide phases. Schrader and
Biittner [6] obtained &-Fe,O3; mixed with hematite and ma-
ghemite, by vaporizing iron in an electric discharge under
oxygen flux. Walter-Lévy and Quémeneur [7] obtained it
mixed with hematite by heating a basic sulfate salt. Traut-
mann and Forestier [8] reported the preparation of pure
&-Fe,O5 by boiling an aqueous mixture of potassium ferri-
cyanide, sodium hypochlorite and potassium hydroxide. The

@ Springer
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same procedure was used by Dézsi and Coey in 1973 [9]. In
1994 Niznansky et al. [10] showed that thermal stability of
metastable iron oxides can be enhanced by encapsulating of
nanoparticles in silica matrix. Formation of ¢-Fe,Oj in this
nanocomposite is assured by spatial limitation of nanopar-
ticles” growth. Fe,05/Si0, system was also studied Chanéac
etal. [11], and Viart [12]. They obtained ¢-Fe,O3 in mixture
with hematite. Hutlova [13] prepared mixture of & and
a-Fe,O5 by decomposition of Y3Fes0O;,/Si0, nanocompos-
ite. Most recently Jin et al. [ 14], used reverse micelle method
for preparation of ¢-Fe,05/Si0, nanocomposite and Kelm
and Mader [15] prepared ¢-Fe,O5 by internal oxidation of
Pd-Fe alloy and by thermal decomposition of mineral non-
tronite. Zbortil et al. [16] prepared e-Fe,O; mixed with
o-Fe,05 from y-Fe,O3 nanoparticles without a supporting
matrix.

In this work, we report a new approach to the prepara-
tion of magnetic nanocomposites for simple system Fe,Os/
Si0,. In contrast to above-mentioned preparation methods
dealing with this system, we use a single precursor in
which both functional groups for silica matrix and iron
oxide are present. The molecule serves as a brick for
building of the nanocomposite. The method assures better
homogeneity of sample and no spurious hematite is
formed. It is also expected that this preparation way can be
extended to a large set of doped systems in order to
enhance the magnetic and magneto-electric properties.

2 Experimental

The samples were reproducibly prepared by the sol-gel
method. Synthesis starts with the preparation of ethylene-
diaminetetraacetic acid (EDTA) dianhydride (2) from EDTA
(1). Ligand molecule (3) is synthesized by reaction of EDTA
dianhydride with (3-aminopropyl)trimethoxysilane (Fig. 1).
In order to determine the purity of synthesized molecules, 'H

Fig. 1 EDTA (1), EDTA
dianhydride (2) and ligand
molecule (3)

(CQDH
N\/C(I}I
N/\COO-l

—
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(399.95 MHz) and *C (100.57 MHz) NMR spectra (23 °C)
were recorded using Varian Unity INOVA 400 in following
solvent with the indicated internal standards (relative to
Me,Si): DMSO-dg, residual CD3SOCD,H (6 2.50) and
CD;SOCD; (8 39.47) for 'H and '>C NMR, respectively.
Ethylenediaminetetraacetic acid dianhydride (2) was
prepared according to a modified literature procedure [17].
About 20.0 g (68 mmol) of ethylenediaminetetraacetic acid
was suspended in 34 mL of pyridine (purified and dried by
destilation with metal sodium). To the stirred suspension at
65 °C was added 31 mL (313 mmol) of acetanhydride. After
2 days the product was collected by filtration, washed
4 x 50 mL of acetanhydride and 1 x 50 mL of diethyl-
ether, protecting the collected solid from the atmosphere and
dried at room temperature under vacuum to yield 15.0 g
(86%) of white powder: mp 188-190 °C (dec.); 'H NMR
(DMSO-dg) 6 (ppm): 2.67 (s, 4H, N—(CH,),—-N), 3.70 (s, 8H,
OOC-CH,-N), °C {'H} NMR (DMSO-d) J (ppm): 165.8
(s,~C0O0), 52.3 (s, OOC-CH,—-N), 51.2 (N-(CH,),—-N).
Ligand molecule (3). 1.5 g (5.9 mmol) of (2) was sus-
pended in 12 mL of dry dimethylformamide (DMF). To the
stirred suspension at 70 °C was added 2.1 g (11.7 mmol)
of 3-aminopropyltrimethoxysilane dropwise over S5 min.
After the addition of the amine the solid phase disappeared
and the reaction mixture became homogenous. After
30 min the reaction mixture was cooled to room tempera-
ture and 80 mL of acetone was added. White precipitate
was collected by filtration and washed by 10 mL of ace-
tone, protecting the collected solid from the atmosphere
and dried at room temperature under vacuum to yield 3.4 g
(94%) of white powder: '*C {'"H} NMR (DMSO-ds) o
(ppm): 177.1 and 173.3 (both s, C(0)X); 60.2 a 59.6 (both
s, CH,—C(0)X), 53.0 (s, N-(CH,),-N), 48.8 (s, OCH3),
4277 (s, C(O)NH-CH,), 25.1 (s, CH,—CH,-CH,), 6.4
(s, Si—-CH,). Splitting from 29Si was not observed.
Afterwards, the complexation of Fe(IIl) ions by (3) takes
place. The Si—~OCHj; bonds of this complex are subsequently

0 0
Hko HKNH/\/\SKO Me)s
N\/KO No__-CO0H
N/YO oo
H(o NH___~_-SOMe)s
o o
(2) (3)
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hydrolyzed and then condensation takes place. For com-
plexation a solution of 3.6 g of (3) (5.9 mmol) in 12 mL of
DMF was cooled in water/ice bath to 0 °C to prevent
uncontrolled hydrolysis and condensation of —Si(OCHj3)
groups. Then 2.3 g (5.9 mmol) of Fe(NOs3); - 9H,Oin 5 mL
of methanol was added dropwise over 5 min. The reaction
mixture was stirred for 15 min at this temperature and then
let warm to room temperature. Then the viscosity increased
and solid phase was formed after approximately 1 h after
addition of Fe(NOj); - 9H,O. Wet xerogel was left for
ageing at 40 °C for 2 days and then the reaction vessel was
opened and the liquid phase was evaporated which
took several days. Then the xerogel was progressively heated
up to 300 °C in vacuum and finally annealed at 1,000 °C for
1 h in air. The final molar ratio between Fe,O5; and SiO,
was 1:4.

EDX analysis was performed on Philips XL 30 CP oper-
ating at 25 kV, sample was studied in native form. The
electron microscopy was performed on final nanocomposites
deposited on a polymer film supported in a holed copper disk
by use of a JEOL JEM 3010 microscope operating at 300 kV
accelerating voltage. The size distribution was estimated
from a statistical count of the particles from several frames
taken on different parts of the samples.

Powder X-ray diffraction patterns of final nanocompos-
ites were recorded at room temperature using the Bragg-
Brentano geometry on a Philips X-pert using Cu-anode with
secondary monochromator.

Maossbauer spectra measurement were carried out in order
to determine iron oxides phase composition of final nano-
composites. The Mossbauer spectra measurement was
carried out in the transmission mode with °’Co diffused into
an Rh matrix as a source moving with constant acceleration.
The spectrometer (Wissel) was calibrated by means of a
standard o-Fe foil, and the isomer shift was expressed with
respect to this standard at 293 K. The fitting of the spectra
was performed with the help of the NORMOS program.

Measurements of the magnetic properties of the final
nanocomposites as functions of temperature and magnetic
field, respectively, were done using a commercial PPMS
and MPMS device from Quantum Design. The zero-field
cooled and field-cooled curves, and the frequency-depen-
dent a.c. susceptibility were recorded in the temperature
range 2-350 K. Hysteresis loops were measured at selected
temperatures up to magnetic fields of 14 T.

3 Results and discussion
3.1 EDX, powder XRD and TEM

In order to evaluate the composition of our samples we
performed an EDX analysis on two different areas of the
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ground sample. The results of EDX confirmed, that the real
composition corresponds to the calculated content of the
respective elements (calculated: O 65 at.%; Si 23 at.%; Fe
12 at.%; found: O: 65 at.%; Si: 24 at.%, Fe: 11 at.%).

Figure 2 shows diffraction pattern of final nanocom-
posite annealed for 1 h at 1,000 °C. Except a hump centered
around 22° due to amorphous silica, only &-Fe,O3 phase is
evident from XRD measurement. There is no diffraction
peak, which could be unambiguously attributed to «- or
y-Fe,0j3. Starting from the unit cell parameters of ¢-Fe,O;
[15], we successfully performed a pattern matching using
FULLPROF software. The fitted unit-cell parameters within
Pna2, space group (Rp = 14.1 and Rwp = 14.2) are given
in Table 1. Obtained lattice constants are similar to those
reported in the literature [15, 18].

Diffraction patterns of samples annealed at 900 °C and
lower temperature showed broad diffraction peaks which
indicates small iron oxide nanoparticles. Peaks can be
assigned to either y- or &-Fe,Os.

The size and shape of the e-Fe,O; particles were
determined by TEM (Fig. 3). Shape of particles varies
from globular without any developed crystal faces to rod-
like shape. Nanoparticles are homogenously dispersed all
over the SiO, matrix. Mean size of particle diameter was
estimated to be 12 nm (Fig. 4).

3.2 Mossbauer spectroscopy

In our particular case Mossbauer spectroscopy has better
detection limits of the iron oxide phases than powder XRD.
It works especially for bigger o-Fe,O; nanoparticles
[18, 19] due to lower blocking temperature 7g. The crystal
structure of &-Fe,O5; has four different Fe sites. Three of
them have octahedral coordination of oxygen atoms and
one has tetrahedral one. Thus, the Mdossbauer spectrum
measured on &-Fe,O; has four contributions from four
different Fe sites. The values of hyperfine field (Bys) and

. S-I:GZO3

1000°C, N e
.M/ M/\'me/\j\%’\/\“
900°CWWWWW '\M~ it \M
32000,41”" WW““WMMWMW&MW::

10 50
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T
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40
2 (%)

30 60 70

Fig. 2 Diffraction patterns of ¢&-Fe,05/SiO,
annealed for 1 h at 800, 900 and 1,000 °C

nanocomposites
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Table 1 Lattice constants of &-Fe,O3

a (pm) b (pm) ¢ (pm)
¢-Fe,05 511.12) 877.5(2) 948.6(3)
&-Fe,05 [15] 507.15(2) 873.59(4) 941.78(4)
&-Fe,03 [18] 509.5(1) 878.9(2) 943.7(3)

25

Fig. 3 TEM image of sample annealed at 1,000 °C for 1 h. Length of
the bar corresponds to 50 nm

50

40

w
o
1

% of particles
N
T
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0 4 $ ¢ ¢ l//‘1/ 2
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0 5 10 15 20 25 30 35 40 45 50
Particle diameter (nm)

Fig. 4 Particle size distribution of sample annealed at 1,000 °C for
lh

chemical shift of two of these sites are so close to each
other that they are fitted by one sextet (labeled as subsp.
1—Bys = 45 T). Third octahedral Fe site labeled as subsp.
two shows Bys = 39 T. Fourth Fe-site has tetrahedral
coordination (labeled as subsp. 3—Bys = 26 T). Each
measured spectrum was fitted by these three independent
sextets corresponding to magnetically ordered phase and
one doublet corresponding to magnetically non-ordered
phase which can be either nanoparticles of iron oxide in the

@ Springer
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Fig. 5 Mossbauer spectrum of sample annealed at 1,000 °C for 1 h

superparamagnetic state or isolated iron cations. Sample
annealed at 1,000 °C consists of three well defined sextets
corresponding to &-Fe,O; and one doublet (Fig. 5;
Table 2). Other sextet corresponding to o- or y-Fe,O3 were
not observed. On the basis of these measurements we can
exclude detectable amount of «-Fe,Os; in the sample.
Presence of y-Fe,O3 cannot be excluded due to doublet of
magnetically non-ordered iron (20% of spectral area).
There was no evidence of ferrous ions even at lower
annealing temperatures.

3.3 Basic magnetic characteristics

Selected results of magnetic characterization of the
obtained composites are presented in order to demonstrate
its physical properties in comparison to the &-Fe,O3-based
materials reported by other authors [1, 2].

The most outstanding is the poles-apart character of the
hysteresis curves with a pronounced necking, as demon-
strated in Fig. 6.

The room-temperature value of the saturated magneti-
zation, M, reaches 10 Amzlkg, which is twice larger than
the value reported by Kurmoo et al. [1], but counts only 2/3
of the 15 Am?/kg obtained at 7 T-field presented by Jin

Table 2 Fitted Mossbauer parameters

A (%) 1S (mm/s) QS (mm/s) By (T) I (mm/s)

Subspectrum 1 30 0.38(1) —0.24(1)  44.5(1) 0.57(1)
Subspectrum 2 27 0.38(1) —0.05(1)  38.9(1) 0.57(1)
Subspectrum 3 23 0.20(1) —0.15(1)  25.6(1) 0.57(1)
Para—superpara 20 0.36(1) 0.97(1) 1.89(1)

A stands for relative area, IS for isomer shift, QS for quadrupole
splitting, By for hyperfine field and I" for line width
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Fig. 6 Hysteresis loops measured at 2 and 300 K, respectively. The
upper panel demonstrates the full curves up to 14 T-field, the lower
panel depicts the detail of the coercivity

et al. [2]. The intrinsic coercivity value, H. = 0.25 T is
much suppressed in contrast to the 2 T-value published
previously [1, 2].

The 2 K-loop shows the M value of almost 13 Am*/kg
with intact coercivity. Both values are very similar to those
presented by Kurmoo et al. [2].

The observed necking of the hysteresis loops in our
sample is attributed to the fact, that the sample is composed
of a fraction of the well-formed ¢-Fe,O5 particles and a
fraction of y-Fe,O5 or very small superparamagnetic (SPM)
e-Fe,O5 particles entering a blocked state below ~50 K.
Considering the work of Ohkoshi et al. [20], the &-Fe,O3
phase forms only in a restricted interval of particle diameter,
d: —6v(c°*— o — ") < d < —6v(c”—a®)/(u*—pu°), where
o is the surface energy and u is the chemical potential of the
y, € and o phase, respectively, and v is the molar volume. If
the iron oxide particles do not develop homogeneously in the
whole sample volume during the annealing procedure, for-
mation of a minority amount of y-Fe,O3 particles with a
diameter below 3 nm is highly probable. However, it is a
question if all particles of the y-Fe,O; phase are small
enough so we cannot see magnetically ordered y-Fe,O;
(Bnsr ~ 49 T) by Mossbauer spectroscopy. On the other
hand, the maghemite nanoparticles of 3—-5 nm size are SPM
at room temperature and enter the blocking regime typically

below 50-100 K [21], so the low-coercivity phase in our
samples is the most probably y-Fe,O3 with grain size below
~4 nm.

The above-presented scenario is supported by the char-
acter of the temperature dependence of the zero field-
cooled (ZFC) and field-cooled (FC) magnetization and a.c.
susceptibility, presented in Fig. 7. The ZFC and FC curves
exhibit a symmetric anomaly at 100 K in agreement with
other reports [2]. In contrast, a broad shoulder appears on
the ZFC curve below 50 K, which turns to a monotonously
increasing tail on the FC curve. In context of other results,
this contribution is originated by SPM response of SPM
(maghemite) particles in our sample.

The real and imaginary part of the a.c. susceptibility,
respectively, exhibits a sharp anomaly at ~100 K and an
additional shoulder of SPM origin below 50 K. To support
the interpretation regarding the anomalies, we present a
detailed measurement of the frequency-dependent a.c.
susceptibility in Fig. 8. The 100 K-peak shows an anom-
alous trend with respect to the applied frequency (f) as
previously reported by Kurmoo et al. [2]; the peak shifts to
lower temperatures with increasing f-value. The SPM

0.12
0.10

S 008 |

=

£ 0.06 |

<

S 004 |
0.02 |
0.00
- A=03mT
5 f =07 kHz
©
:>< —e—
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Fig. 7 Temperature dependence of the zero-field cooled (ZFC) and
field-cooled (FC) magnetization recorded at 10 mT (upper). The
broad anomaly at around 50 K is attributed to the contribution of the
SPM particles in the composite. Temperature dependence of the real
(') and imaginary (') parts of the a.c. susceptibility recorded in zero
magnetic field (lower). The single sharp peak, present on both curves,
is attributed to the transition from the magnetically hard to the
magnetically soft regime, and coincide with the anomaly on the
ZFC-FC curves. The broad anomaly due to SPM contribution reflects
the ZFC magnetization data
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Fig. 8 Temperature dependence of the real (), upper) and imaginary
(", lower) parts of the a.c. susceptibility recorded in zero magnetic
field at various frequencies of the a.c. magnetic field with amplitude
of 0.3 mT. The arrows on the lower graph denote the shift of the
anomalies with increasing frequency

response is well evidenced from the standard behavior of
the broad maximum at lower temperatures (the anomaly
shifts to higher temperatures with increasing frequency in
consistency with the Neel-Arrhenius theory for SPM
relaxation).

In spite of reduced coercivity value observed, the
anomalous spin dynamics demonstrated by the a.c. sus-
ceptibility measurements proofs presence of the &-Fe,O5
phase in our sample.

4 Conclusion

In summary, we report a novel method for preparation of
high concentration &-Fe,03/Si0, nanocomposites free of
o-Fe,05. This elegant method is based on a freestanding
molecule, which is common precursor for both nanoparti-
cles and matrix and serves as a “brick” from which the
entire nanocomposite is built. Sample annealed at 1,000 °C
for 1 h exhibits coercive field of 0.25 T, which is probably
caused by fraction of y-Fe,O; nanoparticles in the super-
paramagnetic state. Further advantage of our preparation
method is that metal ions are completely surrounded by
organic shell, which camouflages their own properties and

@ Springer

prevents, in case of more than one metallic constituent,
agglomeration of ions of the same element. Another
advantage results from incorporation of the matrix and the
nanoparticle precursor into a single molecule preventing
inhomogeneities in distribution of the components in
xerogel caused by different properties of the organic and
the inorganic entities.
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ABSTRACT

We have investigated the processes leading to the formation of the Fe;03 and CeO, nanoparticles in the
SiO, matrix in order to stabilize the ¢-Fe,03; as the major phase. The samples with two different
concentrations of the Fe were prepared by sol-gel method, subsequently annealed at different
temperatures up to 1100 °C, and characterized by the Mossbauer spectroscopy, Transmission Electron
Microscopy (TEM), Powder X-ray Diffraction (PXRD), Energy Dispersive X-ray analysis (EDX) and
magnetic measurements. The evolution of the different Fe,O3; phases under various conditions of
preparation was investigated, starting with the preferential appearance of the y-Fe,05; phase for the
sample with low Fe concentration and low annealing temperature and stabilization of the major
e-Fe, 05 phase for high Fe concentration and high annealing temperature, coexisting with the most
stable o-Fe,03 phase. A continuous increase of the particle size of the CeO, nanocrystals with
increasing annealing temperature was also observed.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

In the last years, CeO,-containing materials have received a lot of
attention due to their diversity of applications in catalysis [1-3]
(component of commercial catalysts used for the reduction of CO,
hydrocarbons and NO, emissions from gasoline engines [4]), solid
oxide fuel cells [5] and in spintronic devices [6-8]. The CeO, is an
insulating material with high dielectric constant, unique UV absorp-
tion ability and high reactivity [9]; it crystallizes in the fluorite
structure with the cerium atoms in the cubic closed packed
arrangement and the oxygen atoms occupying the tetrahedral sites
[10]. The lattice parameter is similar to that of Si, which brings the
required compatibility necessary for potential application in the
spintronics [8].

Introduction of other metal ions into the ceria cubic fluorite
structure or creation of the CeO,-based mixed oxides leads to the
additional enhancement of their physical properties. For instance,
the usage of the pure CeO, in the oxygen storage capacity (OSC)
media is highly discouraged due to the poor thermal stability and
rapid sintering at high temperatures, which generally decreases
the OSC [11,12]. Substitution of the Ce** ion with the Fe>* ion in

* Corresponding author.
E-mail address: mantlikova@fzu.cz (A. Mantlikova).

0022-4596/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jssc.2012.03.022

cerium oxides leads to increase of the thermal stability and the OSC
of ceria and also reduces the costs of the OSC [11,13]. Also the
Fe,05-Ce0, composites have much higher catalytic activity in CO
oxidation than the individual pure CeO, and Fe,Os [14]. Another
example of modification of the physical properties is the appear-
ance or the reinforcement of the room temperature ferromagnetism
in the CeO, doped with transition metal ions [15-17].

Fe,03 is abundant in four polymorphs: y-Fe,03; (maghemite),
e-Fe, 03, p-Fe,03 and o-Fe,03; (hematite) [18-21]. The «-Fe,03
and y-Fe,03 are the most naturally abundant iron oxides that
exist both in bulk and nano-sized forms; whereas the -Fe,03 and
¢-Fe;03 were obtained in the laboratory only in the form of
nanosized objects. The maghemite and hematite have been well-
studied and extensively applied in industry as the magnetic
(y-Fe;03 [22] and o-Fe,03 [23]) or catalytic («-Fe;03) [24]
materials. Maghemite (y-Fe,03) has a defect spinel structure with
space group Fd-3m and reveals ferromagnetic ordering with a
Curie temperature, T, close to 928 K [20,21]. This phase is stable
only at temperatures below 720K and transforms into the
thermodynamically most stable phase—hematite «-Fe,O3 [21],
which crystallizes in a rhombohedral-hexagonal prototype cor-
undum structure with space group R-3c. The pure bulk hematite
exhibits a weak ferromagnetism with slightly canted spins with
the T, at 950 K, which transforms into the antiferromagnetic state
below the Morin temperature, Ty; =~ 250 K [25,26]. In case of the
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nanoparticles, the Ty, is either decreased or totally suppressed
[27]. Another two phases, f3-Fe;O; and ¢-Fe,03 are rare with
scarce natural abundance, thermally unstable and it is very
difficult to prepare them as single phases [28]. The f-Fe,03; phase
has a bixbyite cubic structure with the space group Ia3 and
displays antiferromagnetic ordering with the Néel temperature,
Ty approximately 119 K. At sufficiently high temperatures
(~770K), it also transforms to hematite [29].

The last polymorph ¢-Fe,03 represents an intermediate phase
during the thermal conversion from nano-sized y-Fe,;03 to a-Fe;03
accompanied with increase of the particle size [28,30]. Also the
adjacent branch of transformation between the epsilon and beta
phase with increase of the particle size has been observed [30].
The ¢-Fe,03 is highly interesting and important due to its large
room-temperature coercivity (up to 2T) [31] and presence of a
coupling of its magnetic and dielectric properties with a potential
usage in many applications such as magnetic recording, high-speed
wireless communication and electric/magnetic field-tunable devices
[32]. The crystal structure of the epsilon phase is described as
an orthorhombic non-centro-symmetric structure with Fe atoms
occupying four different crystallographic sites—one tetrahedral
and three different octahedral sites [28,33], belonging to the space
group Pna2;. It exhibits a ferrimagnetic ordering with T, near to
495 K and also typical magnetic phase transition appearing between
~ 100 and 150 K, which is connected with dramatic decrease of the
coercivity [28,34].

As was mentioned previously, the binary oxide composite
systems containing the iron oxide (especially hematite) and cerium
oxide, find applications in catalysts, because of their higher catalytic
performance in comparison to the pure «-Fe,03; and CeO, [14,35].
Creation of the nanocomposite system comprising the CeO, and the
¢-Fe;03 could, due to the high coercivity of the ¢-Fe,0s, extend
possible applications of such material due to enhancement of its
magnetic response. However, the preparation of the ¢-Fe,03 phase
is rather difficult because of its high thermal instabilities. The well-
known strategy of the ¢-Fe,0s stabilization is the growth of the
Fe,03 nanocrystals in an amorphous silica matrix under a specific
heat treatment regime [34,36], however, there are no reports on the
preparation of the ¢-Fe,O3; phase using this approach when intro-
ducing other oxide material, like the CeO, in our case. In our work,
we have focused on the stabilization of the metastable ¢-Fe,03
phase in the CeO,-Fe,03/SiO, nanocomposites. Our aim is to study
the influence of the preparation conditions (such as the concen-
tration of ions in the matrix and annealing temperature) on the
phase composition of the Fe,05 in CeO,-Fe,03/SiO, nanocomposites
and to determine the best conditions leading to the formation of
the ¢-Fe,03 phase with high room temperature coercivity in the
Ce0,-Fe,03/Si0, nanocomposites.

2. Experimental

The sol-gel method using tetraethoxysilane (TEOS), HNOs as
an acid catalyst, formamide as a drying control chemical agent,
and methanol as a solvent was used for the preparation of
nanocomposite CeO,-Fe,05/Si0, [37,38]. Fe(NOs3); - 9H,0 and
Ce(NO3); - 6H,0 were first dissolved in methanol. The Ce/Fe/Si
molar ratios were fixed to 1/1/20 and 1/2/9. The gelation time was
approximately of 24 h at 40°C. The samples (dimensions of
3 mm x 10 mm x 20 mm) were left one day for ageing. Then, they
were progressively dried at 40 °C for three days in flowing dry
N,-atmosphere. After drying, they were preheated first at 300 °C
in a vacuum for 2 h and then at various temperatures (950, 1050
and 1100 °C) under atmospheric conditions. The details of the
annealing regime, which was used for optimization of formation
of the ¢-Fe,03 [36] are summarized in Table 1. Final samples were
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Table 1

Course of annealing (annealing regime) of the samples to the final temperature,
Tr with the partial steps: r, heating rate with °C/min; d, dwell time in h; T, waiting
temperature in °C.

Te(°C) r T d r T d r T d r T d

950 1T 90 1 1 90 2 - . = = . -
1050 1 90 1 1 90 1 1 1000 1 1 1050 2
1100 1 90 1 1 90 1 1 1000 1 1 1100 2

represented by semi-transparent pieces of the size of about
1 mm x 3 mm x 7 mm and for needed characterization they were
powdered in agate mortar.

The samples were labeled accordingly to the Ce/Fe/Si ratio and
final annealing temperature as the low concentration series,
L consisting of the L950-L1100 samples, keeping the ratios of
Ce/Fe/Si=1/1/20 and samples with the high concentration of Fe
ions, H series composed of the H950-H1100 samples, with the
elemental ratio Ce/Fe/Si=1/2/9.

The samples have been characterized by several methods to
gain comprehensive amount of data enabling analysis of the
phase composition of obtained composites.

The Powder X-ray Diffraction (PXRD) was used for the determi-
nation of the phase composition and calculation of the apparent
particle size, dygp using the Rietveld refinement method implemen-
ted within the FullProf program [39]. Further evaluation of the PXRD
patterns with respect to the Fe,O3 phases was impossible because of
the prevalent contribution of the CeO, phase. The diffraction
patterns were measured at room temperature using Bruker diffract-
ometer AXS GmbH with the CuK,, radiation. The data were collected
in the 20 range of 10-80° with the step of 0.04°.

The Scanning Electron Microscope (SEM) Tescan Mira I LMH
with Energy Dispersive X-ray analysis (EDX) Bruker AXS was used
for the verification of the Ce[Fe/Si ratio in the samples. The
Transmission Electron Microscope (TEM) JEOL 100C operating at
100 kV was used for the direct observation of the particle
appearance in selected samples. The mean value of the particle
size, dtgm Was analyzed using the Image] software including more
than 100 particles in each TEM image.

The Mossbauer spectroscopy was employed as the only valu-
able experiment to resolve individual iron phase(s) in the sam-
ples. The measurement was done in the transmission mode with
57Co diffused into a Rh matrix as the source moving with constant
acceleration. The spectrometer (Wissel, Germany) was calibrated
by standard o-Fe foil and the isomer shift is related to this
standard at 293 K. The resulting parameters were determined
using the NORMOS program.

Magnetic measurements that served mainly as the comple-
mentary method to the Mdssbauer spectroscopy as the confirma-
tion of the suggested phase composition, were performed using
MPMS 7XL (SQUID) device (Quantum Design, San Diego) up to the
magnetic field of 7T in temperature range 2-400 K. The zero-
field-cooled (ZFC) and field-cooled (FC) magnetization curves
were measured in the dc magnetic field equal to 0.01 T. The
values of the coercivity field, H. and their temperature depen-
dencies were determined from the magnetization isotherms,
measured at selected temperatures in magnetic fields varying
up to 7 T in both polarities.

3. Results and discussion

3.1. Determination of the iron phases in the samples

The TEM performed at the L950 and L1100 samples confirmed
the presence of nanoparticles homogenously dispersed in the
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Fig. 1. TEM images of the L950 (a) and L1100 (b) samples together with the distributions of the particle diameters in the insets.

I (a.u.)

Fig. 2. PXRD patterns (grey) of the L1100 and H1100 samples with the result of
the Rietveld refinement (black). Bragg positions corresponding to the CeO, and all
four polymorphs of Fe,03 are depicted by different symbols.

amorphous silica matrix. Also the expected increase of the
particle size with increasing annealing temperature (Fig. 1) has
been observed.

The PXRD of all samples verified the presence of the CeO,
nanoparticles (NPs) and the amorphous SiO, matrix manifested
by the characteristic broad peak at 20 = 25° (Fig. 2). The evaluated
sizes of the CeO, NPs, dceo, are in agreement with the TEM results
(drem for the L950 and L1100 samples are 3.9 and 12.2 nm,
respectively), pointing at the increase of the particle size with
the annealing temperature (Table 2). The clear evidence of the
presence of the Fe,03; phase(s) has been observed on the H series
of samples. Because of the overlap of the Bragg peak position for
all the iron oxide phases, it was not possible to strictly attribute
the diffraction peaks only to a single phase, but any coincidence of
the presence of the y, o, f, and ¢ phases could not be neither
confirmed nor omitted by this measurement. The presence of the
some iron oxide phase in the L series is manifested only by a
single peak at 20=35.5°, thus any evolution of the data is
impossible (Fig. 2).

To specify the presence of the particular Fe,O3 phases in the
samples, the room temperature Mossbauer spectroscopy has been
used. The measured spectra for the L1050 and H1050 samples are
depicted in Fig. 3 and the resulting fitted parameters are listed in
Table 3. In the case of the L950 sample, the analysis of the

Table 2
The ratios of the elements in the samples, obtained from the EDX, the Ce/Fe and
Si/Ce ratios, the average size and lattice parameters of the CeO, nanoparticles,

dceo, and aceo, together with the temperature of the M(T) maxima for the super-

aramagnetic, Toby, and ¢-Fe, 05, T<F%% phases.
2Y3y I max

Sample CefFe Si/Ce dceo, (NM) qcy, (A) TSh, (K) TEF2: (K)
L950 13 19.3 3.8 5.414 14 -

L1050 1.2 18.5 6.6 5.420 42 97

L1100 1.2 18.3 9.4 5.424 56 100

H950 0.4 93 140 5.418 - 140
H1050 04 85 21.0 5.419 - 145
H1100 05 9.7 300 5.418 - 145

Mossbauer spectra was only qualitative because of the low
relative mass of the iron oxide in the sample. Generally, the
method provided the results suggesting the presence of the
¢-Fe,03 phase in most of the samples and pointed at the existence
of an additional iron oxide phases both in the L and H series.
The detail process of the fitting procedure of the epsilon phase
was following. The Mdéssbauer spectra of the ¢-Fe,03 consist of
the four subspectra belonging to the four different crystallo-
graphic sites, three octahedral and one tetrahedral. Because the
two octahedral sites display nearly the same Mossbauer para-
meters (By=44.5T [33]), they were fitted using only one sextet
(assigned to Op1). Due to the equal occupancy of different crystal-
lographic sites, the intensity ratios were fixed to 2:1:1, assuming
the same recoiless factor. The parameters of the ¢-Fe,03 phase
detected in all samples are in good agreement with those
published by other authors [28,30]. In case of the whole H series,
the stable a-Fe,O3; phase has been detected (typical parameters
By=51.6T and 2¢=—-0.2 mm s~!) besides the ¢-Fe,05, with the
dominating attendance with increasing annealing temperatures.
The presence of the ¢-Fe,03 phase has been therefore confirmed
for the L1050 and L1100 samples and has been strictly elided for
the L950 sample where only the y-Fe,03; phase has been detected.
In both the L1050 and L1100 samples the presence of doublet has
been identified as the -Fe,03; phase and additional sextet in the
L1100 sample has been assigned to the «-Fe,03 phase.

The temperature dependencies of the magnetization for the
L and H series are depicted in Fig. 4(a) and (b), respectively.
The magnetic properties of the samples with different concentra-
tions of Fe, annealed at different temperatures reflect well the
phase composition determined by the Mdssbauer spectroscopy.
The L series exhibit a typical superparamagnetic (SPM) behavior
with the mean blocking temperature, Tz increasing from 14 K
for the L950 sample up to the 56 K for the L1100 sample.
This increase proves the increase of the mean particle size with
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Fig. 3. Mossbauer spectra of the L1050 (a) and H1050 (b) samples. Subspectra
represent individual iron oxide phases.

increasing annealing temperature, as was suggested also for the
CeO, NPs by TEM and PXRD measurements. The L950 sample
exhibits pure (SPM) behavior, which confirms the presence of
only the y-Fe,03 phase and absence of the ¢-Fe, 03, in consistency
with the Mdssbauer spectroscopy.

The temperature dependencies of both the L1050 and L1100
samples embody magnetic transition at around 100 K that is a
typical feature of the ¢-Fe,03 [28,30,34,40,41] phase and the
apparent traces of transition at ~ 50K point at the presence of
p-Fe,03. Despite the occurrence of the ¢-Fe,03 phase at higher
temperatures and presence of the y-Fe,05 phase at low tempera-
ture in the L series, the formation of the different iron oxide
phases is more uniform in case of the H series. A clear evidence of
the magnetic transition between 100 and 150 K attributed to the
¢-Fe;03 phase with negligible sign of SPM behavior dominates.

Further examination of the magnetization isotherms was also
in agreement with the determined phase composition of the
samples. The dominant content of the e-Fe,O; phase in the
H series samples has been manifested by the large room tem-
perature coercivity, H,, which increases with the increasing
annealing temperature; from 0.85T for the H950 sample, 1.5T
for the H1050 sample up to 2 T for the H1100 sample, respec-
tively. The value of the H. mostly corresponding with the previous
studies of the ¢-Fe,03 [28,31,39] has been observed for the H1100
sample. The continuous decrease of the H. for the L950 sample
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Table 3

Room temperature Mossbauer parameters. The isomer shift J, quadrupolar shift,
2¢ or quadrupole splitting, AEq, hyperfine field, By full width at half maxima,
FWHM and the interpretation of the spectra. The Fe>* 0y, Fe>*+ 0y,, Fe** T, belong
to the ¢-Fe,03 phase.

Sample  Sub. ) AEq/2€ By FWHM R. Interp.
(mm/s) (mmfs) (T) (mmfs) area
(%)
L1050 1 0.38 0.76 N/A 0.41 49.8 p-Fe,03
2 0.39 -0.29 441 0.75 Fe3* 0y,
3 035 —0.03 386 0.53 502  Fe3*Op,
4 0.18 -0.15 25.8 0.60 Fe3*+ Ty
L1100 1 0.38 0.74 N/A 0.36 47.4 B-Fe, 03
2 0.37 -0.19 51.6 0.36 18.5 o-Fe, 03
3 0.41 —-0.25 44.0 0.42 Fe3*+ 0y,
4 0.37 0.00 387 0.40 341 Fe*tO0p
5 0.17 -0.19 259 0.38 Fe3*+ Ty
H950 1 0.37 -0.21 51.2 0.29 59.2 o-Fe; 03
2 0.38 —-0.26 44.6 0.59 Fe3* 0,
3 0.36 —0.02 388 0.53 408 Fe*tOp
4 0.19 -0.13 26.2 0.55 Fe3*+ Ty
H1050 1 0.37 -0.20 51.6 0.26 67.1 o-Fe, 03
2 0.38 —025 447 0.46 Fe3 T 0p,
3 0.36 0.02 389 0.47 329 Fe3* 0y,
4 0.15 -0.23 26.1 0.56 Fe3*T,
H1100 1 0.38 -0.21 51.6 0.26 70.5 o-Fe, 03
2 0.36 -0.22 44.9 0.37 Fe3* 0y,
3 0.36 0.04 39.0 0.42 29.5 Fe3* 0y,
4 0.14 ~023 262 035 Fe3+T,
12 - a —— L950
°
=
o~
E
<
=
°
=
o~
13
<
=
—— H950
—=— H1050
0.0 —— H1100
0 50 100 150 200 250 300

T(K)

Fig. 4. Temperature dependencies of ZFC and FC magnetization of the L (a) and H
(b) samples measured at 10 mT.
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Fig. 5. Magnetization isotherms of the L (a) and H (b) samples measured at 300 K
with the temperature dependencies of the coercivity, H. in the insets.

from its maximum value at low temperatures (below Tg) to the
almost zero value at room temperature confirms the majority of
the SPM (y-Fe,03) phase in the sample (Fig. 5). The temperature
dependence of the H. for the L1050 sample already exhibits a
little increase above 150 K, which is the consequence of the
presence of the ¢-Fe,O3; phase in the sample, as was suggested
by the Mossbauer spectroscopy. The room temperature magneti-
zation isotherm of the L1100 sample shows large ‘“necking”,
which results to strongly reduced value of the H, that would be
expected for pure ¢-Fe,0s3, which is again the effect of the
presence of the additional, superparamagnetic iron oxide allo-
morph in this sample [36].

3.2. Scenario of the stabilization of the iron oxide phases in the
samples

The observed results suggest the possible scenario of the
evolution of the ¢-Fe,O3; phase, based on the increase of the
particles size, that seems to be one of the leading factors
implicating the formation of the individual iron oxide phases.
The typical evolution of the particular iron oxide phase with
increasing size, already reported in literature starts with the
y-Fe, 03 phase with subsequent transformation to the allomorphs
¢ and f and final transformation to the stable o, hematite phase
(y—e—>(p)—a)[28,30,39].

As was presented in the previous paragraphs, the Mossbauer
spectroscopy together with the analysis of the magnetic measure-
ments demonstrated that the evolution of the iron oxide phase
in the low concentration L series of samples begins with the
y-Fe, 03 for the lowest annealing temperature, 950 °C with further

transformation of nanoparticles in the fS-Fe,O; and ¢-Fe,03
phases in case of the L1050 sample and subsequent creation of
the «-Fe,03 phase at the expense of the ¢-Fe,O3; phase for the
L1100 sample. The creation of the ¢-Fe,03; phase is connected
with the increasing particle size due to the increasing annealing
temperature, as was suggested by the comparison of the crystal-
lite size of CeO, NPs observed by TEM and PXRD up to the
maximum size limit, where the more stable «-Fe,03 phase
preferably arises.

In case of the H series, the size of the nanoparticles increases
with respect to the L series due to the higher concentration of
iron, allowing the creation of the ¢-Fe,O3 phase even at lower
annealing temperatures. The size limit of the NPs has been also
exceeded to enable simultaneous formation of the most stable,
«-Fe, 03 phase. The coexistence of the o-Fe;03 and ¢-Fe,03 phases
could not be verified only by examining the magnetic properties,
where only the ¢-Fe,03 phase is detectable, but the Mdssbauer
data clearly acknowledged the presence of this phase, with
slightly increasing attendance according to the increasing anneal-
ing temperature.

The optimal conditions for the formation of the e-Fe,O3 phase
with the minimization of the presence of other Fe,Os; phases
are the high concentration of Fe in composite (Ce/Fe/Si ratio
equal to 1/2/9) and high final annealing temperature, equal to the
1100 °C in our case, in order to keep the particle size at the values
allowing both the formation of the metastable ¢-Fe,O3; and
preventing domination of the stable «-Fe,O3; phase.

4. Conclusion

In summary, we have focused on the stabilization of the
¢-Fe;05 phase in the Fe,03-Ce0,/Si0, nanocomposites varying
the conditions of preparation as follows: (1) the concentration of
the iron in the composites was adjusted in the Ce/Fe/Si ratio equal
to 1/1/20 and 1/2/9, respectively, and (2) the different final
annealing temperature from 950 °C to 1100 °C was applied. The
evolution of the Fe,03 phases followed the phase transformation
sequence y—¢—(ff)—a with increasing size of the nanoparticles,
which is the limiting factor for the formation of the individual
iron oxide phases.

The Mossbauer spectroscopy has been the key method in the
phase determination; the Transmission Electron Microscopy and
the Powder X-ray Diffraction have been used as the complemen-
tary methods for the specification of the size of the CeO,
nanoparticles, confirming the increase of the particle size with
increasing annealing temperature. The measurements of mag-
netic properties served as the final confirmation of the phase
composition of the samples and were in the perfect agreement
with the Mossbauer spectroscopy data.

In case of the L series (with the lower concentration of the
Fe ions), the superparamagnetic, y-Fe, 03 phase has been detected
as a single iron oxide phase in the L950 sample, containing the
smallest particles. Increase of the annealing temperature mani-
fested by the increasing particle size led to the transformation to
the ¢-Fe,03 phase and creation of the f-Fe,03 phase in the L1050
and L1100 samples with traces of the «-Fe,03 phase in the L1100
sample.

The higher concentration of the Fe ions in the H series resulted
into further increase of the particle size, which resulted in
elimination of the superparamagnetic phase and significant
increase of the amount of the ¢-Fe;03 in the samples. The highest
value of the room temperature coercivity, H. has been observed
for the H1100 sample. Therefore, the most optimal conditions for
the stabilization of the ¢-Fe,03 phase by the sol-gel method are
the high concentration of the Fe ions (Ce/Fe/Si ratio equal to the
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1/2/9 in our case) and high annealing temperature (equal to the
1100 °C).
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Synthesis of magnetically separable photocatalytic active composite y-Fe,03@TiO, is the main objec-
tive of this work. In the first step, maghemite nanoparticles were prepared by a precipitation method
and consequently covered by the citric acid in order to adjust the zeta-potential of the particle surface.
The magnetic carrier was enfolded by TiO, via heterogeneous precipitation of TiOSO4 using urea as a
precipitation agent. The procedure was designed to minimize the production costs in order to be eas-
ily transferred into the industry scale conserving the high quality of the photoactive product. Nontoxic
element oxides were used because of the ecological acceptance. Various methods were employed to
characterize and study the intermediate (magnetic nanoparticles) and final materials (TiO,-maghemite
composite), respectively. Moreover, the influence of the subsequent annealing on the structure, phase
composition and properties of the products is discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide is nowadays a well-known and commercially
used photocatalyst. The possibilities of application of this mate-
rial are being investigated since early 1970s of the 20th century
after a pioneering work by Fujishima [1]. A partial technological
complication in the promising application of the TiO, for aqueous
solution cleaning is a residual powder dispersion in water after the
photocatalytic decomposition of an organic impurity. The problem
can be solved by the use of a functionalized titania composites;
for example, resistant surface layers adsorbed on the apparatus
walls, hollow spheres with titania surface layers that can float on
the water, and magnetic carrier - titania composites [2].

The magnetic nano(micro)crystals are promising carriers
that can simply load the active compound. For example, the
maghemite-silica core-shell nanoparticles with a surface modi-
fied by amino-groups are usable for biomedical species grafting [3],
other functional systems are magnetic oxide/gold/silica composites
and magnetic oxide/silica/photoluminiscent composites [4].

The motivation of our work is to employ the magnetic parti-
cles for caring the active photocatalyst. Recently, several authors

* Corresponding author at: Academy of Science of the Czech Republic, Institute of
Inorganic Chemistry, v.v.i., 250 68 ReZ, Czech Republic.
E-mail address: tyrpekl@iic.cas.cz (V. Tyrpekl).

0169-4332/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2010.12.110

focused on this topic; most of them used the well-known sol-gel
process with various precursors, mainly Ti(OC3H7)4 (titanium iso-
propoxide) and Ti(OC4Hg)4 (titanium n-butoxide), for deposition
of TiO, on the surface of the magnetic core. For example, Fu et al.
reported the synthesis of BaFe1,019/TiO, via sol-gel process with
PEI (polyethyleneimide) as the zeta-potential modifier of the mag-
netic nanoparticles [5,6]. Other zeta-potential modifier was a thin
layer of SiO, gel (p.z.c.=2.5) published by Lee et al. in the system
BaFe;,019/Si02/TiO,, where the silica layer was deposited by the
conventional Stéber method and the TiO, layer was deposited using
the acid-catalyzed sol-gel process [7]. This idea is also used in the
preparation of the Fe304/SiO,/TiO, composite reported by Wat-
son et al. [8]. A different procedure is based on reactions in the
microemulsion system, for example a NiFe;04/TiO, powder was
prepared in a mixture of isooctane (oleic phase), AOT (dioctylsul-
foccinate sodium salt - surfactant) and a metal salt solution as the
oxide precursors, and TiCly as the TiO, precursor [9,10].

The goal of our approach is to avoid the sol-gel process in
the synthesis due to the high price of the initial alkoxides. Other
advantage is the lack of expensive polymers for the zeta-potential
adjustment. We also discarded a possibility of preparation in
microemulsion due to the high amount of nonaqueous solvents,
reagents and low efficiency.

In our work, a simple ferric oxide, y-Fe, 03 was used as the mag-
netic material for its low price, simplicity and non-toxicity. After the
surface modification by citric acid, the magnetic carrier was cov-
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ered by a photocatalyst layer using a homogeneous hydrolysis of a
metallic salt solution by urea [11].

2. Experimental
2.1. Synthesis and materials

10.01g of FeS0O4-7H,0 (Fluka) and 8.08g of Fe(NOs3)3-9H,0
(Fluka) were dissolved in 50 ml of water that was previously bub-
bled by nitrogen gas in order to eliminate oxygen gas dissolved in
water, and to fix the Fe2*/Fe3* ratio in 1:1.8. The iron salts solution
was slowly added to a deoxygenated 400 ml solution of NH,OH
(Fluka) and was homogenized using a magnetic stirrer. When the
iron salts solution was added, the reaction was kept under mag-
netic stirring and nitrogen atmosphere for 5 h. After that, pH of the
dispersion was adjusted to 2 and 4 g of sodium citrate (Sigma) were
added and heated until 80 °C. The temperature was kept for 30 min
while the dispersion was being stirred. Several cycles of centrifuga-
tion at 5650 x g were done to purificate the sample from impurities,
and one cycle of centrifugation at 2500 x g was done in order to
eliminate large aggregates.

1.02 g of the as-prepared magnetic nanocrystals was dispersed
in 11 of distilled water that contained 4 ml of pure H,SO4 and 1.22 g
of TiOSO4 (both by Fluka). After dissolution of TiOSQy4, 30 g of urea
(Fluka) was added. Under vigorous stirring, the temperature of the
mixture was adjusted to 90°C and the reaction was kept until the
pH reached 6-7. Final precipitate was washed several times and
dried at 100°C. Sample was also annealed at 400 and 600 °C for
30 min (with the heating rate of 2.5 °C/min).

2.2. Experimental methods

2.2.1. X-ray powder diffraction

The X-ray measurement was performed at ANKA synchrotron,
FZK in the Bragg A-Brentano geometry using the wavelength
of 1.00789A. The primary beam was mono-chromatized by a
2 x (11 1)Si monochromator and the diffracted radiation was mea-
sured by a point detector equipped with analyzer. The phase
analysis was performed using the PDIFF database, and the XRD data
were further analyzed using the FullProf software [12].

2.2.2. Electron microscopy

Scanning electron microscopy investigations were done on SEM
Philips XL 30 CP equipped with EDS (energy dispersive X-ray spec-
trometry), secondary and back-scattered electron detectors and
Robinson detector. Powder sample was gripped on the holder with
adhesive carbon slice and covered by thin (<10 nm) Au/Pd layer.

Microscale morphology was examined by high-resolution
transmission electron microscope HRTEM JEOL JEM 3010 and con-
ventional TEM Philips 80 kV. Copper grid coated with a holey carbon
support film was used to prepare samples for the TEM observa-
tion. A powdered sample was dispersed in ethanol and dropped on
the grid. Electron diffraction was analyzed by process diffraction
software [13].

2.2.3. Zeta-potential measurements

The surface charge was measured by Zeta-Sizer NanoZS
(Malvern) based on electrophoretic mobility of the nanoparticles
in aqueous media at different pHs. Each measurement was per-
formed in an aqueous solution with a constant ionic strength (in
0.01 M KNO3), pH was adjusted by adding drops of KOH or HNO3
solution.

2.2.4. Maéssbauer spectroscopy
Mossbauer spectra were done on a Wissel apparatus in the
transmission mode with 7 Co diffused into a Cr matrix as the source
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moving with constant acceleration. The spectrometer was cali-
brated by means of a standard a-Fe foil and the isomer shift was
expressed with respect to this standard at 300 K.

2.2.5. Photocatalytic activity

Photoactivity measurements were performed on a home-made
photoreactor [14]. Adegradation of 4-chlophenol in an aqueous dis-
persion of the photocatalyst under UV irradiation was monitored.

A

F

Spot Maan Dot 500 nm

2.0 B0000x SC MagCit-Alex

Fig. 1. Transmission electron microscopy of magnetic nanoparticles y-Fe;03 with
modified surface.
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At desired time, 1 mL of suspension was taken up and analyzed by
HPLC. The detailed description of the experimental conditions was
published earlier by Lukac et al. [15].

2.2.6. Specific surface area

Surface areas of the samples were determined from nitrogen
adsorption-desorption isotherms at liquid nitrogen temperature
using a Coulter SA3100 instrument with the outgas 15min at
120°C. The Brunauer-Emmett-Teller (BET) method was used for
surface area calculation, and the pore size distribution (pore diam-
eter and pore volume of the samples) was determined by the
Barrett-Joyner-Halenda (BJH) method [16].

3. Results
3.1. Magnetic nanoparticles

The results of the electron microscopy study of the citric acid
coated magnetic carrier particles are shown in Fig. 1. Nanocrys-
tals are of a round shape with diameter around 10nm (Fig. 1A).
Fig. 1B presents a detail of the nanoparticle structure with depicted
maghemite crystal lattice planes (2,0,6) with the corresponding
interlayer spacing of 0.295 nm. A rough view on the material’s mor-
phology is demonstrated by the SEM micrograph in Fig. 1C. The
particles are of homogenous size distribution and well separated.
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Fig.2. (A) Powder diffraction pattern of maghemite particles; (B) Mossbauer spectra
of maghemite particles.
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Fig. 3. (A) Hysteresis loops of y-Fe,03 particles at 2, 150 and 300K; (B) magneti-
zation dependence on temperature, without external magnetic field (ZFC) and with
external magnetic field (FC).

Surface area of the magnetic particles calculated by BJH-desorption
method is 121.9 m?/g.

The phase and crystal structure of the magnetic material
was determined by X-ray powder diffraction (Fig. 2A). The pure
maghemite phase was identified (PDF 24-0081).

Because of partial overlap of the magnetite and the maghemite
XRD powder patterns, a series of Mossbauer measurements were
performed (shown in Fig. 2B). Analysis of the Mossbauer spectra at
room temperature is reported in Table 1. The sextets nos. 1 and 2
correspond to the maghemite phase, the doublet corresponds to a
superparamagnetic phase and the singlet was considered to be the
background contribution. The unsymmetrical shape of the peaks is
typical for maghemite structure containing vacancies. The results
clearly demonstrate, that the particles prepared by the same pre-
cipitation way as magnetite are unstable in aqueous solution and
fully oxidized in maghemite.

A smart way to prove the presence of citric acid on the surface
of nanocrystals is the zeta-potential pH titration of the coated and
uncoated particles, respectively, as shown in Fig. 4. The point of
zero charge (p.z.c.) of the uncoated particles is around pH=6. It
means, that under pH =6, the particle surface is positively charged
and over pH=6, it is opposite. In the case of coated particles, the
p.z.c. is shifted into more acidic conditions around pH 2. Thus, the
coated particles are negatively charged in almost whole range of pH,
which is crucial for the precipitation of TiO,. The p.z.c. of freshly
precipitated titanium dioxide is 6 [17], and around pH 3 when
it starts to precipitate, it has positively charged surface. There-
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Fig. 4. Zeta-potential measurements of coated and uncoated magnetic particles at
various pH values.

fore, the fresh positively charged TiO, particles are dragged onto
the negatively charged maghemite surface. This mechanism suc-
cessfully leads to the formation of the core-shell y-Fe,03@TiO,
composite.

Fig. 3 shows a bunch of magnetic studies of the surface-modified
maghemite nanocrystals. The hysteresis loop measured at differ-
ent temperatures is shown in Fig. 3A. A rather small coercive field
(H¢) was observed, as expected for the 10nm large maghemite
nanocrystals. A partial reduction of the H¢ value can be ascribed
to a superposition of a contribution of a hysteresis-loss superpara-
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Fig. 5. Diffraction patterns of the three composite samples. The Bragg positions
of the hematite, rutile, anatase and maghemite, respectively, are depicted in the
bottom diagram. Significant Bragg’s reflections of the dominating TiO, and Fe;03
phases are depicted in the MagCit100 and MagCit 600 diffractograms (A: anatase,
R: rutile).
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50 nm

Fig. 6. Morphology of y-Fe,03@Ti0,-100°C composite. (A) and (B) Transmission
electron microscopy; (C) scanning electron microscopy.

magnetic fraction however, a large Hc value is not a crucial factor
for the ideational application.

Fig. 3B represents a temperature dependence of magnetization
recorded in a field of 5 mT under zero field cooled and field cooled-
regime. The results are typical for a nanoparticle system with a
relatively broad particle size distribution, which is in conformity
with the simplicity of preparation method.

3.2. y-Fe,03@TiO, composite

The final phase composition of the composite material com-
prises the anatase (PDF 73-1763) and maghemite (PDF 24-0081),
respectively, and remains intact when annealing the product from
100 to 400°C. The higher annealing temperature results in better
crystallinity and increase of the particle diameter as can be followed
from the XRD patterns (Fig. 5A). The sample heated at 600 °C; how-
ever,completely transferred into hematite (PDF 24-0072) and rutile
(PDF 78-1508).

The composite morphology (sample dried at 100°C) is shown in
Fig. 6. The HRTEM micrograph (Fig. 6A) shows a needle-like TiO,
particles, which surrounds the darker maghemite crystals. A better
contrast between the titanium dioxide (lighter gray) and iron oxide
(darker gray) phase was achieved by a low voltage high contrast
TEM (Fig. 6B). The SEM picture (Fig. 6C) shows a good homogeneity
and fineness of the composite powder.



4848 V. Tyrpekl et al. / Applied Surface Science 257 (2011) 4844-4848

Table 1
Interpretation of the Mdssbauer spectra of the magnetic nanoparticles.
Isomer shift § Quadrupole Hyperfine Relative
[mm/s] splitting o [mm)/s] field By [T] content [%]
Sextet 1 0.32 —0.004 47.75 12.2
Sextet 2 0.33 -0.033 43.27 12.9
Doublet 0.38 0.745 - 16.5
Singlet 0.28 - - 58.4
1.04 N — & T D Properties of the carrier crystals before phase transformation are
efficient enough to master the possible magnetic applications.
-~ 5. Conclusions
= This communication describes a new synthesis of a magnet-
Q 08 ically separable photocatalyst for the decomposition of organic
B impurities. The chemical processes of the magnetic/photocatalytic
g composite synthesis are based on metallic salt solution precip-
= itation. The desired surface charge is achieved by the surface
£ modification with citric acid and exact pH. The as described condi-
§ __ tions lead to the specific electrostatic attracting of the maghemite
8 06 —®—MagCit+Ti and titania nanocrystals yielding the desired core-shell compos-
—®— MagCit+Ti-400 ite structure. The good crystallinity of the TiO, photocatalyst is a
MagCit+Ti-600 crucial step for the effective catalytic activity. The presented syn-
0 80 120 180 240 300 thesis routes are cheap and ecological, and offer smooth possibility

Irradiation Time (min)

Fig.7. Photocatalytic activity of y-Fe; 03 @TiO,-100 °C-600 °C samples measured by
4-chlorphenol decomposition.

Surface area of the dried sample is 121.0m?/g. This fact is
definitely favorable for high catalytic activity. The time depen-
dence of the relative concentration of 4-chlorophenol (4-CP) for
the samples dried at 100 °C and heated to 400 and 600 °C, respec-
tively, is depicted in Fig. 7. The first sample y-Fe,03@TiO,_100°C
has an insignificant photocatalytic activity due to the low crys-
tallinity and therefore not a well developed electronic structure.
The sample y-Fe;03@Ti0,-400°C is of the highest photoactivity.
The well-crystallized anatase particles can effectively decompose
the organic compound in the solution. Simple first order kinetics fit
was applied to this data and resulted in the (9.5 +0.3) x 10~ min~!
rate constant. As expected due to the induced phase transforma-
tion, the sample y-Fe,03@Ti0,_600°C consisted of hematite and
rutile which have lost all the photocatalytic activity.

4. Discussion

All the results showed that a simple precipitation of titanyl
sulphate could be sufficient method for the preparation of TiO, lay-
ers on magnetic nanocrystals with desired morphology. The heat
treatment increases the photoactivity until the point of the crys-
tallographic transformation of both materials (magnetic oxide and
titanium oxide), which seems to take place at similar temperature.

of industrial production of this type of composite materials.
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Phase changes in Fe,O3; and Fe,O;/TiO, nanoparticles
were studied by X-ray diffraction. Because of a very
small size of the particles, standard methods of data
analysis based on the physical broadening of lines and in-
strumental function fail and calculations based on the
Debye formula were used instead. The measured data
from both types of particles were analyzed assuming a

1 Introduction Understanding the structure of Fe,O;
and Fe,O;/TiO, nanoparticles is necessary for studying
their properties. Fe,O; nanoparticles are interesting be-
casue of the metastable g-Fe,Os phase of iron tri-oxide. It is
an intermediate product of the y-Fe,O; (maghemite) to o-
Fe,0; (hematite) solid-state transformation, and can be iso-
lated only in a form of nanoscaled objects [1-6]. The phase
attracted much attention due to its enormous room-
temperature coercivity of about 2 T [2-4], and a low-
temperature collapse of magneto-crystalline anisotropy due
to strong suppression of the spin-orbital interaction [7].
The main goal of our research was to optimize a high-yield
preparation procedure of the e-Fe,O; by the investigation
of the ex-situ prepared samples in order to determine influ-
ence of the particle size on the Fe,O; phase composition.

The other type of samples consists of nanoparticles of
Fe,0; and photoactive TiO,. Photocatalysis is a smart way
to clean facilities, living environments, and even reduce

HWILEY

27 InterScience®
877 G scoves somttning anear

core-shell model of the phase composition of the parti-
cles and the dependence of the particle size and phase
composition on the annealing temperature was deter-
mined. In both types of nanoparticles a phase transition
was observed and the amount of a new phase increases
with the annealing temperature.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the spread of infections such as SARS in hospitals [8, 9].
Concerning treatment of liquids (e.g. in sewerage plants),
the most critical aspect is an unproblematic separation of a
photo-catalyst from the liquid phase. Therefore, we have
recently designed a system constituted of a photoactive
medium (TiO,) adsorbed on magnetic particles (Fe,O;),
which can be easily removed from liquids or gases by ap-
plied magnetic field. The key factor influencing the cata-
lytic and magnetic properties of such two-component sys-
tem is the phase composition, crystallinity, and particle
size, respectively. In this work, we focus on the above-
listed characteristics of the Fe,05/Ti0, composite annealed
at several temperatures.

2 Experimental In this paper we report on structure
of two types of nanoparticles. The first type, namely
Fe,0;3/Si0, nanocomposites was prepared for ex-situ
measurements by a novel sol-gel method using a single

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

169



@ ]
= g “
1400

V. Vales et al.: Phase composition of Fe,O3 and Fe,O3/TiO, nanoparticles

precursor for both nanoparticles and silica matrix [6]. The
gel precursor was subsequently treated by a specific an-
nealing procedure, stopped at a final temperature: 900 °C,
950 °C, 1000 °C, respectively. For all samples, the heating
temperature increased from room temperature at the speed
1°C/min up to 900 °C and stayed at this temperature for 4
hours. The samples with the annealing temperatures
950 °C and 1000 °C were then heated with the same speed
with the 4-hour waiting each 50 °C up to their final heating
temperature. The particles created at the lowest tempera-
ture are expected to be in the form of maghemite and with
increasing final temperature the phase of Fe,O; particles
should transform to e-phase and finally to hematite. The
ex-situ X-ray diffraction measurement has been carried out
at ANKA synchrotron in Karlsruhe with incidence angle 5°
and the wavelength of 0.95007 A. The primary beam was
monochromatized by a 2x111Si monochromator, the dif-
fracted radiation was measured by a point detector
equipped with a narrow entrance slit and a filter suppress-
ing the Fe-fluorescence.

The preparation procedure of the second type of
nanoparticles (Fe,O3/TiO,) consists of three steps. Briefly,
the maghemite nanocrystals were obtained by a conven-
tional co-precipitation method using Fe*'/Fe’" nitrates as a
source of the Fe ions. The iron nitrates solution was slowly
added to a deoxygenated solution of NH4OH in order to
form a precipitate of the spinel phase. Then, the pH of the
reaction mixture was adjusted to 2, and sodium citrate was
added in order to modify Zeta potential of the maghemite
nanocrystals. The modified magnetic nanocrystals were fi-
nally dispersed in a water solution of TiOSO,, which was
hydrolyzed by urea yielding the TiO, phase. The final
product was washed several times and dried at 100 °C. The
samples were then annealed at 200 °C, 450 °C, 550 °C,
650 °C and 770 °C for 30 minutes.

50 nm

Figure 1 HR TEM image of the dried-only y-Fe,0;
(maghemite)-TiO, (anatase) nanocomposite. The dark spots of
about 20 nm correspond to the maghemite phase, while the ana-
tase (light gray needles) forms a foamy structure encapsulating
the maghemite spheres. The right panel demonstrates a detail of
the juncture of both phases.

The samples were characterized by X-ray diffraction
and high-resolution transmission electron microscopy (HR
TEM). The dried-only sample contained maghemite (y-
Fe,0;) and anatase (TiO,) phases, which fully transform
into hematite (a-Fe,O;) and rutile (TiO,), under annealing

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at 770 °C, respectively. Annealing above 800 °C (not
shown here) resulted in formation of the ternary pseudo-
brookite Fe,TiOs. The HR TEM images of the dried-only
sample are shown in Fig. 1. The maghemite nanocrystals
appeared as a dark spots of about 20 nm in diameter. The
anatase phase grows spokewise from the maghemite core;
forming a foamy, needle like structure. The X-ray meas-
urement was performed again at ANKA synchrotron in the
Bragg — Brentano geometry using the wavelength of
1.00789 A. The primary beam was monochromatized by a
2x111Si monochromator and the diffracted radiation was
measured by a point detector equipped with analyzer.

3 Data analysis The experimental data were ana-
lyzed by a standard approach using the Debye formula
formula for the diffracted intensity [10]

. sin(Qr..)
1Q) =311, "
:z/: ’ or;
where QO =2Ksin(8) is the length of the scattering vector,
K =27/A is the wave vector of the incidence beam, f(Q)

is the scattering factor of atom j, r;; is the distance of atoms
i and j, and the double summation runs over all atoms in
the particle. The only technical limit of using of this equa-
tion is the number of terms in the double sum. For in-
stance, a particle of Fe,Os of the diameter of 13 nm con-
tains about 10° atoms, which means that there are 10'° in-
teratomic distances that have to be taken into account for
every Q. In order to speed up the calculation, we have cal-
culated a distribution function of atomic pair distances,
from which a histogram of all interatomic distances was
created. An example of such a histogram is shown in Fig-
ure 2 corresponding to a spherical particle with the radius
of 40 A, the histogram has been constructed using the step
width of 0.01 A.
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Figure 2 Calculated histogram of interatomic distances in a
spherical e-Fe,0; particle of radius of 40 A. The histogram step is
0.01 A.
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Using this distribution function, we rewrite Eq. (1) in
the form enabling us to calculate the intensity diffracted
from much larger particles, namely

sin(Qr,)
I =N"m | I St SV
©) Z i |f] Or
where m; is the multiplicity factor for the i-th interval of
distances. The expression in Eq. (2) is valid only for one
type of atoms in the particle, for a particle with various
atom types an analogous formula can be found

@

1(0)= Z[;,f"‘”f(ﬂ)*sz"m sin (Qr,“” )’ 3)

i Q”i(aﬂ)

where the sum over a and f runs over pairs of atom types
(Fe-Fe, O-O and Fe-0, in our case), '/ is the i-th intera-

tomic distance of the atom pair a-f; this distance appears
m*” times in the distance distribution function.

3.1 Fe,O3 particles The samples from the series de-
scribed above were analyzed by the Debye-formula ap-
proach using the core-shell model, in which the particle
core and the near-surface shell contain y-Fe,O; and e-
Fe,O; phases, respectively. Increasing the annealing tem-
perature, the core/shell interface of the two phases moves
from the surface to the center of the particle, and the rela-
tive volume of &-Fe,0; increases. The data from the Figure
3 (samples annealed at 900 °C, 950 °C and 1000 °C) were
fitted by hand and the results are summarized in Table 1;
the errors were estimated from this fit too. The background
was approximated ad-hoc by a polynomial of the third
power. The broad peak around 13° is caused by the amor-
phous SiO, matrix and for our fitting is not important.
From the fit we determined the outer mean diameter of the
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Figure 3 Measured and simulated data for all the Fe,O3 samples. The thick blue line represents the measured data, the thin red
one is the simulation. The graphs (a) — (c) correspond to the final annealing temperatures 900 °C, 950 °C, and 1000 °C

respectively.
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nanoparticles and the relative volume of the maghemite
and &-Fe,O; phases. The fits describe the measured data
well and the parameters of the core-shell model were ob-
tained.

3.2 Fe,05/TiO, particles These samples consist of
Fe,O; particles surrounded by TiO, particles as was seen in

Fig. 1. For the simulation of the diffraction curves we con-
sidered a mixture of Fe,O; and TiO, spherical core-shell
nanoparticles; with the structure of &-Fe,O3 (shell)/ y-Fe, O3
(core) and rutile (shell)/anatas (core), respectively. We
again expect that both types of the phase boundaries move
from the surface of the particle towards its centre with in-
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Figure 4 Measured and simulated data for all the Fe,O3/TiO, samples. The blue line represents the measured data, the red one
is the simulation. The graphs (a) — (e) correspond to the annealing temperatures 200 °C, 450 °C, 550 °C, 650 °C, and 770 °C

respectively.
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creasing annealing temperature. The measured and fitted
diffraction curves are shown in Fig. 4. The blue lines rep-
resent the measured points, the red lines are fitted simula-
tions. The background was approximated by a 4-th power
polynomial function.

Table 1 Results obtained from the measured data fitting for
Fe,0O; samples. The errors of the rate of both phases are roughly
estimated. The error of the total radius is not mentioned; the value
of the total diameter means the lower estimate of the real diame-
ter.

Annealing Total v-Fe, 03 &-Fe,0;
temperature | diameter | maghemite (%)
(°C) A) (%)
900 80 34+ 6 66+ 6
950 100 26+ 4 74+ 4
1000 116 0+8 100 +£ 8

From the simulations we obtained the mean external
diameters of Fe,O; and TiO, nanoparticles, and the relative
volumes of individual phases in the core-shell particles; the
values are summarized in Table 2. The errors were esti-
mated from the small changes of the fitting parameters;
however the relative numbers of Fe,O; and TiO, particles
of course correlate with the relative volumes of individual
phases in the particle.

From the data in Table 2 it is obvious that the size of
the Fe,O; particles increases with increasing annealing
temperature, while the size of the TiO, particles is almost
temperature independent. The total relative volume of each
type of nanoparticles is within the errors the same for all
annealing temperatures. The relative volume of the hema-
tite phase in Fe,O; particles increased from 0% at 200 °C
to 100% at 770 °C, while the relative volume of rutile in
TiO, particles was around 50% for annealing temperatures
up to 650 °C and then suddenly jumped to 100% at 770 °C.

4 Discussion As we showed in the previous sections,
the calculated fit describes well the measured data. How-
ever, the question of the uniqueness of the model is not
fully answered. For instance, we assumed that the new
phase is being created at the surface of the particle; i.e.,
that the shell is represented by the “new” phase while the

Table 2 The obtained parameters of Fe,05/TiO, nanoparticles.

“old” one is in the core. In order to assess the uniqueness
of our model, we have to consider the case of core-shell
nanoparticles with reversed phase structure, as well as a
mixture of single-phase nanoparticles containing different
phases.

The influence of a reversal of the phases in core-shell
nanoparticles follows from Fig. 5, where we have plotted
the diffraction curve of Fe,O; nanoparticles (annealing
temperature 900°C) fitted by two structure models with re-
versed phases. Slight differences can be observed, but they
are not evidential. When assuming the e-phase being the
shell, the ratio of the e-phase in the particle is (65 + 5)%. If
we assume the mahgemite phase as the shell, the ratio of ¢-
phase in the particle is (60 + 5)%. This means that in this
case we cannot distinguish between both cases.

1000 T T T T T T

800 |- 4

600 |- 4

400 g

Intensity (cps)

200 + 4

1 1 1 1 1 1

10 20 30 40 50 60
26 (deg)

Figure 5 Analysis of the sample annealed up to 950 °C. The dif-
ference of the diffraction pattern between the core-shell structure
model (maghemite in the core, radius 70 A, red line) and the mix-
ture of one-phase particles (radius 50 A, blue line) mixed in the
same ratio that corresponds to the ratio in the core-shell model.

In Fig. 6 we compare two fits of sample Fe,O; annealed up
to 950 °C, using a core-shell model and a model of a mix-
ture of single-phase nanoparticles. One can see that the dif-
ference between both cases is rather small and it is impos-

temperature (°C) 200 450 550 650 770
diameter of Fe,O; particles (A) 100 + 20 100 + 20 100 + 20 100 + 20 140 + 20
relative volume of Fe,O; particles (%) 75+5 75+5 82+5 77+5 83+£5
maghemite content (%) 100+£5 84+5 66+5 9+5 0£5
hematite content (%) 0+5 16+5 34+5 91+5 100+ 5
diameter of TiO, particles (A) 100 + 20 100 +20 100 + 20 100 + 20 100 +20
relative volume of TiO, particles (%) 25+£5 25+5 18+5 2345 17+5
anatas content (%) 54+ 10 50+7 66+ 7 40+7 0+5
rutile content (%) 46+ 10 50+7 34+7 60+ 7 100+ 5
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Figure 6 Analysis of the sample annealed up to 900 °C. The dif-
ference of the diffraction pattern when exchanging the e-phase
from the shell (red line) to the core (blue line). The total radius of
the particle is 40 A.

sible to distinguish between them. Both calculations have
been made using the same ratio of present phases. Since
the peak corresponding to certain phase is created only by
the atoms in the particle belonging to this phase, the total
size of the whole particle has to be larger for the core-shell
model then for the model consisting of single phase parti-
cles. This can be seen from the Figure 6, where the widths
of diffraction peaks for both models are approximately the
same and for the calculation using mixture model, particles
were about 30 % smaller then particles used for the core-
shell model calculation. It could be possible to determine
the size of the particles using other methods (TEM) and
decide which model this size corresponds to. From [6] it
follows that the average radius of the particles annealed up
to 1000 °C is 60 A, what is just in between both model
cases (mixture model, core-shell model; Figure 6 so it is
not clear for now.

5 Conclusion We investigated phase transitions in

two types of nanoparticles. Fe,O; nanoparticles were an-
nealed up to three different temperatures and the phase

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

change from maghemite to &-Fe,O; was observed. This
change was simulated assuming a core—shell model of
these two phases. From the simulations of measured data
we calculated the total diameter of the particles and the
relative content of both phases. The Fe,03/TiO, nanoparti-
cles were annealed at five different temperatures. The
measured data were simulated assuming that the sample
consists of the mixture of separate spherical core-shell
nanoparticles of Fe,O3 and TiO,. We obtained the total
size of the particles, the relative number of Fe,O; and TiO,
particles and the content of particular phases in each parti-
cle. In both types of particles, the relative amount of the
new phase created during the phase transition increased
with annealing temperature.
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superparamagnetic properties. The impact of nanoparticles and the effect of an applied magnetic field on

the ferroelectric liquid crystalline properties were established. The ferroelectric properties are conserved up
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1. Introduction

Liquid crystals (LCs) are a fascinating state of matter due to
their self-assembling properties." The presence of orienta-
tional and positional order and fluidity at the same time, is
inherent to liquid crystalline systems. LCs have a great
technological potential due to their electro-optical properties
and are widespread in electronic displays, switches, comput-
ing, control and measuring devices etc. Omnipresent in
nature, they can serve as a model system for biological
membranes.

The development of the fabrication of particles with
nanometric dimensions leads to enormous expectations.
Nevertheless, the physical properties of nanoparticles can
significantly differ from those of the bulk materials. Magnetic
iron oxide nanoparticles, in the magnetite or maghemite
phase, have been the subject of numerous studies due to their
physical properties, leading to a wide range of applications in
biomedicine, spintronics, catalysis and as constituents for bio-
sensors.” As a consequence of their nanometer size, the
particles exhibit superparamagnetic (SPM) behavior, asso-
ciated with the formation of a single-domain state. The
magnetic properties of the nanoparticles (NPs) mimic the
paramagnetic behavior with a collective response of the
individual spins within a particle, which can be attributed to
a single giant spin (superspin). The superspin undergoes a
SPM relaxation, characterized by the fluctuations of the
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to a concentration of 5.6% of maghemite. The magnetic behavior of the composites is typical for a system
of superparamagnetic nanoparticles with inter-particle dipolar interactions and surface spin disorder.

superspin vector among the directions of easy magnetization.’
This state occurs when the thermal energy, k37T, overcomes the
energetic barrier E, of the nanoparticles (proportional to the
particle volume, V), which is related to the magnetocrystalline
anisotropy, defined for non-interacting nanoparticles by
Stoner and Wohlfarth.* An advantageous fact is that NPs in
the SPM regime usually require a lower magnetic field to
interact with the magnetization (superspin), in comparison
with larger ferromagnetic species. In spite of the fact that the
magnetic response of the iron oxide NPs is determined by their
shape and size, real effects like interactions between the
magnetic NPs,” finite-size effects® and the surface effect’
significantly modify their properties. The most obvious effect
is the reduction of the saturation magnetization due to surface
spin canting. The deviation from the ideal SPM response
originates in a varying size distribution, crystallinity and the
aggregation of individual NPs, which are imprinted by the
preparation procedure. Recently, the suppression of the
spurious spin canting effect has been observed in mono-
disperse highly-crystalline iron oxide NPs coated with oleic
acid,® which enables maximization of the saturation magne-
tization for a given particle size.

More attention is now paid to novel approaches for
organizing NPs and different strategies are used for this
purpose. Liquid crystalline materials appear as perfect
candidates for such new systems as they combine order and
mobility on the molecular level in a unique manner. The
capability of LCs to orient small particles has been known for
many years.” The formation of particle aggregates and
topological defects have been studied in nematic and
cholesteric LCs."® However, the interaction between particles
and LC molecules strongly depends on the particular
combination of both materials, on the LC molecular structure
and elastic properties and on the type, size and shape of the
colloidal particle. NPs can be solvated in LCs or liquid
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crystalline polymers with the aim of exploiting their self-
assembling property and potentially to obtain advantageous
electrical, optical or magnetic properties."" Due to the
orientational and positional order in the LC host, one can
expect unusual properties, in comparison with conventional
colloidal systems. The dispersion of ferromagnetic particles
into LCs is done with the aim of enhancing their optical,
electrical and magnetic properties.

The preparation of such a hybrid composite can be a way to
obtain well organized NPs. A challenge for future studies is to
create hierarchically structured composites with a distinct
function, to yield a mechanically integrated, multifunctional
material, responsive to both electric and magnetic fields.
Ordered assemblies are promising in a wide range of
applications, for example in high-density media, microelec-
tronics and charge transport devices. Recent work reported the
study of a system of iron oxide NPs, prepared by co-
precipitation and subsequent dispersion in a lipid-based
lyotropic LC, which exhibited orientational order, tunable by
the external magnetic field and a photothermal effect."

This work is concentrated on rod-like molecules that create
thermotropic LCs, in which liquid crystalline phases occur, on
lowering temperature from the isotropic phase. Besides the
nematic phase, which is well-known and widespread in display
technology, smectic phases can also appear. In the smectic A
phase (SmA), molecules are organized in layers with their
molecular axis parallel to the layer normal. If molecules are
tilted with respect to the layer normal, the smectic C phase
(SmC) is observed. If the molecules are chiral, liquid crystals
exhibit ferroelectricity in the tilted SmC* phase. Ferroelectric
materials possess a spontaneous polarization that is stable
and can be switched by an applied electric field. The
ferroelectric properties of the SmC* phase are established by
the electric switching and dielectric and optical methods.
Chiral smectics are complex systems, certain features of which
also manifest in their dielectric behavior."? Dielectric spectro-
scopy enables us to characterize the soft mode (the fluctuation
of the tilt angle), which contributes to permittivity in the
vicinity of the SmA-SmC* phase transition. In the SmC* phase,
the phase fluctuations (Goldstone mode) are also present and
contribute to the permittivity. The dielectric strength of the
Goldstone mode is much larger than that of the soft mode in
the whole SmC* phase, except in the vicinity of T,. If the
electric bias field is applied parallel to the smectic layers, the
helical structure is unwound and thus the Goldstone mode is
suppressed.

We present a new type of hybrid system, consisting of a
liquid crystalline compound and magnetic y-Fe,O; nanopar-
ticles coated by oleic acid (MNPs). We integrated the magnetic
iron oxide nanoparticles into the LC compound (S)-1-(hex-
yloxy)-1-oxopropan-2-yl  4-(4-(4-(nonyloxy)benzoyloxy)benzoy-
loxy)benzoate, denoted as 9HL. The studied LC compound
exhibits the ferroelectric SmC* phase. The size of the
nanoparticles (4 nm) was adjusted, to be close to the length
of the LC molecules, to reduce the interference in the LC
order. As the efficiency of the possible magneto-electric
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coupling requires the largest possible value of the superspin
for the given MNP size, MNPs with a narrow size distribution
were used. We focused on the ferroelectric and magnetic
properties of the new hybrid composites. Our objective was to
provide a new way to realize the magneto-electric coupling,
which is described as the influence of the magnetic (electric)
field on the polarization (magnetization) of a material.

2. Results and discussion

2.1. Liquid crystalline compound

The studied thermotropic liquid crystalline host is the lactic
acid derivative 9HL, with a molecular core consisting of three
phenyl rings, connected by ester linkage groups.’* The
compound 9HL exhibits the isotropic (Iso)-SmA-SmC*-crystal
phase sequence on cooling with the transition temperatures T
= 401 K (Iso-SmA), T¢ = 347 K (SmA-SmC*), T¢, = 308 K
(crystallization). As is characteristic for the SmC* phase, there
is a helicoidally periodic arrangement with the characteristic
pitch length of 2.1 um.'** Various hybrid composites were
prepared from 9HL and MNPs with a defined weight
concentration of y-Fe,O; nanoparticles (see the Experimental
section).

2.2. Mesomorphic properties and textures

The observation of textures is a primary tool for the
characterization of the mesomorphic properties of liquid
crystalline composites, and differential scanning calorimetry
(DSC) complements it. A phase diagram (Fig. 1) shows that the
temperature range of the ferroelectric SmC* phase is gradually
suppressed with increased MNP concentration and disappears
at about 5.6 w/w% of y-Fe,O; (20 w/w% of MNP). On the
contrary, the Iso-SmA phase transition temperature is not
influenced by the presence of magnetic nanoparticles to such
a large extent. The coexistence of the isotropic and SmA phases
is observed for mixtures with increasing MNPs concentration.

400 |
\'\}'\zz,,;\\m Iso.

I N 8

380 N
\"'—w\,,,,\/ ////// e
g 360F  gmA Iso.+SmA |
&~ 340 :\ |
320F SmC* “a 1
~—_ . |
3000 ] ;,), , ) .Cr', . . E

Fe,O; conc. (w/w %)

Fig. 1 Phase diagram for studied hybrid systems of LC compound 9HL and
magnetic nanoparticles (MNPs). The hatched area shows the isotropic-SmA
coexistence region.
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Fig. 2 TEM image of composite 1.4% Fe,Os in 9HL taken at room temperature.

A transition electron microscope (TEM) photograph is
presented for 1.4% of Fe,O; in 9HL in Fig. 2. The photograph
was taken at room temperature on a sample prepared just after
the evaporation of hexane from a solution of 9HL and MNPs
without heating to the liquid crystalline phase. One can see
that magnetic nanoparticles with homogeneous shape and
size are uniformly dispersed.

The textures observed on samples in commercial glass 6 um
thick cells have been studied by polarizing microscopy. For
lower MNP concentrations (up to 5.6% of Fe,0;) a typical fan-
shaped texture is observed in the SmA phase (see Fig. 3a). Such
a texture is also found for the pure compound 9HL and
indicates a common tendency of molecules to orient along the
sample surface (planar alignment). It results in a sample
structure with the smectic planes perpendicular to the sample
surface (bookshelf geometry). In the planar texture, slightly
elongated dots are visible, which represent defects decorated
by clusters of MNPs (see ESILt Fig. S6). For higher MNP
concentrations, a homeotropic texture is preferred, with
molecules perpendicular to the sample surface, which is seen
as a black area in Fig. 3b. From this fact, one can speculate
that there is modification of the anchoring at the surface, from
the planar to the homeotropic texture, due to the presence of
MNPs. For intermediate concentrations, both types of textures
can coexist in one sample (see Fig. 3).

2.3. Dielectric properties

In the ferroelectric SmC* phase, which is present for mixtures
up to a concentration of 5.6% of Fe,Os, the direction of the
spontaneous polarization, Ps, can be switched by an electric
field. The spontaneous polarization was evaluated by the
integration of the peak area in the switching current profile
(Fig. 4a). The temperature dependencies Py(T) have been
measured for nanocomposites with 1.4% and 2.8% of Fe,O; in
9HL, and compared with the Ps(7) of pure 9HL (Fig. 4b). All
dependencies show a typical increase in Ps on cooling from the
SmA to the SmC* phase. The decrease on the low temperature
side reflects a gradual crystallization. The results also reveal a
significant decrease of P; with increasing MNP concentration.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Microphotograph of the studied 5.6% Fe,03 in 9HL, embedded into a
commercial 6 pm thick cell. (a) A fan-shaped texture observed below the Iso—
SmA phase transition; (b) homeotropic texture with birefringent bands. Both
textures coexist in different parts of the cell. The width of the photograph is 120
um.

The results of dielectric spectroscopy show that both the
Goldstone and the soft modes are suppressed and smeared
with increasing MNPs concentration. A similar effect is also
observed when inserting another type of nanoparticle into the
LC species.’”> We have studied the dielectric properties of
hybrid nanocomposites under a magnetic field of 9 T, directed
along the sample surface. We established the effect of the
magnetic particles on the complex permittivity, measured at 1
kHz. Generally, the permittivity in the ferroelectric liquid
crystalline compound is given by the Goldstone mode
(director-azimuthal fluctuations) besides the vicinity of the
SmA-SmC* phase transition, where a peak due to the soft
mode (fluctuations of the tilt angle) can be observed. Under a
sufficiently high magnetic field, the helix in the SmC* phase is
unwound and thus the Goldsone mode is suppressed.'® A
comparison of the temperature dependencies of the real, ¢,
and imaginary, ¢'’, parts of the permittivity without a magnetic
field and under a magnetic field of 9 T is shown in Fig. 5. For
all studied samples, pure 9HL and the hybrid nanocomposite,
the effect of the magnetic field is very similar. In all samples
the applied magnetic field strongly suppresses the permittivity
in the SmC* phase. In the temperature dependence range,
where the Goldstone and soft modes are not active or are
suppressed by the applied electric or magnetic field, the losses
are very small showing a low concentration of impurities.
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Fig. 4 (a) Switching current profile versus intensity of an applied triangular
electric field, U, for the composite 1.4% Fe,03 in 9HL host. (b) Temperature
dependencies of the spontaneous polarization, P, for pure 9HL and the
composite systems 1.4% Fe,03 in 9HL and 2.8% Fe,03 in 9HL.

2.4. X-ray scattering data

Small angle X-ray diffraction studies were performed on
cooling from the isotropic phase. The layer spacing, d, was
evaluated from the peak on diffracted intensity. The tempera-
ture dependencies of d, shown in Fig. 6, exhibit a gradual
increase in d in the SmA phase. A negative thermal expansion
coefficient is common for the SmA phase and is usually
explained by the increase of the orientational order on cooling
and by the molecular conformation changes due to the
ending-chain prolongation. At the SmA-SmC* phase transi-
tion, a decrease in d is observed, which is related to the tilt of
the molecules in the SmC* phase. An additional significant
decrease occurs in the crystalline phase. Qualitatively similar
behavior is found for pure 9HL, as well as for the composite
with MNPs. The presence of MNPs increases the layer spacing,
the increase being more pronounced in the SmC* and crystal
phases. One can expect that the presence of nanoparticles
influences the process of ending-chain prolongation in the
liquid crystalline phase.

2.5. Magnetic properties

The magnetic response of the original maghemite nanoparti-
cles and the nanocomposites in the studied hybrid system
with LC was investigated by means of the temperature
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Fig. 5 Temperature dependencies of (a) the real part of permittivity, ¢’, and (b)
the imaginary part of permittivity, ¢'’, taken at a frequency of 1 kHz for the pure
liquid crystal 9HL (empty symbols) and a mixture 1.4% w/w of Fe;O3 in 9HL (full
symbols) without a magnetic field and under a 9 T magnetic field. The studied
samples are heated from R.T. to 400 K and then cooled down.

dependence of magnetization, magnetization isotherms and
a.c. susceptibility. The typical temperature dependence of the
zero field cooled (ZFC) and field cooled (FC) curves is shown in
Fig. 7. The bifurcation point (T ~ 15 K) of the ZFC-FC curves
attributed to the blocking temperature of the MNPs, is slightly
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Fig. 6 Temperature dependence of the layer spacing value, taken from the
X-ray scattering data, for pure 9HL and composite 1.4% of Fe,03 in 9HL. The
SMA-SmC* phase transitions are marked by dashed arrows.
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Fig. 7 Temperature dependence of the zero field cooled (ZFC) and field cooled
(FC) magnetization, M, of the MNPs and the composite containing 1.4% of the
Fe,03 in 9HL. The vertical arrows depict the blocking temperature, Tg. The solid
lines correspond to the real part of the a.c. susceptibility, x; the shift of the
maximum with frequency of the applied a.c. magnetic field, increasing from 0.1
to 1 kHz, is schematically shown by the long arrow.

above the maximum on the ZFC curve (at ~12 K for all studied
samples). The saturation of the FC curve at low temperatures
points to dipolar interactions among the MNPs in all studied
samples.

The magnetization isotherms of the original MNPs and the
sample containing 1.4% Fe,O; in 9HL are depicted in Fig. 8.
The loops recorded in the block state show a net hysteresis due
to the blocked state (Fig. 9), while those above the T show the
expected Langevin character. All curves exhibit a linear
paramagnetic-like contribution, which can be attributed to
the disordered surface spin layer response; however, the
saturation value, M, and remnant magnetization, M,, values
are almost comparable to the bulk value (when normalized to
Fe,O; content), suggesting the suppression of the surface spin
disorder by the oleic acid coating in the MNPs and the
nanocomposite. At the temperature 10 K, the M; (determined
after subtraction of the linear spin-disorder contribution at
high magnetic fields) and the M, values for the MNPs sample
are about 12.0 and 4.2 A m® kg ', respectively. The
corresponding My/M, values for the samples containing 5.6%
and 1.4% of Fe,O; in 9HL are 1.3/0.32 A m” kg~ " and 0.48/0.12
A m” kg™, respectively. These values are in a very good
agreement considering the expected MNP content in the
composite samples. The important feature observed on the
hysteresis loops in the blocked state is the reduction of the
coercivity, He, in the composite samples to about %2 of the pure
MNP value (from 0.1 T to 0.05 T at 2 K, as shown in Fig. 9a). In
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Fig. 8 Magnetization isotherms at selected temperatures for the MNPs and the
sample containing 1.4% of Fe,O03 in 9HL.

Fig. 9b the magnetization isotherms recorded at 300 K are
shown in order to demonstrate the superparamagnetic nature
of the MNPs and the hybrid system. This effect can be
attributed to the weakening of the inter-particle interactions.
Usually, the dilution of the dipolar interaction is also
evidenced by a decrease in the blocking temperature, however,
considering the size of our MNPs (4 nm) and the temperature
scale, where the transition to the blocked state occurs, the
potential shift of the Ty would be hardly detectable by
analyzing the ZFC-FC dependencies.

The superspin relaxation phenomena are inspected by the
a.c. susceptibility measurements. The typical temperature
dependencies of the real part of the a.c. susceptibility, y’, are
shown in Fig. 7 (solid lines). The maxima of the y' curves for
the equivalent frequencies occur at slightly lower temperatures
for the composite sample, suggesting a modification of the
interaction strength between the MNPs. This observation is
consistent with the reduction of the H,.. Because the saturation
of the FC curve at low temperature suggested the presence of
weak inter-particle interactions, the evolution of temperature
of ¥’ maxima with frequency was inspected using the Vogel-
Fulcher (VF) law'” describing the (super)spin relaxation among
the weakly interacting MNPs:

Ex

lnf:h’l‘fOikB(Ti—T‘o)

(1)

where the characteristic parameters are: frequency f,, activa-
tion energy E, kg ' and VF temperature, 7T,, that is the
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Fig. 9 Hysteresis loops (a) in the blocked state at T=2 K and (b) at T= 300 K for
the MNPs (full symbols) and the sample containing 1.4% of Fe;Os in 9HL (empty
symbols). The left-side scale corresponds to the MNPs and the right-side to the
composite. The magnetization isotherms recorded at 300 K are shown in order
to demonstrate the superparamagnetic nature of the MNPs and the hybrid
system.

correction of the well-known Arrhenius-Nell law (valid for a
system of non-interacting MNPs), and representing the inter-
particle interaction. The resulting values for relaxation times
areto=2 x 10775, Tp =12 K, 1= 6.8 x 10 *°s, T, = 10 K and
To=4.2 x 10~ s, T, = 9 K for the MNPs, composites 5.6% and
1.4% Fe,O3 in 9HL, respectively. The obtained values of the
relaxation time correspond well to those expected for super-
paramagnetic (SPM) nanoparticles. The observed decrease of
both the VF temperature and the relaxation times supports the
scenario of the inter-particle interactions weakening in the
composite samples. In general, the magnetic response of the
composites shows all the attributes of the MNPs, so the
embedding of the MNPs in the LCs does not affect their
unique SPM properties.

3. Conclusions

The admixture of magnetic nanoparticles, coated by oleic acid,
to ferroelectric liquid crystal 9HL, which exhibits the SmA-
SmC* phase sequence on cooling from the isotropic phase,
gradually suppresses the SmC* temperature range and at
about 5.6 w% concentration this phase disappears and only
the SmA phase persists on cooling, till crystallization. The
crystallization temperature is not affected by the presence of
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MNPs. In the SmC* phase, the values of the spontaneous
polarization, as well as the permittivity, gradually decrease
with the particle concentration. A typical planar anchoring of
the LC molecules at the sample surface is changed to the
homeotropic one, due to the presence of MNPs. The layer
spacing in the smectic phase is increased due to the MNP
presence, the effect being stronger in the SmC* phase. We
present a new hybrid system exhibiting both ferroelectric and
superparamagnetic properties. Moreover, we are able to
modify the ferroelectric properties by applying a magnetic
field. The magnetic behavior is typical for a system of
superparamagnetic nanoparticles with inter-particle dipolar
interactions and surface spin disorder. The magnetic response
of the MNPs in the composite is observed and the unique SPM
properties preserved. The magnetic properties are modified
due to the reduction of the dipolar interaction strength
between the MNPs, which is evidenced by the decrease of
the coercivity, superspin relaxation time and VF temperature.

4. Experimental section

4.1. Preparation of MNPs and nanocomposites

Magnetic nanoparticles, covered with oleic acid (y-Fe,05), were
synthesized following the published hydrothermal proce-
dure'® with some modifications: 10 mmol of NaOH was
dissolved in 2 ml of water, 10 ml of ethanol and 12 mmol of
oleic acid was added with stirring, which led to a clear
solution. It was transferred to an autoclave tube and an
aqueous solution of 1 mmol of Fe(1) nitrate and 1 mmol of
Fe(11) nitrate was added with vigorous stirring and sonication.
In total, 20 ml of distilled water was added. The autoclave was
closed and placed into a pre-heated, 180 °C oven for 10 h. After
cooling, the final mixture was composed of an upper organic
phase, a lower aqueous phase and sedimented particles. The
liquid phase was discarded. The remaining particles were
washed four times by re-dispersion in 5 ml of hexane and
precipitation by 15 ml of ethanol. After washing they were re-
dispersed in 10 ml of hexane and the dispersion was
centrifuged at 4500 rpm to remove large agglomerates.

The maghemite particles coated by oleic acid (MNPs) and
liquid crystalline material 9HL were dissolved in 5 ml of
hexane (p.a.) under heating and stirring. The relative
concentrations of the components were adjusted to give 20
mg of the final composite, having an Fe content from 1% to
8% w/w. The hexane solution was then heated up to 60 °C and
the solvent was gradually evaporated. The composite was then
dried in a vacuum oven for 2 h at room temperature. The
content of Fe in the composite was determined by atomic
absorption spectroscopy. Samples were mineralized in a
mixture of HCI and HNO; with the addition of a small amount
of H,0,. The absorption of the solution was measured on an
atomic absorption spectrometer AA240 (Varian) at a wave-
length of 248 nm. A flame technique, using an air-acetylene
mixture and a deuterium background correction was used. A
standard iron stock solution was prepared from iron nitrate.
Various hybrid composites were prepared with concentrations
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of 1.4, 2.8, 5.6 and 11.2% w/w of Fe,O3, which correspond to 5,
10, 20 and 40% w/w of MNPs with the oleic acid admixture.

4.2. Mesomorphic and electro-optical studies

The texture observations and the measurements of the
spontaneous polarizations, P, were carried out on planar
samples, 7 or 12 um thick, with a 5 x 5 mm? electrode area.
The cells consisted of two glasses provided with transparent
ITO electrodes and polyimide layers, ensuring a planar
geometry (the layers were perpendicular to the sample
surface). The cells were filled by means of capillary action in
the isotropic phase. Liquid crystalline samples were examined
under a polarizing optical microscope, Nikon Eclipse E-600,
equipped with a Linkam heating stage. The temperature was
stabilised within +0.1 °C.

4.3. Switching properties and dielectric spectroscopy
measurements

The dielectric properties were studied using a Schlumberger
1260 impedance analyser. The frequency dispersions were
measured at a cooling rate of about 0.2 K min~", keeping the
temperature of the sample stable during the frequency sweeps
in the range of 10 Hz -10 MHz. Details of the fitting procedure
are in the ESLt The spontaneous polarisation, P;, was
determined from the switching current, detected under a
triangular electric field profile at a frequency of 50 Hz and an
electric field of 20 V um™". The current profile was detected
with the memory digital oscilloscope, Tektronix.

The temperature dependencies of the real and imaginary
parts of the dielectric permittivity under an external magnetic
field were determined at a frequency of 1 kHz using an ultra-
precise capacitance bridge Andeen-Hagerling 2500 A imple-
mented in PPMS 9 T (Physical Property Measurement System).

4.4. Magnetic properties measurements

Magnetic measurements of the samples in the solid state were
performed using a commercial SQUID magnetometer MPMS
7XL (Quantum Design, San Diego). The samples, of a typical
mass in the order of milligrams, were placed into a gelatine
capsule and fixed with glue to avoid rotation of the particles in
the direction of the external magnetic field. To determine the
values of the blocking temperature, Ty, the temperature
dependencies of the zero field cooled (ZFC) and field cooled
(FC) magnetization were measured in the temperature range of
10-300 K in an external magnetic field equal to 0.01 T. The
magnetization isotherms were recorded at selected tempera-
tures in magnetic fields varying up to 7 T in both polarities.
The temperature dependencies of the real, ' and imaginary,
y'" parts of the a.c. susceptibility were collected at different
frequencies of the altering magnetic field (0.1 Hz-1 kHz) with
an amplitude of 0.3 mT in a zero external magnetic field.

4.5. X-ray measurements and TEM studies

X-ray studies were performed using the Bruker D8 Discover
system (Cu-Ko radiation) equipped with an Anton Paar DCS-
350 heating stage (temperature stability 0.1 K), working in the
reflection mode. Samples were prepared as one-surface free
droplets on a heated surface. The smectic layer thickness, d,
was determined using Bragg’s law n/ = 2dsin0, where d is
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calculated from the diffraction angle 6 of the (001) smectic
layer peak in the small angle regime.

A TEM Libra 120 from Zeiss was used with the highly flexible
Koehler illumination system, together with the in-column
OMEGA filter, providing an excellent image contrast.
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3.2.2 Izolované nanocastice magnetitu a maghemitu
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[95]
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V této ¢asti jsou zahrnuty prace vénujici se pripraveé nanocastic oxidu zelezitého zejména
pro biomedicinské aplikace. Prvni prace [94] se zabyva novou metodou piipravy hydrofilnich
nanocastic Fe;O3 s CM-dextranem, ktery je vhodnym pokrytim pro nasledné modifikace.
Nanocastice byly charakterizovany standardnim spektrem fyzikalnich metod a bylo potvr-
zeno, ze je mozné ménit velikost ¢astic v rozmezi 6 - 10 nm pii zachovani uzké distribuce
jejich velikosti.

Dalsi dvé préace se zabyvaji porovnanim magnetickych vlastnosti nanokrystali Fe;Os,
resp. Fe3Oy o stejné velikosti, které jsou pokryty kyselinou olejovou nebo SiO, (pozn. no-
minalni slozeni méa odpovidat magnetitu, nicméné z diivodu topotaktické transformace jsou
Castice silné zoxidované). V prvnim piipadé se jednd o nanokrystaly pfipravené dekompo-
zici organického prekurzoru v pritomnosti kyseliny olejové, ve druhém jsou castice ziskany
koprecipitaci v bazickém prostiedi. Porovnani vlivu krystalinity a pokryti nanocastic na
sklonéni spintt v povrchové vrstvé je predmétem studia prace [95]. Dva typy ¢astic o stejné
velikosti byly, kromé standardnich metod, detailné studovany pomoci méreni Mossbauerovy
spektroskopie v zavislosti na teploté a magnetickém poli. V piipadé vysoce krystalickych
castic s kovalentné vazanou kyselinou olejovou jsou pozorovany vysoké hodnoty saturované
magnetizace a koercivity, spolecné se zanedbatelnym sklonénim spinti. U ¢astic pripravenych
koprecipitaci s amorfni vrstvou SiOs, vylouc¢enou na povrchu pomoci dodatec¢né modifikace,
je pozorovan vyznamny narust neusporadanych spini spolec¢né s poklesem saturované mag-
netizace a koercivity. Vysledky méfeni st¥idavé susceptiblity potvrdily pfitomnost defektniho

magnetitu v nanokrystalech s vysokou krystalinitou.
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Souvisejici prace [96] se zabyva mezi¢asticovymi interakcemi v obdobnych systémech jako
[95], zejména moznym vznikem meziklastrovych interakci v nanokrystalech dodatecné pokry-
tych amorfni vrstvou SiOs o rizné tloustce. Kromé standardnich experimentt byl provedena
meéfeni teplotni zavislosti stfidavé susceptibility v magnetickych polich a data byla analy-
zovana pomoci modelu pro kritickou dynamiku v silné interagujicich systémech. Spole¢né s
vysledky teplotni zavislosti Méssbauerovych spekter bylo potvrzeno, Ze s rostuci tloustkou
vrstvy SiOs mirné klesa vliv dipolarnich interakei, nicméné vSechny vzorky vykazuji chovani
superspinového skla, tj. silné interagujiciho systému.

Posledni prace v této sekci se vénuje problematice spinového ne-usporadani ve vysoce
krystalickych nanoc¢asticich maghemitu o rtizné velikosti (7 - 20 nm) pfipravenych dekompo-
zici organického prekurzoru v pritomnosti kyseliny olejové. Ukazuje, Ze standarné pouzivané
postupy vedou k velmi rozdilnym vysledkiim a neumoznuji rozlisit mezi povrchovym a obje-
movym efektem. Nanocastice pouzité v této studii byly vyvinuty jako optimalni magnetické
nosice pro teragnostické aplikace v ramci projektu 7TRP Multifun a vykazuji velmi tizkou dis-
tribuci velikosti ¢astic (index polydispersity mensi nez 0.2), proto lze velmi dobfe eliminovat
vliv distribuce velikosti na spektralni parametry. Nase prace navrhuje novy pristup, kdy je
uvazovan vyvoj hyperjemného, resp. efektivniho magnetického pole jednotlivych podmiizi
v zavislosti na aplikovaném vnéjsim magnetickém poli. Ukazkovym piikladem je srovnani
dvou typu éastic o stejné fyzické velikosti (urcené z transmisni elektronové mikroskopie),
kdy jedny vykazuji tzv. strukturu core-shell, zatimco druhé obsahuji vrstevnaté chyby, t;j.
celkovy podil krystalograficky usporadané faze ve vzorku je vétsi. Mossbauerova spektra
méfena v nulovém a ve vnéjsim magnetickém poli v saturovaném rezimu jsou vsak identické,
coz ukazuje, Ze ustalena metodika bez znalosti mikrokrystalické struktury nanocastic neroz-
lisi, v jaké casti nanokrystalu dochézi k dekoherenci magnetického uspotadani. Dale bylo
pozorovano, ze u nanocastic o velikosti 7 nm nedochazi ke sklonéni spinu, pokud jsou vysoce

krystalické, zatimco u nanocastic o velikosti 15 nm je spinové neuspofadani signifikantni.
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Abstract Hydrophobic and hydrophilic particles of
iron oxide (magnetite/maghemite) with diameter of
6—10 nm were prepared by hydrothermal hydrolysis
of iron oleate in water/pentanol/oleic acid system at
180 °C. The hydrophobic/hydrophilic nature of result-
ing particles was controlled by the presence of sodium
oleate and by manipulating the ionic strength (with
NaCl). The final particle size was controlled by
additional organic solvent (octanol or toluene) and
by seed growth. Hydrophilic particles (6 nm) were
further modified by carboxymethyl-dextran in water to
obtain stable and well-dispersed superparamagnetic
nanoparticles suitable for biomedical application. The
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prepared particles were characterized by transmission
electron microscopy, thermogravimetry, Fourier-
transform infrared spectroscopy, magnetic measure-
ments, Mossbauer spectroscopy, dynamic light scat-
tering, and zeta-potential measurement.

Keywords Superparamagnetism - Magnetite -
Carboxymethyl dextran - Hydrothermal synthesis -
Nanocrystals

Introduction

Superparamagnetic particles of magnetite/maghemite
(Fe304/y-Fe,03) are intensively studied materials due
to their application as ferrofluids, mainly in biomed-
ical area as MRI contrast agents (Jun et al. 2005),
constituents of biosensors (Geng et al. 2007), and for
hyperthermic treatment of tumors (Duguet et al.
2006). In order to fulfill the requirements on biocom-
patibility and stability against agglomeration and
flocculation, they are usually prepared by the copre-
cipitation method and subsequently covered with
dextran. However, the coprecipitation leads to parti-
cles of poor crystallinity and wide size distribution. To
improve the magnetic properties of the nanoparticles,
progressive methods of preparation must be involved.
The methods usually employed to produce well-
dispersed particles of narrow size distribution are
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either thermal decomposition in organic solvents (Sun
and Zeng 2002; Sun et al. 2004) or, less frequently,
hydrothermal method (Liang et al. 2006). However,
these particles are hydrophobic and thus they need to
be modified to become hydrophilic and usable for
biomedical purposes. The surface modification
involves either coating by silica layer, using controlled
hydrolysis of silanes (De Palma et al. 2007), or by
carboxylic acids (Jun et al. 2005). To our knowledge,
there are almost no reports of dextran coating of
particles of this type; one multi-step modification
(using 3-aminopropyl trimethoxysilane) was reported
by Barrera et al. (2009), and another one, involving
thermal treatment with inert salt (Na,SO,), was
reported by Park et al. (2011).

Our previous work (Repko et al. 2011) dealt with
the mechanism of hydrothermal synthesis of CoFe,O,4
nanoparticles. In the present work, we summarize
further enhancement of the procedure in order to
obtain high batch yield (400 mg) and one-pot synthe-
sis of hydrophilic particles of iron oxide.

The prepared hydrophilic particles were then
subjected to modification with carboxymethyl dextran
(CM-dextran), which was chosen as a polymer with
better affinity to iron oxide than dextran (through
carboxylate groups), and its attraction to the surface of
the nanoparticles leads to their better stability in
solution due to lower isoelectric point (Liu et al.
2011). The optimized procedure is fully reproducible
for high-yield preparation of highly crystalline iron
oxide nanoparticles stabilized by CM-dextran desired
in various biomedical applications.

We also demonstrate seed-mediated growth in
hydrothermal conditions. Here, the as-prepared hydro-
phobic particles dispersed in octanol or toluene act as
seeds and their growth in subsequent preparation leads
to larger particles, up to 10 nm.

Experimental
Materials

Oleic acid (PhEur) was obtained from Fluka; iron(III)
nitrate pentahydrate (puriss. p.a., ACS reagent), chlo-
roacetic acid (99 %), and 1-octanol (ACS reagent)
from Sigma-Aldrich; dextran (from Leuconostoc
mesenteroides, average mol wt 9,000-11,000) from
Sigma; iron(Il) chloride tetrahydrate from Merck;
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hexane (pure) and sodium hydroxide (p.a., micro-
pearls) from Lach-Ner; ethanol (absolute, p.a.),
1-pentanol (n-amylalcohol, p.a.), and sodium chloride
(p-a.) from Penta-chemicals.

Reaction mixture for hydrothermal treatment
General strategy

The formation of the hydrophilic particles is maxi-
mized when water phase contains only sodium oleate
and no salts, according to the growth mechanism
depicted in Fig. 1. For this aim, a solution of sodium
oleate first reacted with iron(Il) chloride and iron(III)
nitrate:

2Na(oleate) + FeCl, — Fe(oleate), + 2NaCl
3Na(oleate) + Fe(NOs),; — Fe(oleate); + 3NaNO;

After the water phase containing sodium salts was
removed, more sodium oleate and water was added in
order to obtain final reaction mixture (Table 1).

Organic phase

The following items were added to a 100 ml beaker
with stirring: NaOH (14 mmol, 560 mg), water
(4 ml), pentanol (5 ml), oleic acid (18 mmol, 5.08
g), and a clear solution was obtained. Then, a water
solution of Fe(NO3);-9H,0 (2 mmol, 0.808 g) and
FeCl,-4 H>O (4 mmol, 0.795 g) was added, so the total
amount of water was 15 ml. The mixture was stirred
under sonication for 3 min and then left for 15 min to
separate the colorless water phase and dark brown
organic phase. The water phase was discarded and the

pentanol / octanol / toluene

Fe(oleate); 3 *

oleic acid *
[ Na(oleate) ] organic phase ‘

[ Na(oleate) ] ' water phase ¢

[ NaCl ] H,O

H,O

.. 5

Fig. 1 Mechanism of the nanoparticle formation: iron oleates
in organic phase, composed of pentanol or toluene, undergo
hydrolysis at hydrothermal conditions and grown hydrophobic
particles precipitate into water phase depending on polarity of
the organic phase (more polar organic phase leads to smaller
particles)
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Table 1 Reaction mixtures for hydrothermal preparation of Fe;O4 nanoparticles contained 2 mmol of iron(IIl) oleate, 4 mmol of
iron(Il) oleate, 4 mmol of oleic acid, 10 ml of water and additional components (2nd column)

Sample Additional components Diameter (nm) Loss on
in reaction mixture ignition (%)
TEM XRD DLS/PDI
A Pentanol (20 ml), Na(oleate) (2 mmol), NaCl (8 mmol) 59 +1.0 54 8.5/0.19 224
B Pentanol (20 ml), Na(oleate) (2 mmol) 6.1 £ 0.9 5.3 71/0.44 (oleate) 52.3
C Pentanol (20 ml) 63+ 1.2 5.8 9.8/0.22 19.4
D Pentanol (10 ml), octanol (10 ml) with 150 mg of C 79 £ 1.6 7.3 11.2/0.21 14.9
E Pentanol (10 ml), toluene (10 ml) with 150 mg of D 104 £ 2.2 8.5 12.3/0.14 12.4

Next columns list particle size obtained by the transmission electron microscopy, an estimate from the strongest spinel phase X-ray
diffraction (311), and Z-average size with polydispersity index from dynamic light scattering. Last column lists the mass of organic
layer obtained by thermogravimetry. Sample B was hydrophilic, the rest was hydrophobic. DLS measurement of sample B was
performed before modification with CM-dextran, while TEM, XRD, and TG after modification

organic phase (containing 5 ml of pentanol and iron

oleates) was moved into 50-ml Teflon autoclave tube. CH, CHe
o}

CICH,COOH >

Seeds (samples D, E) oH = QCHCO0
NaOH
OH o o, o}

150 mg of dry particles was dispersed in 5 ml of OH |, CRCO0™ o n
octanol (with the help of 0.2 ml of hexane and heating) CHCO0~

orin 5 ml of toluene and added to the autoclave tube. Fig. 2 Preparation of carboxymethyl dextran from dextran and

chloroacetic acid. The achieved degree of substitution is usually

Water phase (samples A, B) lower than what is shown (0.5-1 instead of 3)

Solution of sodium oleate and NaCl was prepared by larger particles (e.g., of goethite phase), and stored for

mixing NaOH (2 mmol, 80 mg), NaCl (8 mmol, further experiments. Bare particles were obtained by

468 mg; only for sample A), water (5 ml), pentanol drying the hexane dispersion in hot air as a fine black

(5 ml), and oleic acid (2 mmol, 565 mg). The mixture powder, easily re-dispersible in hexane or toluene. The

was added to the autoclave tube. yield was around 400 mg (ca. 80 %) for A, C, D and

Total volume of added pentanol/octanol/toluene 150 mg for E.

was 20 ml and water 10 ml. The tube was sealed under

flow of nitrogen, enclosed in a stainless steel autoclave Preparation of CM-dextran solution

(Berghof DAB-2), briefly shaken and put horizontally

into oven, pre-heated to 180 °C, for 10 h. Preparation of CM-dextran (Fig. 2) was adapted from
Huynh et al. (1998) and Liu et al. (2011). Water

Isolation of hydrophobic particles (samples A, C, (2.5 ml), NaOH (10 mmol, 400 mg), chloroacetic

D, E) acid (5 mmol, 473 mg), and dextran (6 mmol of OH
groups, 324 mg) were mixed and sonicated until

After cooling, the liquid phases were discarded while dissolution, and then stirred at 70 °C for 90 min.

Fe;O, was held by magnet. The particles were We did not use commercial carboxymethyl dextran,

dispersed in hexane (10 ml), precipitated by ethanol because its degree of substitution tends to be very low

(10 ml), separated by magnet, again dispersed in or even not specified. Procedure used in this work

hexane (10 ml) and precipitated by ethanol (8, 7, 5.5, should lead up to 1.0 COOH group per glucose unit
or 5 ml for A, C, D, E, respectively). The precipitate (Huynh et al. 1998). By titration, our CM-dextran
isolated by magnet was dried in hot air, weighted, and contained 0.5 COOH groups per glucose (solid CM-
dispersed in hexane (4 ml). The obtained dispersion dextran as a sodium salt was isolated by precipitation
was centrifuged at 3,000 rpm for 5 min to remove with methanol).
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Isolation and treatment of hydrophilic particles
(sample B)

Hydrophilic particles (sample B) were isolated
differently, avoiding the magnetic separation. The
reaction mixture after the hydrothermal treatment
was left for 30 min to separate into a black water
phase and a slightly colored organic phase. The
water phase was carefully moved to glass tubes and
centrifuged at 3,000 rpm for 5 min to remove large
aggregates and solid sodium oleate. Black superna-
tant with hydrophilic particles was mixed with CM-
dextran solution (volume of the resulting turbid
solution is around 15 ml) and mechanically stirred
for 26 h. After the first 6 h, 80 mg of NaOH in
2 ml of water was added (this was necessary for the
complete ligand exchange). The resulting brownish-
black dispersion was centrifuged 5 min at
3,000 rpm to remove upper soap-like layer and
then transferred to a dialysis membrane and dia-
lyzed against 1 I of distilled water for 72 h. The
water was changed after 24 h. A solution of 10 mg
NaOH in 1 ml of water was added to the resulting
water dispersion (dark brown, 40 ml) and it was
centrifuged 10 min at 6,000 rpm to remove agglom-
erated particles.

Drying at room temperature resulted in 14 mg of
solid phase per 1 ml of the dispersion. Thermogravi-
metry of this phase showed weight loss of 52.3 %
after heating to 800 °C (see Fig. 5). Yield of the
hydrophilic particles can be then estimated as
40 x 14 x 0.48 =~ 270 mg of iron oxide (ca. 55 %).

Characterization
Transmission electron microscopy (TEM)

A drop of ca. 0.05 % dispersion of the particles in
hexane (samples A, C, D, E) or water (B) was dried on
carbon-coated copper grid. The particles were studied
by JEOL 200CX at 200 kV (TEM) and high resolution
TEM images were obtained with a JEM 2010 UHR
equipped with a Gatan Imaging Filter (GIF) and a 794
slow scan CCD camera. The average particle size was
obtained by visual measurement of 100 particles for
each sample.
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Powder X-ray diffraction (XRD)

The XRD was carried out on PANalytical X’ Pert PRO
using Cu K, radiation (1.5418 A), secondary mono-
chromator and PIXcel position-sensitive detector. The
range was 10°-80° with step 0.039° and integration
time of 5,000 s (or 3,000 s for sample E). The peaks
were fitted by Gnuplot 4.6 by a sum of gaussian and
lorentzian (with the same full width at half maximum,
FWHM, in reciprocal space) and the size (diameter)
was obtained by Scherrer equation,

0.942
— i 1

Bcos0’ (1)
where d is the size of crystallites, and B is full width at
half maximum. Peak widths were constrained in

groups 311-511-422-222, 440-220-531, 400.
Thermogravimetry

Thermogravimetrical analysis was performed on
NIETZSCH STA 449F1 in air atmosphere with heating
rate 10 K/min. Amount of the samples was 2.5-12 mg.

Fourier transform infrared spectroscopy (FT-IR)

Reflectance infrared spectra were recorded on a
Thermo Nicolet Magna 6700 FTIR spectrometer.
The spectra were processed using Omnic (version 8)
software. The reflectance DRIFTS method was applied
(128 scans, 4 cm™ ! resolution, 4,000—400 cm™* spec-
tral range, Happ-Genzel apodization). The powdered
sample A and CM-dextran were mixed with potassium
bromide. Sample B was measured directly without KBr
dilution (drying led to thin leaves which could not be
ground to fine powder).

Magnetic measurements

Temperature dependences of zero-field-cooled (ZFC)
and field-cooled (FC) magnetizations (at the field of 10
mT) and hysteresis loops (at 10 and 300 K, maximum
field of 7 T) were measured on Quantum Design
MPMS7XL (SQUID magnetometer). Samples were
put into a gelatin capsule and fastened by a drop of
instant glue to avoid rotation of particles when being
magnetized.
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Mossbauer spectroscopy

Massbauer spectroscopy of °’Fe was done on Wissel
spectrometer using transmission arrangement and
scintillating detector ND-220-M (Nal:T1"). An o-Fe
foil was used as a standard and fitting procedure was
done using NORMOS program. Measurements at low
temperature (4 K) under magnetic field of 6 T were
done in perpendicular arrangement.

Light scattering

Hydrodynamic diameter (size) and { potential were
measured on Malvern Zetasizer NANO-ZS ZEN3600.
The sample B was measured in ca. 0.05 % dilution in
0.01 M KNO; without filtering, and pH was adjusted
by 0.01 M KOH and 0.01 M HNOs;, respectively.
Dynamic light scattering took place in a plastic cell
with optical path of 1 cm and at focus position of
4.65 cm. Zeta potential was measured in a plastic zeta
cell.

To measure hydrophobic particles in hexane, we
prepared new samples with no drying during the
synthesis and separation of the products, to avoid
agglomeration. Dispersions were diluted to ca. 0.05 %
with hexane and measured in glass cell with optical
path of 1 cm at focus position of 4.65 cm.

Results and discussion
Choice of the reaction mixture

In order to obtain high yield of magnetite, we found
the optimal ratio of Fe?":Fe®™ in initial reaction
mixture as 2:1. To introduce precise amount of Fe* ™,
we had to use iron(III) nitrate instead of chloride or
sulfate due to their non-stoichiometric composition.
After the preparation of oleates, water phase was
discarded to remove sodium nitrate as a potential
oxidant.

TEM and XRD measurements

The phase composition and the particle size were
obtained by both the transmission electron microscopy
(Fig. 3) and by the powder X-ray diffraction (Fig. 4);
the values are summarized in Table 1. Majority of the
samples show dominant contribution of the spinel
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(iron oxide) phase, only the sample B contains small
amount of FeO(OH) (goethite). The samples prepared
without seeds in octanol 4 pentanol would have the
same size as in the case of the synthesis using pure
pentanol (therefore, we used seed-growth). The cor-
respondence of the particle size revealed by the TEM
and XRD for the A-D samples points to great
crystallinity of the particles. In the case of the sample
E (seed-grown particles), the difference between the
TEM and XRD size can be explained as follows.
The size determined by the XRD corresponds to that of
the coherently scattering domain (related to its
volume). Therefore, the particle can be considered as
a well-crystalline core and a disorder shell, which
grows mainly in the second step of preparation.
However, the TEM image represents the 2D projection
of the physical size of the particles.

Thermogravimetry and infrared spectroscopy

Thermogravimetry was performed on all samples to
estimate the amount of oleic acid or CM-dextran (for
sample B) on the surface of the particles (see Fig. 5
and Table 1), and resulted in decreasing ratio of
organic matter, in agreement with the increasing size
of the particles. Sample B modified with CM-dextran
showed more significant loss of weight, 52 %, due to
the presence of excess CM-dextran.

Infrared spectroscopy was used to confirm surface
modification of sample B (see Fig. 6). Its spectrum in
the region 2,000—800 cm~ ! is similar to pure CM-
dextran (sodium salt), which was prepared as
described in “Preparation of CM-dextran solution”
section. Peaks were assigned according to Dean
(1999), Liu et al. (2011). Although overall shape of
the spectrum is influenced by the different measure-
ment method (no KBr dilution), it confirms the
absence of oleate (no sharp CH, stretching vibrations
around 2,900 cm ™).

Magnetic measurements and Mdssbauer
spectroscopy

Magnetization measurements by SQUID magnetom-
etry (see Table 2; Fig. 7) confirmed the superpara-
magnetic nature of the particles at room temperature,
with the mean blocking temperature (estimated from
the maximum on the ZFC curve in Fig. 7) increasing
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Fig. 3 TEM images of sample A (a), B coated with CM-dextran (b), C (c¢), D (d), E (e), and sample C observed by HRTEM (f).
HRTEM image shows inter-plane distances and angles which agree well with expected values

with the particle diameter from 45 K for 6 nm up to
290 K for 10 nm. Even in the blocked state, the
nanoparticles show magnetically soft behavior, with
the coercitive field of ca. 10 mT at 10 K. However,
they exhibit relatively high magnetization at 7 T,
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reaching over 80 Am?/kg at 10 K, or over 70 Am?/kg
at 300 K, respectively, which is in correspondence
with high crystallinity of the particles. The specific
magnetization was corrected for the mass of organic
layer. The reason of the lower magnetization of the
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sample A
TEM: 5.9(10) nm

5.4(2) nm
5.7(8) nm

5.3(4) nm
a=8379 A

sample B
TEM: 6.1(9) nm

5.3(3) nm
5.6(14) nm

5.5(5) nm

5 a=8362 A
RO

sample C

TEM: 6.3(12) nm

5.8(2) nm
6.1(8) nm

5.8(3) nm
a=8377A

sample D
TEM: 7.9(16) nm

7.3(2) nm
6.9(10) nm

7.4(4) nm
a=8383A

intensity (normalized)

sample E
TEM: 10.4(22) nm

8.5(4) nm
7.8(15) nm

8.5(7) nm
a=8384A

110 130111 FeOOH
. . 30“ 140 221 JCPDS 29-0713
311 440 Fe304
11 2201555 400 40311 TjepDs 19-0629
L L B B B B
10 20 30 40 50 60 70 80
26 (%)

Fig. 4 X-ray diffraction of samples A-E. Size of the crystal-
lites and their lattice parameter (a) were obtained from FWHM
and positions of the peaks

100

90

80

70 :
B B B < B
60 - (with CM-dextran)™

weight (normalized)

50

100 200 300 400 500 600 700 800 900
T (°0)

Fig. 5 Thermogravimetry of hydrophobic samples A, C-E and
hydrophilic sample B. Hydrophobic samples are expected to
contain oleic monolayer on their surface. Sample B contains
considerable amount of carboxymethyl dextran

sample B (containing CM-dextran) could be the higher
degree of oxidation to maghemite.

Mossbauer spectroscopy (see Table 3; Fig. 8) gives
us the information about magnetic ordering at given
temperature and also about occupancy of the
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CM-dextran
sodium salt
sample B
with CM-dextran

sample A

0.8 - (with oleic acid)

transmittance

v(O-H---0) =
IS
0.6 |- =
T
8
0.4 S
<
=}
- o
02 a5 Vo(C-H of CHp) T
(s L 11§
4000 3500 3000 2500 2000 1500 1000 500

v (cm™h)

Fig. 6 FT-IR spectra of hydrophobic sample A, CM-dextran-
modified sample B, and pure carboxymethyl dextran (sodium
salt) measured in KBr using DRIFTS arrangement. The
presence of CM-dextran is demonstrated mainly by asymmetric
(vas) and symmetric (vs) stretching vibrations of COO™ at
1,630—1,400 cmfl, by the stretching vibrations of C—OH and
C-OR at 1,150—1,000 cm™! and by the absence of sharp
stretching vibrations of CH,. Protonated carboxylate shows
stretching vibrations of C=0 at around 1,700 cm ™"

Table 2 Magnetic properties of the Fe,Os/Fe;O, particles:
blocking temperature from ZFC curve and parameters of
hysteresis loops (7= 10 K) corrected for the mass of organic layer

Sample Ty (K) po Hoox Mrok  Mumax (Am’/kg)
(mT) (Am%kg) 10K 300 K

A 45 5 4 87 73

B 47 12 6 52 44

C 60 5 5 89 75

D 180 17 11 79 68

E 290 17 13 79 70

All samples exhibit H. = 0, M, = 0 at 300 K

tetrahedral and octahedral sites in the iron oxide
spinel structure. The sample C measured at room
temperature shows relatively broad doublet. It means
that the sample is in superparamagnetic state at this
temperature. Low temperature measurements carried
out at 4 K exhibit sextets, which means that the sample
is already in a magnetically blocked state. The
subspectra for iron in tetrahedral sites and octahedral
sites are overlapped. For this reason, the sample was
measured also in external applied field of 6 T in order
to split these two sextets. It was found that 35 % of the
iron cations are located in tetrahedral positions and
58 % are located in octahedral positions. It fits

@ Springer



Page 8 of 9

J Nanopart Res (2013) 15:1767

[

M (normalized)
S
[\ ESS (o) oo

50 100 150 200 250 300 350 400
T (K)

0
0

Fig. 7 Zero-field magnetization of the samples A,
showing gradual rise of blocking temperature

Table 3 Mossbauer parameters of the sample C at 4 K: isomer
shift 8, quadrupole splitting AEq, hyperfine field B and canting
angle 0

Fe Tetrahedral Octahedral Paramagnetic
Area (%) 35 58 7

0 (mm/s) 0.37 0.49 0.33

AEq (mm/s) 0.01 0.01 0

By,,0T (T) 52.40 51.68 0

By, 6T (T) 57.50 46.87 6

0(°) 33 35

perfectly with the ratio found in y-Fe,O5; where the
theoretical value Fe,.:Few, corresponds to 1.66.
Mossbauer spectra measured at applied field permit
us to calculate a canting angle of the moments both in
tetrahedral and octahedral sites (Roca et al. 2009). The
values were found to be 33° and 35° for tetrahedral and
octahedral positions, respectively. Taking into
account the resolution of Mossbauer spectra, we can
consider them to be the same. This canting angle could
be attributed to the surface spin disorder commonly
found in magnetic oxide nanoparticle systems.

Hydrophilic particles

The hydrophilic particles obtained for the case B
(before modification with CM-dextran) are quite
stable in water, but precipitate quickly after addition
of ethanol or solution of NaCl. The precipitated and
dried particles are not hydrophilic anymore, but can be
dispersed in hexane (i.e., they are hydrophobic and
similar to the samples A, C, D, E). We can attribute
this change of hydrophilicity to the presence of some
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Fig. 8 Mossbauer spectroscopy of the sample C demonstrating
magnetically blocked state at 4 K, and no ordering at room
temperature

sample B

110
100
90
80
70

size (nm) zeta potential (mV)

2 3 4 5 6 7 8 9
pH

10

Fig. 9 Dynamic light scattering and zeta-potential measure-
ments for sample B and at various pH

sodium oleate (with COO™ pointing outwards) on the
surface of oleate-coated nanoparticles. This type of
hydrophilic particles is not suitable for direct applica-
tion, because the solution contains excess sodium
oleate and its removal leads to precipitation of the
particles. However, the particles modified by CM-
dextran form a stable dispersion in water up to 0.3 M
of NaCl or in the presence of ethanol.

Hydrophilic particles were further characterized by
the dynamic light scattering. The zeta potential and
hydrodynamic size was measured for the pH range:
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2-9. As can be seen in Fig. 9, hydrodynamic diameter
of the particles is under 100 nm for pH down to 2.5. At
even lower pH they become unstable and gradually
precipitate.

Relatively higher hydrodynamic diameter (90 nm)
indicates that the hydrophilic particles are not per-
fectly dispersed. This behavior can be caused either by
binding of the CM-dextran to more particles at once or
by not-so-ideal conditions during surface modifica-
tion—we observed temporary precipitation during the
addition of CM-dextran solution (that contained some
NaCl as a by-product). To circumvent the precipita-
tion, we also tried to use the pure CM-dextran
(prepared as described in “Preparation of CM-dextran
solution™), but the procedure did not lead to substi-
tution of the oleic acid shell—even after 3 days of
stirring, the particles could be precipitated by ethanol
and then dispersed in hexane.

Conclusion

In this work, we prepared 6-10 nm nanoparticles of
magnetite/maghemite, both hydrophobic and hydro-
philic, by the hydrothermal process in water/pentanol/
oleic acid. The final particle size is controlled by
additional organic solvent (octanol or toluene) and by
the seed growth. The formation of the hydrophilic
particles was achieved by the presence of sodium
oleate in the reaction. The product can be reverted
back to hydrophobic by increasing the ionic strength
(with NaCl) during the reaction or by subsequent
precipitation by ethanol. The hydrophilic particles
were further stabilized by carboxymethyl dextran. The
prepared particles are well dispersed and show very
good magnetic properties, therefore the proposed
synthesis is suitable as an environmentally friendly
and much more simple alternative to the organic-
decomposition methods.
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Surface spin canting has been studied for high quality magnetite nanoparticles in terms of size and
shape uniformity. Particles were prepared by thermal decomposition of organic precursors in organic
media and in the presence of oleic acid. Results are compared to spin canting effect for magnetic
iron oxide nanoparticles of similar size prepared by coprecipitation and subsequently coated with
silica. Magnetic characterization and Mossbauer spectroscopy at low temperature and in the
presence of a magnetic field have been used in this study. Transmission electron microscopy images
and x-ray diffractograms show that iron oxide nanoparticles synthesized by thermal decomposition
are more uniform than those prepared by coprecipitation, and they have higher crystal order.
Magnetic measurements show superparamagnetic behavior for both samples at room temperature
but particles synthesized by thermal decomposition shows higher saturation magnetization and
lower coercivity at low temperature. The imaginary part of the ac susceptibility has been used to
support the presence of mainly magnetite instead of maghemite in these iron oxide nanoparticles.
Mossbauer measurements with and without field demonstrate surface spin canting, only in the
octahedral positions for the coprecipitation particles. However, high synthesis temperature and the
presence of oleic acid molecules covalently bonded at the particle surface, accounting for the lack
of spin canting in particles prepared by thermal decomposition, which justifies the high saturation
magnetization and low coercivity at low temperature. © 2009 American Institute of Physics.
[DOLI: 10.1063/1.3133228]

I. INTRODUCTION a powerful tool for studying structural, physical, and mag-
netic properties and the best for iron oxide nanoparticles.s’9
This technique could estimate stoichiometry of iron oxide
nanoparticles, order degree, structural site occupancy, and
magnetic dipolar interactions. It is also possible to analyze
the spin orientation at the nanoparticles surface when mea-
suring in the presence of a magnetic field.® The aim of this
work is to analyze surface spin canting effect for high quality
magnetite nanoparticles in terms of size and shape unifor-
mity. Particles were prepared by thermal decomposition of
organic precursors in organic media and in the presence of
oleic acid.'”" Results are compared to spin canting effect for
magnetic iron oxide nanoparticles of similar size prepared by
coprecipitation and subsequently coated with silica. It has
been previously reported that structural, physical, and mag-
netic properties of nanoparticles greatly depend on the syn-
thesis route and therefore it is predicted to affect surface spin
canting.7 Silica and oleic acid coatings are chosen to keep
particles apart, reducing magnetic dipolar interactions and
surface effects.

For the past century, submicron magnetic iron oxide par-
ticles, in the magnetite or maghemite phase, have been the
subject of numerous studies because of their interesting
properties.] They have been used in several applications such
as motor seals, magnetic ink for bank cheques, or magnetic
recording devices.” Below 50 nm, nanoparticles could be
used for biomedical applications such as hyperthermia, mag-
netic resonance imaging, and drug df:livery.3 The main ad-
vantage of these materials is the possibility of being manipu-
lated by an external magnetic field without aggregation after
its removal because of its superparamagnetic character.

When magnetic nanoparticles sizes go down to the
multidomain-monodomain limit, surface and finite size ef-
fects become more important and interesting physical prop-
erties appealr4 such as the increase in anisotropy due to the
surface contribution leading to high coercivities at low
temperature.5 Unfortunately, spin canting at the surface has
also been observed and it was demonstrated that it is respon-
sible for satu6r$1ti0n magnetization reduction limiting material
applications. ™ . o Il. EXPERIMENTAL SECTION

In this work, structural and magnetic characterizations of
iron oxide nanoparticles have been carried out by different ~ A. Synthesis of magnetite nanoparticles by
techniques, including Méssbauer spectroscopy. Mossbauer is ~ COPrecipitation and coating with silica (M and MSi)

Sample M was prepared by precipitating iron salts with
“Electronic mail: alexgr@icmm.csic.es. sodium hydroxide.12 The salt solutions used were at

0021-8979/2009/105(11)/114309/7/$25.00 105, 114309-1 © 2009 American Institute of Physics
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0.0352M (FeSO,) and they were mixed with constant stir-
ring. A mixture of ferric and ferrous salt solutions, 0.048M of
Fe(NO;); and 0.0352M (FeSO,), was added to 1M Na(OH)
solution of ethanol and water (1:1 ratio). Average particle
size prepared by this process was 5 nm (sample M).

A silica layer was deposited on 5 nm magnetite nanopar-
ticles (sample MSi)."® First of all, 30 mg of magnetite nano-
particles were added to a stirred mixture of 12 mL distilled
water, 60 ml of 2-propanol, and 1.5 mL of ammonia. The
solution was maintained in an ultrasonic bath for 1 h. Then,
0.36 mL of tetracthoxysilane was added to the solution and
left in the ultrasonic bath for 12 h. The solution was filtered,
and the nanoparticles were washed with 2-propanol and
dried at 20 °C for 1 day.

B. Synthesis of magnetite nanoparticles coated by
oleic acid (MO)

Sample MO was synthesized by thermal decomposition
method."! A mixture of 5.32 g Fe(acac); (15 mmol), 16.93 g
1,2-dodecanediol (75 mmol), 14.19 g oleic acid (45 mmol),
and 17.27 g oleylamine (45 mmol) were added to 150 mL of
benzyl ether. The temperature of the resulting mixture was
increased by 3 °C/min~! up to 200 °C with mechanical stir-
ring and nitrogen flow. The reaction was maintained at this
temperature for 2 h, and then, the solution was heated up to
reflux (298 °C) for 30 min under nitrogen atmosphere. Once
the reaction stopped, it was cooled down to room tempera-
ture and impurities (unbounded surfactants) were removed
by washing with ethanol. The powder was obtained by pre-
cipitation with ethanol, centrifugation, and finally dried un-
der nitrogen flow.

C. Characterization

Particle size, shape, and polydispersity degree (standard
deviation/mean size) were analyzed by transmission electron
microscopy (TEM) using a 200 keV JEOL-2000 FXII micro-
scope. TEM samples were prepared by placing one drop of a
dilute suspension of magnetite nanoparticles on a carbon
coated copper grid and allowing the solvent to evaporate at
room temperature. Average particle size (Drgy) and distribu-
tion were evaluated by measuring the largest internal dimen-
sion of at least 300 particles. Size data were fitted with a
log-normal distribution function and the logarithmic standard
deviation was calculated.

The iron oxide phase was identified by powder x-ray
diffraction. The x-ray patterns were collected between 10°—
80° (26) using a PHILLIPS 1710 diffractometer with Cu K«
radiation. Lattice parameters and crystal size (Dxrp) were
calculated from the position and the broadening of the (311)
reflection of the spinel structure following standard
procedures.14 Thermogravimetric (TG) analysis was carried
out in a SEIKO TG/ATD 320 U, SSC 5200 (Seiko Instru-
ments) to evaluate the organic coating percentage. Samples
were heated at 10 °C/min in air atmosphere from room tem-
perature to 700 °C. Silica percentage was evaluated by el-
emental analysis [inductively coupled plasma (ICP)] after
digestion with HF.

J. Appl. Phys. 105, 114309 (2009)

Mossbauer spectra were recorded in the transmission
mode with ’Co diffused into a Rh matrix as the source
moving with constant acceleration. The spectrometer was
calibrated by means of a standard a-Fe foil and the isomer
shift (IS) was expressed with respect to this standard at 293
K. The samples were measured at room temperature and in
cryostat at the temperature of 4.2 K without field and under
the external field of 5 T perpendicular to the y-ray. The fit-
ting of the spectra was performed with the help of the NOR-
MOS program using Lorentzian profiles.

Magnetic characterization of the samples was carried out
in a 7 T superconducting quantum interference device mag-
netometer (SQUID, MPMS7XL, Quantum Design). Magne-
tization curves were recorded by first saturating the sample
in a field of 7 T; then, the saturation magnetization (M),
remanence (M,), and the coercive field (H,) were determined
for each sample. M, values were evaluated by extrapolating
to infinite field the experimental results obtained in the high
field range where magnetization linearly increases with 1/H.
For the zero field-cooled (ZFC) and field-cooled (FC) mea-
surements the sample was cooled down to 2 K in zero field,
and the magnetization was recorded as the sample was
heated to 350 K in a field of 5 mT (ZFC). Then, the sample
was cooled to 2 K under a field of 5 mT, and the magneti-
zation was recorded as the sample was heated to 350 K in the
same field. The ac susceptibility was recorded in zero mag-
netic field in the temperature range 2-350 K using the am-
plitude of the ac field of 0.3 mT and varying frequency from
0.1 Hz to 1 kHz.

lll. RESULTS AND DISCUSSION
A. Morphological and Structural characterizations

TEM images of the iron oxide nanoparticles are shown
in Fig. 1 and the morphological characteristics are collected
in Table I. Nanoparticles prepared by decomposition are very
uniform in size and shape, and they are arranged on the TEM
grid forming arrays due to the presence of oleic acid mol-
ecules coating the nanoparticle [Fig. 1(b)]. Self-assembling
process is the result of the equilibrium between the attracting
magnetic dipolar forces between nanoparticles and the repul-
sive steric barrier of the surfactant hydrophobic chains." The
mean size for sample MO was 6.4 nm and the polydispersity
degree was 0.12, well below the monodispersed limit (0.2).
Nanoparticles prepared by coprecipitation, sample M, had a
mean particle size of 5.0 nm with a standard deviation of 0.2
[Figs. 1(a) and 1(d)]. This is the best that can be obtained by
coprecipitation without any size selection process.16 Silica
coated nanoparticles are shown in Fig. 1(c) (sample MSi),
where a thick silica layer is observed around particle aggre-
gates. The particle size histograms fitted to a log-normal dis-
tribution are shown in Fig. 1(d).

The x-ray diffraction peak positions and intensities cor-
respond to an inverse spinel structure similar to
magnetite-maghemite” (Fig. 2). Lattice parameters calcu-
lated for the (311) reflection are 8.38 A for sample MO and
8.36 A for sample M, suggesting certain degree of oxidation
for sample M (magnetite lattice parameter 8.39 A and
maghemite lattice parameter 8.33 A). Additionally, crystal
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FIG. 1. TEM images of (a) Magnetite nanoparticles prepared by coprecipi-
tation (M); (b) Magnetite nanoparticles coated by oleic acid prepared by
thermal decomposition (MO); (c) Sample M coated by silica (MSi); and (d)
Particle size histograms fitted to a log-normal distribution for samples M
and MO.

size calculated from Scherrer equation was 7.4 nm for
sample MO and 5.6 nm for sample M. These measurements
are in good agreement with TEM data indicating that each
particle is a single crystal. TG analysis reveals that 1 g of
sample consists of 0.84 g of iron oxide and 0.16 g of surfac-
tant for sample MO. The percentage of silica on sample MSi
is 80% as calculated by elemental analysis (ICP).

B. Magnetic properties

Representative ZFC and FC measurements are shown in
Fig. 3. They clearly demonstrate different superspin arrange-
ments in both types of materials, mainly affected by particle
size distribution in the samples. Samples M and MSi show
almost identical behavior, illustrated by a broad maximum on
ZFC at around 100-120 K together with a furcating point on
the ZFC and FC curves in the region of 250-270 K. More-
over, FC curves show an inflection point at 7,5~ 150 K.
However, ZFC and FC curves of sample MO show a maxi-

TABLE 1. Morphological characteristics of the magnetite nanoparticles:
M=Magnetite nanoparticles prepared by coprecipitation; MSi=Aggregated
M particles coated with silica; and MO=individual oleic coated particles
prepared by thermal decomposition in organic media.

Morphological characteristics

Drem Thickness
Sample (nm) Polydispersity Coating (nm)
M 5.0 0.20
MSi 5.0 0.20 Silica 40
MO 6.4 0.12 Oleic acid 2

J. Appl. Phys. 105, 114309 (2009)
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FIG. 2. X-ray diffraction patterns for magnetite nanoparticles prepared by
coprecipitation (sample M) and by thermal decomposition (sample MO).

mum at higher temperature, 198 K and a furcating point
coincident with the maximum temperature of the ZFC curve
(Table II).

The behavior of samples M and MSi is characteristic for
a superparamagnet (SPM) with considerable dipolar interac-
tions, probably leading to a collective phenomena known as
super-spin-glass (SSG) order.'® The identical behavior of
samples M and MSi, suggests a minor influence of the silica
coating in suppressing undesirable dipolar interactions be-
tween the magnetic nanoparticles. Thus, for the silica-coated
sample (MSi) we are looking at aggregates of several par-
ticles. In the case of sample MO, saturation of FC curve at
low temperatures also suggests considerable dipolar interac-
tions between iron oxide particles despite of the oleic acid
coating.19 Therefore, the main difference between samples
MO and MSi is the size distribution. Particles obtained by
coprecipitation exhibit considerably broader size distribution
in comparison to particles prepared by decomposition. As a

6 ,
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54 —o— FC
w4
=
g3
<
s 2
I MSi
0
0 100 200 300
T (K)
7 r
6
5t
oh
o§4'
Z
T3 MO
22_
—e 7FC
1} —— FC
0 Y L 1
0 100 200 300 400
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FIG. 3. The temperature dependence of the ZFC and FC magnetization
recorded at 5 mT for samples MSi and MO.

196

Downloaded 15 Jan 2010 to 195.113.35.97. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



114309-4 Roca et al. J. Appl. Phys. 105, 114309 (2009)

TABLE II. Magnetic and Mossbauer parameters of the magnetite nanoparticles. [Saturation (M) and rema-
nence magnetization (M,), coercive field (H,), ZFC maximum temperature (TmaXZFC/FC) , FC inflection point
(T;,q7FF) , ac susceptibility maximum temperature (7T,X* , recorded at f=100 Hz), angle between Fe mag-
netic moments in tetrahedral (« Fe;) or octahedral (a Fe,) positions with the external magnetic field.]

Magnetic parameters Mossbauer data 4 K,5 T

TmaxZFC/FC TinﬂZFC/FC TB)(ac Mf K MiOO K H{Z K o FGT o Feo
Samples (X) X) (K) (Am’kg) (Am’kg) (T) ©) ©)
M 118 250 130 55 46 0.05 0 140
MSi 106 270 137 53 44 0.05 0 143
MO 198 198 240 96 84 0.04 0 169

result, the ZFC of samples M and MSi exhibits an extended
tail from the maximum toward higher temperatures.
Hysteresis loops were recorded at room temperature and
2 K, as shown in Fig. 4 and the obtained magnetic charac-
teristics for all samples are summarized in Table II. Sample
MO shows larger values of saturation magnetization M and
remanence M,, as a consequence of the higher synthesis tem-
perature (of ~300 °C), which leads to particles with higher
crystal order. However, the coercivity trend at low tempera-
ture is not straightforward to understand. Considering
Stoner—Wohlfarth criterion for switching of single-domain
particles with similar effective anisotropy K., the expected
coercivity for samples M and MSi would be double of that
for sample MO rather than only 20% larger (H.=0.05 T)
than for sample MO (H.=0.04 T) (Fig. 5, Table II). A
simple interpretation of this difference in the view of the
Stoner—Wohlfarth model would be a noticeably larger K ¢
for sample MO. However, the calculation of the effective
anisotropy constant from the irreversibility field" Hi.,
(above which is the magnetization cycle reversible), as K g
=1/2MH,,, vyields K. values of 83, 8, and 7.2
X 10° erg/cm?® for samples M, MSi, and MO, respectively
(Hj, values=0.3, 0.3, and 0.6 T). It has been recently

M (Am?/kg)

KoH (T)

FIG. 4. Comparison of the hysteresis loops recorded at 2 and 300 K for
samples M, MSi, and MO.

shown, in agreement with these results, that magnetite nano-
particles prepared by thermal decomposition in organic me-
dia have lower anisotropy constant than magnetite nanopar-
ticles prepared by coprecipitation.20 Factors accounting for
larger coercivity values for magnetite nanoparticles are:
stress anisotropy at the particle-matrix interface,”! shape an-
isotropy coming from irregular morphology, interactions, and
surface anisotropy. These factors usually increase the irre-
versibility field and they are probably responsible for the
enhanced H, values at low temperatures for samples M and
MSi. On the other hand, the oleic acid molecules, coating the
nanoparticles surface in sample MO, keep the particles iso-
lated from each other reducing interactions, spin canting, and
surface anisotropy, leading to lower H, values.

Real (x') and imaginary (") parts of the ac susceptibil-
ity of samples M and MSi, show a single broad maximum,
which position and amplitude are sensitive to the applied ac
magnetic field frequency. Both samples are almost identical
and results for sample M are shown in Fig. 6(a). The peak
amplitude of x’ increases, and the position shifts to lower
temperatures with decreasing frequency. The shift in the
x'-maxima can be attributed to the SPM or SSG
phenomena.18 Considering the limited range of the applied
frequencies, we cannot provide clear evidence of the pres-
ence of SSG phenomena. The broad particle size distribution
often originates a mixture of single-superspin relaxation and
collective dissipation phenomena, so the obtained values
would be booting for further interpretation.n’23

100 ¢

M (Am?/kg)

-0.4 -0.2 0.0 0.2 04
lloH (T)

FIG. 5. Detail of the hysteresis loops measured at 2 K for M, MSi, and MO
samples.
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FIG. 6. Temperature variation in the real and imaginary
parts of the ac susceptibility for samples M (a) and MO
(b). The inset in panel (b) demonstrates the detail of the
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contribution of the incoherent tunneling in defected
magnetite at 7, (T;=incoherent tunneling temperature
and Tz=maximum susceptibility temperature).
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Real (x’) and imaginary (y”) parts of the ac susceptibil-
ity of sample MO is presented in Fig. 6(b). Beside the broad
maximum expected near the Tp, an additional pronounced
anomaly was observed mainly on the y” versus T curve at
T,~25 K, depending just slightly on the applied frequency.
The T,-related feature can be attributed to the unusual phe-
nomena observed by magnetic after-effect (MAE) spectros-
copy in disordered magnetite for the B-site vacancy concen-
tration (Fe;_s04): 6<0.01 associated with incoherent
electron tunneling:{.n24 The dissipation of magnetic energy
related to the complex electron processes can be observed as
an anomaly on the imaginary part of the ac susceptibility,
and may serve as a strong argument for having magnetite
instead of maghemite in sample MO and in general in iron
oxide nanoparticles.

C. Spin canting effect

Mossbauer spectroscopy can give useful information on
the oxidation state of iron but the situation is not so clear in
the case of magnetite. Stoichiometric magnetite is an inverse
spinel having both Fe?* and Fe®* in octahedral positions.
Above Verwey transition, there is very quick electron ex-
change between Fe?* and Fe®*, which leads to ISs of ap-
proximately 0.65 mm/s for Fe in the octahedral positions,
just between IS values for Fe’* (0.1-0.4 mm/s) and Fe**

FIG. 7. Schematic representation of the magnetic moment, hyperfine, and
effective field directions respect to the 7 radiation in the Mossbauer
experiment.

(0.8-1.5 mm/s).” During oxidation of magnetite, the IS
shifts toward lower values down to 0.3 mm/s for fully oxi-
dized maghemite (y-Fe,03). It is worth to note that magne-
tite nanoparticles prepared in this work are in the superpara-
magnetic state at room temperature and the Mossbauer
spectra of all three samples were represented only by dou-
blets with ISs & (millimeter per second) of 0.32 for sample
M, 0.33 for sample MSi, and 0.4 for sample MO. From the
IS values, it can be concluded that the degree of oxidation of
Fe?* in magnetite nanoparticles is relatively high. At the
same time, it is shown that silica layer forms a slight barrier
to the oxidation while the protection by oleic acid is much
more effective.

Spin canting effect was analyzed from the Mossbauer
spectra at low temperature without and with an external mag-
netic field (Figs. 7 and 8). These measurements give infor-
mation about magnetic properties of the magnetic sublattices
in magnetite. From the hyperfine and effective field values,
measured at zero field and at 5 T, respectively, the angle ()
between the external field and the hyperfine field can be cal-
culated using the cosinus equation26

By=Bi+ By, — 2ByB,, cos(180 ° - ). (1)

app

Mossbauer spectrum of magnetite below Verwey transi-
tion is very complex. From our 4.2 K in field measurements,
both tetrahedral and octahedral subspectra are well separated
and each of them can be well fitted by one sextet with
Lorentzian shape (supporting information). Each sextet rep-
resents Fe in tetrahedral and octahedral positions. From in-

-129 6 303 6 912 -12-9-6-30 3 6 9 12

Velocity (mm/s) Velocity (mm/s)

FIG. 8. In-field Mgssbauer spectra of samples MO (left) and MSi (right) at
4 K.
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field measurements, the values of ISs, quadrupole splitting,
and width at half heights (full width at half maximum) of the
sextets were taken for the fitting of the corresponding zero-
field Mossbauer spectra (these parameters are unchanged
when a magnetic field is applied) in order to minimize the
number of free parameters. When comparing the spectra for
samples M and MSi, the second one shows an additional
doublet originated from iron that is not magnetically ordered
(about 4% of total iron), which could be due to iron “dis-
solved” in the silica shell or iron at the interface silica-
magnetite nanoparticle that is “magnetically disordered” due
to influence of Fe-O-Si bonds (Fig. 8).

Canting angle of the Fe magnetic moments in tetrahedral
positions and Fe in octahedral positions with respect to the
external magnetic field for the three samples are presented in
Table II. For all samples, magnetic moments of Fe in tetra-
hedral positions are antiparallel (180°) to the external mag-
netic field while magnetic moments of Fe in octahedral po-
sitions are forming a smaller angle (a) with respect to
external magnetic fields of 140° and 143°, which means that
the magnetic moments are canted by 40° for the case of
sample M and 37° for sample MSi (Table II).

In the case of sample MO, Fe magnetic moments in
tetrahedral positions are antiparallel (180°) to the external
magnetic field while Fe magnetic moments in octahedral po-
sitions are located at 169° with respect to external magnetic
field, which means that they are canted only by 11° and
therefore nearly parallel, taking into account the possible er-
ror of the fitting procedure. It must be noted, that due to the
strong overlap of the components, angle values had to be
taken as a rough values (standard deviation of about 10°).

From the above-mentioned results it could be concluded
that octahedral positions are more susceptible to be canted
than tetrahedral ones, and both crystallinity and surface coat-
ing influence the canting angles of magnetic moments of Fe
atoms in its magnetic sublattice. The protection by oleic acid
leads to magnetite nanoparticles (MO) with practically no
magnetic moment canting. It is clear that the surface spin
disorder arises from reduced coordination of surface cations
and broken exchange bonds between surface spins, giving
rise to magnetic frustration. However, the effect of the cou-
pling agent, i.e., the inorganic-organic interactions, is still
unclear. Thus, it has been recently published that phospho-
nated nanoparticles of 40 nm diameter behave as a collinear
ferrimagnet,7 whereas a canted ferrimagnetic structure occurs
in the case of these magnetite nanoparticles grafted with car-
boxylated molecules, in opposition to our results for sample
MO. The angle values were found to be about 25(8)° for both
tetrahedral and octahedral Fe magnetic moments. It should
be noted that a different method for the evaluation of canting
angle was used in that paper (the ratio of surface area of 2/5
and 1/6 lines of sextets in parallel arrangement of in field
Mossbauer measurement), and it was concluded that the par-
ticles have a well defined “dead surface layer” (thickness of
2.8 nm reported by Daou et al.’). In our particles, the lack of
canting in the 6 nm particles coated with oleic acid suggests
the absence of dead layer but a solid solution of
Fe;0,4-y-Fe,O5 could be present, as reported by Schmid-
bauer and Keller”’ for much larger particles.

J. Appl. Phys. 105, 114309 (2009)
IV. CONCLUSIONS

It can be concluded that both crystallinity and surface
coating influence the canting angles of magnetic moments of
Fe atoms in its magnetic sublattice, being the octahedral po-
sitions more susceptible to be canted than tetrahedral ones.
The high crystallinity and the oleic acid protection of par-
ticles prepared by high temperature decomposition lead to
magnetite nanoparticles with practically no canting of mag-
netic moments. This justifies the high saturation magnetiza-
tion values, close to the bulk value, measured for these par-
ticles in spite of the high surface/volume ratio.
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We have investigated properties of systems of strongly interacting magnetic nanoparticles in
order to estimate the influence of the inter-aggregate interactions on the collective phenomena.
We have compared two systems composed of v-Fe,Os nanoparticles, prepared by thermal
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decomposition of an organic precursor and coprecipitation, respectively; with those prepared by
coprecipitation, containing the particle aggregates coated by SiOs layer of different thickness.
Detailed magnetic studies of all samples such as the temperature dependence of magnetization
and frequency-dependent a.c. susceptibility, recorded also in external magnetic field, revealed the
blocking temperature close to 300 K and super-spin glass (SSG) or SSG-like nature of the systems.
The slight minimization of the interaction strength in the system with increasing thickness of the

SiOs coating has been observed.

Keywords: Magnetic nanoparticles; aggregates; inter-particle interactions; coating; relaxation

time.

1. Introduction

Technologies using superparamagnetic (SPM) iron
oxide nanoparticles (NPs) as magnetic carriers are
promising in a lot of aspects improving our life,
because of their ability to be magnetically resus-
pended, aggregated and collected, as desired.! The
targeted surface modification allows them to be used
for many different purposes in medicine’: MRI
contrast agents,® drug carriers,* smart biosensors,”
hyperthermia,’ industry,”® and data storage tech-
nologies as recording media.” The principal physical
properties of the carriers are usually very precisely
studied, but the crucial question is if and how the
desired surface modification affects the final mag-
netic attributes of the material. The correlation
between reduction of the inter-particle distances,
strength of the inter-particle interactions (of either
exchange or dipolar origin) and formation of a
super-spin-glass-like (SSG-like) and super-spin-glass
(SSG) states have been described in detail theo-
retically.'?71¢  Also the works experimentally
studying the inter-particle interactions in the sys-
tems of NPs covered with a nonmagnetic, SiO,
layer of different thickness has appeared recently.'”
The evolution of the systems from weakly up to
the strongly interacting ones with decreasing
thickness of the insulating nonmagnetic layer has
been observed, as was consistent with the theoreti-
cal predictions. The critical inter-particle dipolar
energy, Ey,, fundamental for the observation of the
SSG phenomena, has been elicit as 10722 J. Decreas-
ing the Eg, down to 10~2* J, the SPM behavior has
been observed. Considering creation of aggregates
in the strongly interacting SSG or SSG-like
systems, the question is whether the collective
phenomenon is mainly a consequence of the inter-
action between individual particles, or whether any
interaction between the aggregates plays the role.

Thus this article mainly treats the effect of the
inter-aggregate interaction on the collective
phenomena, which seems to be important mainly
because of the increasing importance and investi-
gation of the composite materials. The studies of
such kind, focused on the effect of inter-aggregate
forces on evolution of the SSG phenomena has not
been performed yet, thus we have focused on the
experimental point of view with the attempt to
suppress collective behavior via the isolation of the
aggregates (with subsequent minimization of the
inter-aggregate interaction).

Considering systems of densely packed collec-
tions of thousands of NPs, where the aggregates are
considered as the groups of NPs in a defined volume
with a preferential orientation of magnetization
with respect to their environment, the limiting fac-
tors of suppression of the collective effects are the
size of aggregates and the thickness of coating that
separates them.'”'® Because of that, we have
focused on experimental study of interactions in
ensembles of pure and modified ~-Fe;,O3 NPs,
supported by basic calculations of the inter-particle
and inter-aggregate dipolar energies, based on
qualitative inspection of data. The effect of sup-
pression of the interactions via covering the aggre-
gates by SiO, layer of various thicknesses has been
examined by advanced a.c. susceptibility measure-
ments and supported by analysis of the Mossbauer
spectra. The magnetic behavior of the v-Fe,O3 NPs,
prepared by coprecipitation and subsequently
coated by SiO, to dispel two extra samples with
different thickness of the aggregate-SiO, cover have
been compared to those of the reference sample —
particles of the same size prepared by decompo-
sition of organic precursor, covered with the oleic
acid. The evolution of the collective phenomena
caused by the suppression of the inter-aggregate
interactions should therefore be observable at (i)
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the low temperature part of the field-cooled (FC)
temperature dependence of the magnetization,
(ii) difference between the relaxation time of the sys-
tems, 7 and (iil) evolution of the line-widths of the
Mossbauer spectra within the series of the samples.

2. Experimental Section
2.1. Sample preparation
2.1.1.

The sample labeled as MD (maghemite decompo-
sition) was prepared by a thermal decomposition of
an organic precursor in the presence of oleic acid.
Detail description of the preparation method is in
paper by Roca et al.'” The resulting nanocrystals
exhibit high degree of crystallinity and they are
naturally covered by the oleic acid.

Oleic acid coated v-Fey,O3 nanoparticles

2.1.2. ~-Fe,03 nanoparticles with SiOy cover

The ~-FeyO3 nanoparticles were prepared by
coprecipitation method often used for preparation
of magnetite.'” The sample containing uncoated
maghemite nanoparticles is labeled as MC (con-
sistent with 2.1.1.: Maghemite Coprecipitation).
Two fractions of the original sample were sub-
sequently coated by SiOj layer (MCS1 and MCS2)
of different thickness.

2.2. Characterization

The composition, structure and estimation of size
of NPs in samples were characterized using the
powder X-ray diffraction (PXRD), the particle size
and morphology were inspected by the transmission
electron microscopy (TEM). The PXRD patterns
were taken with Bruker diffractometer working
with the parafocusing Bragg-Brentano geometry,
recorded using Cu Ko radiation at room tempera-
ture. Particle size was analyzed using advanced
profile analysis implemented in the FullProf pro-
gram which is based on fit of convolution of the
instrumental function and the intrinsic sample
profile to the experimental data.?’ The TEM was
used for direct observation of the nanocomposites,
average particle size of at least 100 NPs in each
sample was estimated using IMAQ Vision Builder
software.

The Mossbauer spectra measurement was done in
the transmission mode with 5"Co diffused into a Rh
matrix as the source moving with constant accel-
eration. The spectrometer was calibrated by means
of a standard a-Fe foil and the isomer shift was
expressed with respect to this standard at 293 K.
The samples with the average mass of approximately
50mg were measured in cryostat at the tempera-
tures varying from 293 K to 4.2 K. The fitting of the
spectra was performed with the NORMOS program.

The temperature dependencies of the magnetiza-
tion, a.c. susceptibility (both in zero and nonzero
external magnetic field) and hysteresis loops were
measured using the MPMS7 — SQUID device
(Quantum Design) up to magnetic field of 7T in the
temperature range from 2 to 350 K. The zero-field-
cooled, ZFC and field-cooled, FC curves were recor-
ded in external magnetic field of 10mT, 5mT and
2mT, respectively. The temperature dependence of
the a.c. susceptibility (with the alternating field
amplitude of 3 mT) was measured both in zero (with
frequencies ranging from 0.1Hz up to 1kHz) and
nonzero (0.4—50mT, with frequencies belonging to
the 0.1—100Hz interval) external magnetic fields.
The amount of measured samples was at least 35 mg.

3. Results and Discussion

3.1. Structure and morphology
determination

The TEM images of the MD and MC series sam-
ples are shown in Fig. 1. It is obvious that the
MD-nanocrystals have well defined size and shape
whether the NPs in MC series show considerable
size and shape distribution, with the strong sign of
aggregation. The diffraction patterns correspond to
those of the inverse-spinel (7-Fe,O3) structure (Fig. 2,
Table 1). The mean particle diameters, dxgp obtained
from this procedure are comparable with those
evaluated from the TEM data, drmy; suggesting that
the NPs are single-crystalline® (Table 1).

3.2. Static magnetic properties

The temperature dependencies of the zero-field-
cooled (ZFC) and field-cooled (FC) magnetization
(M) for all samples recorded at 10mT exhibit the

aBecause the MCSx samples were prepared as the modification of the MC sample and the TEM pointed at the same size of the
particles within all series, only the XRD of one representative sample has been performed.
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Fig. 1.

transition from the blocked to the SPM state. The
blocking temperature, T belonging to the major
fraction of NPs in the sample, Ty;ax, varies from
44K (MD) up to 118 K (MC series), respectively.
Shift between the Tyax and the temperature of
furcation, Tppp is attributed to the distribution of
particle size in the sample together with presence of
the inter-particle interactions. The broad maximum
at the low-temperature part of the FC curve and a
jump in the ZFC magnetization at 2 K together with
the nonlinear temperature dependence of the inverse
M above the Typx signalize that we are dealing with
a system of interacting NPs, with the interactions of
dipolar origin (Fig. 3). The strength of the inter-
actions will be treated further.

The qualitative inspection of the ZFC curves
suggests that (i) the values are nearly the same for
the MC series abstractedly from the thickness of the
cover and (ii) the strongest inter-particle inter-
actions were observed in the sample made by de-
composition, MD. Both points can be explained in
the following manners: the net magnetic moment of
the sample (after cooling down in random orien-
tation without magnetic field from the RT) is given
by the alignment of super-spins affected by the local
environment. Thus the higher value of the magnetic
moment of the sample reflects the stronger inter-
particle interactions, leading to the higher order of
the super-spin alignment. Applying these to the
data, it is obvious that there is a minimal observable

TEM images. From left: MD, MC and MCS1 samples, respectively.

reduction of the strength of the inter-particle
interactions within the MC series which could simply
means that the differences in strength of such order
could not be revealed inspecting the M curves.
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Fig. 2. XRD patterns (gray) and results of the Rietveld

Refinement (black line) for the MCS1 and MD sample,
respectively.
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Table 1.

List of the samples containing method of preparation, material used for particle

coating, amount of magnetic carrier in the particle (obtained from EDX), average diameter
of the particle, d2"M and dXRP  determined from TEM and XRD measurements and

carrier carrier

average thickness, ¢ of the particle (aggregate) cover.

Sample Method Coating % of 7-Fe,O3  demney (nm)  dX5D (nm) ., (nm)
MD dec. oleic acid 67 5.1 3.2 0.6
MC cop. — 100 4.9 — —
MCS1 cop. Si0, 27 4.9 45 25
MCS2 cop. Si0, 17 4.9 — 40

We have also measured magnetization isotherms
for all samples at 2K, 150 K and 300 K in the mag-
netic field varying up to 7T in both polarities. The
value of the saturated magnetization, M, in case of
the MD sample is 1.3 times higher than for the MC
sample (Fig. 4). The hysteresis (typical feature of
the blocked state) has been observed in all samples
at 2K. The loops exhibit symmetric values of the
coercivity, H., for opposite polarities of the mag-
netic field, 85 mT for the MC series samples and
80mT for the MD sample, respectively.

Mx10" (Am?/kg)

Mx10 (Am?/kg)

0 100 200 300
T (K)

Fig. 3. (a) Temperature dependence of the ZFC-FC magne-
tization of the MCS1 and MCS2 samples measured in field of
10mT and (b) temperature dependence of the ZFC-FC mag-
netization of the MD and MC samples measured at 10 mT.

The moderately larger H,. value in the MC series
in comparison with the MD sample can be inter-
preted as the consequence of the larger crystalline
part of the NPs in the MC series samples, as has
been proven by the XRD measurements. The hys-
teresis vanishes above the Thpr in case of the MC
series, but survives for the MD sample. It points at
the existence of the non-negligible fraction of par-
ticles with the blocking temperature above the 300 K
or it is simply the consequence of the formation of a
collective cluster-glass-like state, more significant in
the MD sample.?! To have the estimation of the
inter-particle dipolar interaction energy, Fg;, for the
systems, the average magnetic moments, u, per
particle were calculated fitting the un-hysteretic
magnetization curves to a generalized Langevin
function,'® considering the distribution of mag-
netic moments of particles within the samples
(Fig. 4). The results are summarized in Table 2.
The calculated values of the Eg;, of all samples
(Table 2), considering the direct contact between
particles, are of the same order as was the pro-
posed one for the strongly interacting systems.'”
Now the question is how large should be the
aggregates to keep also the strength of the inter-
aggregate interactions at this value. Taking the
real thickness of the SiO, coating, the estimated
limiting amount of NPs in the aggregate are
approximately 10 NPs for the MCS1 and 50 NPs
for the MCS2 sample. Having these estimations,
the real strength of the interactions and their
evolution within the systems has to be examined
via dynamic magnetic measurements.

3.3. Dynamaic magnetic properties
3.3.1. a.c. susceptibility in zero external field

To examine the effect of the SiO, coating on the
possible suppression of the collective phenomena,
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Fig. 4. Magnetization versus applied field for all samples measured at 2K (left) and 300 K (right) together with the line repre-
senting the fit of the universal M /M, versus puyH /T curve (right) with the distribution of the magnetic moments in the insets.

the spin relaxation in the samples was inspected  maxima are considered as a consequence of the
using a.c. susceptibility measurements. Both the  super-spin relaxation, possibly of a super-spin-glass
real (x’) and imaginary (x”) parts of the a.c. sus- nature. Even if it has been suggested we are
ceptibility were measured in different frequencies of  dealing with the strongly interacting systems, we
the alternating magnetic field with the amplitude of =~ have analyzed the experimental data by the Vogel-
3mT in zero external field. The shifts of the y’  Fulcher??> law” fitting the three parameters:

Table 2. List of characteristic parameters obtained from the magnetic measurements: Tyjax — temperature of ZFC
maxima curve, Tppp — temperature of furcation at ZFC-FC curve, jy — median and p,, — mean magnetic moment per
particle, connected by the relation uy = p,, exp(—o/2). Ty — Vogel-Fulcher characteristic temperature, 7o — Vogel-
Fulcher relaxation time and Ey;;, — inter-particle dipolar energy.

Sample  Tyax (K)  Tpwr (K) Ty (K) o X 10° (ug) o fi X 10 (ug) 79 x 1071 (s) Egp % 1072 (J)

MD 44 345 35 2.25 0.67 1.63 1.3 0.9
MC 118 255 85 1.08 1.04 0.64 2.5 0.3
MCS1 110 280 84 2.02 0.93 1.27 1.1 1.2
MCS2 106 315 85 1.82 0.97 1.11 2.5 0.9

bThe law was proposed for the weakly interacting systems, but the value of 7 lies in the aforesaid interval no matter if we are dealing
with the strongly interacting system. Also if there is any observable evolution in the strength of inter-particle interactions within the
series of samples, there should be a detectable change in the 7, parameter. So this approach is valid as the qualitative estimation of
possible evolution of relaxation phenomena in the series of related systems.
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Fig. 5.  MCS1 sample (a), (b) x’ and x” versus T in zero external field, the inset shows the fit according to the V-F law, (c) and
(d) x" and x" versus T in field of 2mT, 7 = (2rf) ! versus T,,/T,—1 in the inset.

characteristic frequency, f;, activation energy,
E\ /kg and Vogel-Fulcher temperature, T} in order
to estimate the relaxation time, 7,. To get physi-
cally relevant result, we have used the value of
the anisotropy constant, K. measured by Fiorani
et al.”® as a 8.6 x 10-2J/cm® for 4.6nm particles
(Fig. 5). Calculated relaxation times, 79 and Vogel-
Fulcher temperatures of all samples are summarized
in Table 2.

The fitting procedure leads to the results that
correspond with the values typical for SSG systems,
7o = 1079 — 10712.1%!1 The values of the 7 of the
MC series samples are in range of the fit error, no
evolution has been observed. It is not physically
relevant to conclude whether the relaxation pro-
cesses are different or the dipolar interactions are
considerably suppressed in any of the samples in
comparison to the others. Also the 7 of the sample
with the strongest inter-particle interactions, MD,
does not significantly deviate from the series. If
there is any mediation of the relaxation phenomena
due to the SiO, layer, it is not so strong to be
detectable in this manner.

3.3.2. a.c. susceptibility in nonzero
external field

Because the strong dipolar interactions in our
powder samples were assumed, we have investigated

one of them using a proper approach to evaluate
properties of such a system. The additional suscep-
tibility measurements in moderate external magnetic
fields were done with the MCS1 sample. The constant
frequency (50 Hz) scans were measured in the field of
0.4mT, 1mT,2mT,4mT, 7mT, 10 mT and 50 mT,
respectively. An overall suppression of the phase
transition in field of 50 mT was observed. The tem-
perature of the transition into the super-spin-glass
state, T,, was obtained from the scans taken at
different frequencies in the field of 2mT, using
the equation® 7y = (T,,/T, — 1))*, where 7 is the
relaxation time, zv is the critical exponent, T, is the
temperature of the curve maxima and T is the tem-
perature of transition to the glassy state. Values de-
rived from the best fit for the MCS1 sample are
T,=85K, zv =15 and 7y = 8.2 x 10~°s, respect-
ively; those ones usually founded in literature'!-'42
are zv = 5—11 and 12.5, 7 isranging from 10~ up to
1011 .1429:26 This experiment finally confirms that
even in case of sample containing the silica covered
aggregates, the observed relaxation agrees with
those of the strongly interacting systems. With
respect to the previously presented magnetic
measurements, this could be extended on the whole
MC series. Based on the results, one can conclude
that the dominant interaction in our systems of NPs
is the inter-particle one, acting inside the aggregates,
not the inter-aggregate one.
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Table 3. Characteristic parameters obtained from the fits
of the Mossbauer spectra. Isomer shift — ¢, quadrupole
splitting — AFq and linewidth — T'.

Sample 6 (mm/s) AEq (mm/s) I' (mm/s) Interpretation

MC 0.32 0.66 0.83 SPM Fe3+
MCS1 0.32 0.58 0.74 SPM Fe3+
MCS2 0.33 0.63 0.70 SPM Fe3+

3.4. Mossbauer spectroscopy

Further inspection of the Mdssbauer spectra has been
done to finally clarify the possible suppression of
interactions with increasing thickness of the aggregate
coating. The room temperature Mossbauer spectra
were measured for all samples, the temperature
evolution of the spectra has been investigated for
MCS and MCS1 samples, respectively. The charac-
teristic parameters together with the interpretation of
the data are summarized in Table 3.
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The comparison of the MC and MCS1 samples
(Fig. 6) demonstrates that temperature evolution of
the spectra for both samples is similar. There is
obviously a transition from the superparamagnetic
to blocked state between 200 K and 100 K, which is
in the agreement with the magnetic measurements.”

Figure 7 represents the comparison of the MC
and MD sample, respectively. The interpretation of
the spectra with respect to the magnetic properties
of the samples is following: the linewidths of the
doublets could serve as a probe of the magnetic
interaction. A broader line corresponds to the
stronger magnetic interaction between particles,
which causes the slowing of the movement of free
magnetic moment due to transition into blocked
state. Thus the much broader lines of the MD samples
in comparison to those of the MC series point
at the stronger inter-particle interactions, as has
been suggested by the d.c. magnetization measure-
ments. We can also follow a slow decrease of the
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The Mossbauer spectra for the MC (a) and the MCS2 (b) samples taken at different temperatures.

¢The difference between the samples MC (a) and MCS2 (b) is represented only by an additional doublet (MCS2) that originates from
iron that is not magnetically ordered. This doublet represent about 4% of total iron and could be due to iron dissolved in the silica
shell or iron at the interface silica-maghemite nanoparticle due to influence of Fe-O-Si bonds.

1 2558%4—8



Influence of Aggregate Coating on Relaxations in the Systems of Iron Oxide Nanoparticles

MCS
El
8 MD
2
0
c
2
c .
12-10 8 6 4 2 0 2 4 6 8 10 12
v (mm/s)
Fig. 7. Comparison of the Méssbauer spectra of the MC and

MD samples, measured at room temperature.

linewidth in the series of MCS — MCS1 — MCS2,
which is the final evidence that the presence of the
Si0y — aggregate coating results in a slight weak-
ening of the magnetic interactions in the system.

4. Conclusion

We have focused on investigation of evolution of
relaxation phenomena in samples of pure and sur-
face-modified 7-Fe;O3 (maghemite) nanoparticles.
The particles covered with oleic acid, un-covered
ones and the samples containing the aggregates
coated by the SiO, layer of different thickness
have been prepared. Particle structure and size
were determined using PXRD and TEM com-
plementarily. It has been proven by static and
dynamic studies of magnetization, that all samples
exhibit properties of strongly interacting systems of
magnetic nanoparticles. Examination of the
Mossbauer spectra confirmed slight weakening of
inter-particle interactions with increasing thickness
of the aggregate coating. With regards to the limit
of detection of this effect by comparison of the
relaxations in the systems, no measurable evolution
of the relaxation time, 7, determined from the a.c.
susceptibility measurement, even for the strongest
interacting MD sample has been observed. The
resulting weakening of the interaction strength
within the system with increasing thickness of inter-
aggregate coating could not be observable on
change of the relaxation time 7, determined from
the studies of dynamic properties and only
Mossbauer spectroscopy serves as the only valuable
probe to expose this phenomenon.
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Monodisperse maghemite nanoparticles with diameter ranging from 7 to 20 nm were examined by
the In-field Mossbauer Spectroscopy (IFMS) in varying external magnetic field up to 6 T.
Surprisingly, the small-sized particles (7 nm) exhibit nearly no spin canting in contrast to the larger
particles with lower surface-to-volume ratio. We demonstrate that the observed phenomenon is
originated by lower relative crystallinity of the larger particles with different internal structure.
Hence, the persistence of the 2nd and 5th absorption lines in the IFMS cannot be unambiguously
assigned to the surface spins. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881331]

Iron oxide nanoparticles (NPs) attracted significant
attention of numerous researchers due to variety of applica-
tions in nanomedicine, data storage, and other magneto-
responsive technologies.'™ However, their performance in
practical applications is conditioned by the optimized mag-
netic response for a given particle size, which is believed to
imprint the magnetic properties of the NPs. Reduction of the
NP size to the nanometer scale leads to pronounced increase
of the surface-to-volume spin ratio resulting in undesirable
effects such as the lowering of the volume saturation mag-
netization. First attempts to treat the surface effects were
done by Coey*> who proposed the so-called magnetic core-
shell structure. The NP consists of a core with aligned spins
and a disordered shell with the surface spins inclined at the
so-called spin canting angle. This model was supported by
the presence of non-zero intensity of the 2nd and 5th absorp-
tion lines in In-field Mossbauer Spectroscopy (IFMS) and
was further confirmed by Morrish er al.° who investigated
maghemite NPs with 57Fe-enriched surface. Since that time,
a couple of studies have determined the spin canting angle
from IFMS and assigned its origin to the presence of the
inclined surface spins without any deeper insight into the in-
ternal structure of the NPs.”* Contrary to these reports, sev-
eral theoretical or experimental studies claim that the spin
canting angle determined by IFMS is not caused by the
inclined surface spins, but it is a finite-size effect, hence a
volume effect especially in NPs larger than 10 nm.” 2

Most of the studies discussing the surface effects have
not performed the proper characterization of the examined
samples, such as determination of the relative crystallinity
by comparison of the particle diameter determined by
Powder X-ray Diffraction (PXRD) and Transmission
Electron Microscopy (TEM). A deeper insight into the inter-
nal structure of the NPs by High Resolution TEM
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0003-6951/2014/104(22)/223105/4/$30.00
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(HR-TEM) is rarely carried out. Moreover, the studies are
typically performed on samples with a significant particle
size distribution that broadens the absorption lines preclud-
ing the observation of the surface effects. Therefore, the aim
of this study is to investigate the presence of the spin canting
in strictly monodisperse NPs and its influence on the IFMS
spectra. For this purpose, four samples of maghemite,
y-Fe,O3 were prepared by the thermal decomposition (Np7,
Npl5a, Np15b, and Np20)'? with low particle size distribu-
tion (¢ <0.2). The preparation conditions were changed in
order to obtain well-crystalline NPs (Np7), two samples with
the same NPs sizes but different internal structure (Npl5a,
Npl15b) and a sample with large NPs size (Np20).

The samples were investigated by PXRD, TEM,
HR-TEM, magnetic measurements, and IFMS. The IFMS
measurement was performed in the transmission mode at
4.2 K and the applied magnetic field of 0—6 T in perpendicu-
lar direction to the direction of y-rays. The details are given
in supplementary material.'"* The particle diameter, dxgrp
(expressed as the size of a coherently diffracting domain),
drgm (represents the mean particle size fitted by the log-
normal distribution), and the saturation magnetization at
300K, M3 are summarized in Table 1.

The PXRD measurement confirmed the presence of the
spinel structure only, with the lattice parameters matching
the 8.36 A value, corresponding to the maghemite phase

TABLE I. Characterization of the samples: diameter determined by PXRD,
dxrp; by TEM, drem, saturation magnetization at 300K, M3,

Sample dxrp (nm) drgm (nm) MSOO (A- m?- kgfl)
Np7 6.6 0.3 6.5+0.3 67.5
Npl5a 72+0.5 15.0+04 51.0
Npl5b 74+05 14.1+04 66.0
Np20 159*1.0 19.9 £0.2 80.2

© 2014 AIP Publishing LLC



223105-2

Kubickova et al.

Appl. Phys. Lett. 104, 223105 (2014)

FIG. 1. The HR-TEM images of the samples. The well-crystalline Np7 sample on the left. The structural core-shell structure of the Np15a sample is depicted
by dotted lines, the Np15b sample possesses stacking faults, the one propagating through the whole particle is depicted by dashed line. The simple sketch of

the possible orientation of the spins in the high applied field, By is shown below.

(PDF2 database, card no. 83-0112). The presented parame-
ters clearly pointed to the differences in the relative crystal-
linity of the NPs. Nearly the same dxrp and drgy of the Np7
sample indicated the well-crystalline NPs that was further
confirmed by the HR-TEM measurement (see Figure 1). On
the other hand, both the Np15 samples exhibited large differ-
ences in the dxrp and drgy indicating that more than 80% of
the NP volume is not crystalline. The HR-TEM images
revealed that the Np15a particles consist of a crystalline core
embedded in an amorphous shell, which can be described as
a structural core-shell model, whereas the Npl15b sample
possesses stacking faults through the whole particle that
divide the particle into at least two crystallographic single
domain parts and affect its magnetic properties (Figure 1).
The Np20 sample consists of NPs with relatively large vol-
ume of the crystalline core in comparison to the disordered
fraction evidenced by the discrepancy in the dxrp and the
drem. The conclusions based on the PXRD and TEM results
were further supported by the magnetic measurements,
where the relatively small MSOO for the Np15a sample can be
interpreted in terms of the magnetic core-shell model.*

The IFMS was performed in order to determine the evo-
lution of the hyperfine parameters and the spin canting angle
with varying external applied field of 0-6 T, Bp,. The indi-
vidual spectra are depicted in supplementary material.'* The
relative areas of the tetrahedral (7,) to the octahedral (O,)
sites were fixed to 1.67 according to the theoretical occupancy
of the spinel crystallographic sites, and further refinement of
the occupancy in the 6 T-spectra was in agreement with those
values within the experimental error for all samples. The val-
ues of the isomer shift, 0=036-037m-s ' and
0.49-0.50 mm - s~ " for the T, and Oy, sites, respectively, corre-
spond to the Fe>" jons in high-spin state and did not change
with the varying B,p,. The nearly zero quadrupolar shift, 2¢
(values ranging from —0.02 to 0.02mm-s~ ') is consistent
with the cubic symmetry of the T,; and O, sites of the y-Fe,05
phase.

The evolution of the effective field, By with the
increasing By, is depicted in Figure 2, and the exact values
are summarized in supplementary material.'"* The linear
increase of the B.s with step of 1 T with the increasing By,
of 1 T in high-field regime indicates the complete alignment

__0.70
- —e— Np7
g 0.63 {—— Np15b B
£ —=— Np20 2"~
N— -g’
j be=="

s 056 g===,6--=:- > ————©
I
< 0.49
L

0.42

FIG. 2. The evolution of the FWHM
(left panel) and the Beg (right panel)
with the increasing Bqyp. The Ty-sites
are depicted with the full symbols and
full lines and the O,-sites with the
open symbols and dashed lines.
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FIG. 3. The part of normalized 6 T-spectra of all samples on the left. The distribution of the B of all samples on the right.

of the hyperfine field, Byr and By, for the well-crystalline
Np7 and Np20 samples. In the Np20 sample, the contribution
of the crystalline core dominates and the disordered spins ex-
hibit only negligible contribution. In ferrite oxides, only the
Fermi contact term (proportional to the magnetic moment, ()
is considered. Our results show the parallel orientation of the
w with the By, tesulting in zero spin canting (discussion in
supplementary material'*). On the other hand, the Npl5b
sample exhibits a non-linear increase of the B.y with the
increasing B, pointing to the incomplete alignment of the u
with respect to the Byy,p; therefore, the determined spin cant-
ing angle should be non-zero. Moreover, the evolution of the
FWHM (full width at half maximum) is nearly constant in
high-field regime for both the Np7 and Np20 samples con-
firming the complete alignment of the u with the Bypy,. On
the other hand, the FWHM increases with the increasing By,
for the Np15b sample suggesting the continuous disorder of
magnetic moments with the increasing By, (see Figure 2).
The smaller values of all B¢ for both the Np15 samples can
be attributed to the higher FWHM of the peaks that shifts the
centre of the absorption lines to lower values. The increasing
FWHM is consistent with the observed paramagnetic contri-
bution of the disordered spins that is superimposed on the
magnetization isotherms at 300 K for both the Np15 samples
(supplementary material'®).

All 6 T-spectra were normalized in order to compare the
shape of the absorption lines, and part of the spectra
(0—12mm -s~ ') is depicted in Figure 3 together with the dis-
tribution of the B for individual sites that was fitted using
the Gaussian distribution of the Lorentzian profiles of the
absorption peaks.'> The wider asymmetric peaks of both the
Npl5 samples are observed in comparison with other sam-
ples indicating the presence of the disordered spins, thus
lowering the Begs.

The calculation of the so-called spin canting angle is
very disputable and inaccurate in the case of small NPs. The
mostly used approach is the calculation from the ratio of the
2nd to the 3rd peak areas given by the equation (B, perpen-
dicularly to the y-rays):
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However, this angle 0 corresponds to the angle between the
Bgpp and the Beg that is not collinear with the direction of the
1, because the p points oppositely to the direction of the By
in the case of the ferrite oxides; therefore, this approach is
not appropriate for determination of the exact value of the
spin canting angle.'® An alternative approach leading to the
relevant angle, o between the By and the By, requires both
the measurement of the zero-field spectrum together with the
in-field spectrum, yielding the Bys and B.y, respectively. The
spin canting angle can be then calculated using the following

ey

expression (supplementary material'*):
2 2 2
cos o = By — Bapp — By (2)
2B appBis

This procedure can be accurate only in the cases, where both
the Byr and By can be precisely determined, otherwise the
angle is only estimative. We have calculated the spin canting
angle using both approaches; the results are summarized in
Table II. The first approach leads to much higher 0 for the

TABLE II. Evolution of the spin canting angles, 6 and o determined by both
approaches. The experimental error is about 10°.

0o (°) 2T 3T 4T 5T 6T
T-site

Np7 32/- 24/- 21/- 22/- 19/-
Npl5Sa 32/15
Npl5b 35/12 34/26 28/25 31/24 27/15
Np20 23/17 18/13 16/5 21/4 9/4
O),-site

Np7 6/- 10/- 14/- 10/- 8/-
Npl5a 23/28
Npl5b 36/33 34/36 33/35 32/33 30/34
Np20 24/19 23/24 19/22 16/20 15/19
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T -sites than the O-sites in both the Np7 and Np20 samples,
that is in contrast with general observation that the O,-sites
should possess higher 0 due to the presence of vacancies.'’
Moreover, it is not consistent with the evolution of the Begs
that suggested parallel direction of the u and By, thus zero
spin canting.

On the other hand, the o cannot be determined for Np7
and Np20 because the difference between the Begr at 6 T and
By is higher than 6 T owing to the only estimative values of
the Bys caused by completely overlapped sextets. Fixing all
other hyperfine parameters to the high-field spectra values
did not cause any significant changes in the Bys. Setting the
Bys value of the T,-sites in any way is connected with the
strong change of the By of the O,-sites without any signifi-
cant change of the error (32) of the fit. This approach is thus
only estimative and just the evolution of the Bey with the
increasing By, can be discussed in relevant way. The values
of the 6 and « differ significantly, however, the in-field evo-
lution of these angles is nearly the same they decrease with
the increasing B,,, for the Np7 and Np20 samples, on the
other hand, they remain more or less constant for the Np15b
sample, that is consistent with the evolution of the FWHM.

Finally, the difference in IFMS of both the Np15 sam-
ples possessing different internal structure was examined.
The normalized IFMS at 6 T did not reveal any significant
differences in the profile of both spectra, the asymmetric
broadening at the lower values of the B¢ is pronounced in
both spectra in equal way. The 6 and o values are identical
within the experimental error; therefore, the IFMS cannot
distinguish the origin of the spin canting angle. This observa-
tion has demonstrated that the determined spin canting angle
cannot be dedicated either to the presence of surface spins or
to the low crystallinity of the particles without any deeper
insight into the internal structure of the NPs.

To conclude, we have demonstrated that the IFMS is not
an unambiguous method to study the surface effects in the
NPs as the IFMS is sensitive only to the average value of all
spins and does not distinguish between the surface and core
effects. The non-zero spin canting angle can only indicate
the presence of low crystallinity of the NPs, but for precise
determination of the origin of the spin disorder, the support
of the HR-TEM experiments is essential. The exact calcula-

Appl. Phys. Lett. 104, 223105 (2014)

tion of the spin canting is disputable and both presented
approaches are not precious. We strongly propose to measure
the evolution of the B.s with the By, in order to obtain the
complex behavior of the spins in individual sublattices.
Finally, we have shown that the spin canting angle is negligi-
ble in the well-crystalline NPs with sizes larger than 6.5 nm.

We would like to thank C. Cannas and D. Zakutna for
providing the HR-TEM measurements. This work was sup-
ported by European Commission (MULTIFUN, No. 262943)
and MSMT Project No. 7E12057. Experiments were per-
formed in MLTL (http://mltl.eu/), which was supported
within the program of Czech Research Infrastructures
(Project No. LM2011025).

lQ. A. Pankhurst, N. T. K. Thanh, S. K. Jones, and J. Dobson, J. Phys. D:
Appl. Phys. 42, 224001 (2009).

2s. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. V. Elst, and R. N.
Muller, Chem. Rev. 108, 2064 (2008).

3p. Tartaj, M. P. Morales, S. Veintemillas-Verdaguer, and T. G.-C. C. J.
Serna, J. Phys. D: Appl. Phys. 36, R182 (2003).

4]. M. D. Coey, Phys. Rev. Lett. 27, 1140 (1971).

5J. M. D. Coey, Phys. Status Solidi A 11, 229 (1972).

°A. H. Morrish, K. Haneda, and P. J. Schurer, J. Phys. Colloques 37(Suppl.
C6), 301 (1976).

P. Prene, E. Tronc, J. Jolivet, J. Livage, R. Cherkaoui, M. Nogues, and
J. L. Dormann, Hyperfine Interact. 93, 1409 (1994).

SM. Darbandi, F. Stromberg, J. Landers, N. Reckers, B. Sanyal, W. Keune,
and H. Wende, J. Phys. D: Appl. Phys. 45, 195001 (2012).

QQ. A. Pankhurst and R. J. Pollard, Phys. Rev. Lett. 67, 248 (1991).

198, T. Parker, M. W. Foster, D. T. Margulies, and A. E. Berkowitz, Phys.
Rev. B 47, 7885 (1993).

"'M. P. Morales, C. J. Serna, F. Bgdker, and S. Mgrup, J. Phys.: Condens.
Matter 9, 5461 (1997).

M. P. Morales, S. Veintemillas-Verdaguer, M. I. Montero, C. J. Serna, A.
Roig, L. Casas, B. Martinez, and F. Sandiumenge, Chem. Mater. 11, 3058
(1999).

13G. Salas, C. Casado, F. J. Teran, R. Miranda, C. J. Serna, and M. P.
Morales, J. Mater. Chem. 22, 21065 (2012).

See supplementary material at http://dx.doi.org/10.1063/1.4881331 for in
which the details of experimental techniques are summarized and the
IFMS spectra together with the values of B¢ are shown.

'SW. I. F. David, J. Appl. Cryst. 19, 63 (1986).

!%Fyrthermore, the peak area is sensitive to the fitting procedure (with or
without distribution of the Begr) or to experimental setup such as thick sam-
ples resulting in saturation of absorption lines.

A, G. Roca, D. Niznansky, J. Poltierova-Vejpravova, B. Bittova, M. A.
Gonzales-Fernandez, and C. J. Serna, J. Appl. Phys. 105, 114309 (2009).

214



3.3. DALSI SYSTEMY S MAGNETICKYMI NANOCASTICEMI 215
3.3 Dalsi systémy s magnetickymi nanocasticemi

V této sekci jsou zahrnuty tématicky odlisné prace. Prvni ¢ast obsahuje vysledky studia
granularnich multivrstev s nanoc¢asticemi zeleza a kobaltu, druh4 ¢ast se vénuje magnetickym

a strukturnim vlastnostem nanocastic rezidualniho katalyzatoru v uhlikovych nanotubéch.

3.3.1 Granularni multivrstvy SiO,—(Co/Fe/CoFe,)

e B. Pacakova Bittova, J. Lancok, M. Klementova, J. Vejpravova, Appl. Surf. Sci. (2014),
289, 257. [C1-107] [97]

Dalsimi typovymi systémy, ve kterych byl potvrzen vyznamny vliv mezicasticovych in-
terakci na magnetické vlastnosti, jsou tenké filmy a multivrstvy s nanocasticemi Co, Fe a
slitiny CoFey deponované pomoci magnetronového naprasovani na kiemikovy substréat [97].
K dispozici byly filmy o nominélni tloustce 3, 5 a 10 nm s ochranou vrstvou SiO, (10 nm).
Vzorky byly charakterizovany pomoci elektronové mikroskopie, méfenim RTG reflektivity
a mikroskopie atomarnich sil a bylo zjisténo, ze filmy jsou polykrystalické se stfedni veli-
kosti (polomérem) ¢astic 6 nm. Z teplotni zavislosti magnetizace v protokolu ZFC-FC bylo
zjisténo, ze vzorky vykazuji chovani systému silné interagujicich SPM ¢astic. Méfeni magne-
tizace s vyuzitim torzniho magnetometru ukézalo, ze nad teplotou 200 K vykazuje systém
uniaxialni anizotropii se snadnou osou magnetizace v roviné filmu. Pod teplotou 50 K dochézi
k potlaceni tvarové anizotropie a snadna osa magnetizace je stoCena mimo rovinu filmu o
thel 40 az 150 ° v zavislosti na orientaci nanocastic uvnitt vrstvy. Tento jev lze interpretovat
jako tzv. kooperativni reorientaci superspinu, kdy je vysledna orientace magnetizace urcena
silnou dipolarni interakci mezi casticemi, ktera zprostiedkuje orientaci jejich superspinti ve

sméru snadné osy majoritni frakce castic.
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ABSTRACT

We have observed temperature dependent rotation of the uniaxial easy axis of magnetization and
introduced the phenomenon of the superspin reorientation transition (SSRT) for the nanogranular thin
films and multilayers. The effect is demonstrated on the nanogranular SiO,-M(x)-Si(1 1 1) multilayers,
where M is the metal (Co, Fe or CoFe;) of the nominal thickness x=3, 5 and 10 nm, respectively. The
morphology and layer thickness have been examined using the transmission electron microscopy, X-ray
reflectivity measurement and atomic force microscopy. Magnetic property measurements demonstrated
that the orientation of the uniaxial in-plane easy axis of magnetization given by the film shape anisotropy
was thickness independent at temperatures above 200 K. Below 50 K, the films shape anisotropy has been
overcome and the uniaxial easy axis was rotated into different directions for each samples series, forming
an angles from 40 up to 150° with respect to the film plane. Such effect of the low temperature magne-
tization rotation has been attributed to the specific arrangement of the nanoparticles in the individual
layers and has been assigned to the SSRT phenomena.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The electronic devices are subjected to the miniaturization in
recent decade and the research in the field is highly focused on
the development of suitable incorporated magnetic components.
Miniaturization requires operation at high frequencies (HF), in
applications such as the high-density recording, production of HF
inductors or transformers [1-3]. The most promising materials in
the field are granular thin films and multilayers with soft magnetic
properties [4]. The important parameters that determine suitabil-
ity of material for the specific application are the magnetization
(M) value, its direction at selected temperature and strength which
keeps it in the given direction. Because the M direction in the thin
film is driven by the anisotropy energy, E5, which is defined as the
energy required for rotating the M from easy into the hard direc-
tion [5], investigation of the temperature dependence of the sample
magnetic anisotropy is essential. There are many anisotropy com-
ponents of different origins and in general, M follows direction of
the dominant component either of intrinsic or extrinsic origin [6].

* Corresponding author at: Department of Magnetic Nanosystems, Institute of
Physics of the AVCR, v.v.i., Na Slovance 2, 182 21 Prague 8, Czech Republic.
Tel.: +420 732 976 489.
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The main intrinsic component arising from the spin-orbit coupling,
directly influenced by the nanoparticle (NP) crystallinity and crys-
tallographic structure, is the magnetocrystalline anisotropy energy
(MCA); extrinsic components originating from dipole interactions
depend on the parameters such as shape, thickness, quality of
surface and interfaces, strain caused by the lattice misfit of the
substrate and layer. It has been demonstrated in the epitaxial thin
films that the strain anisotropy is one of the leading terms besides
MCA and the shape anisotropy (SA). Furthermore, the interface and
surface anisotropies, originating from the roughness of layers are
several orders of magnitude lower [6] and contribute negligibly to
the final anisotropy of the sample. The anisotropy mechanism in the
granular films composed of magnetic NPs in direct contact differs
from that of epitaxial layers: the strain anisotropy is not important
because the lattice misfit, typical for epitaxial layers, is not so pro-
nounced. The SA, anisotropy due to the interparticle interactions
and MCA of the layer (which is not determined only by the crystallo-
graphic structure of individual NPs, but also by their arrangement)
compete together [7,8].

There have been published many works that are focused on the
magnetic properties of Co or Fe single-domain superparamagnetic-
like granular thin films [9-12], but the magnetization rotation
with temperature from parallel (in-plane) to perpendicular (out-
of-plane) direction has been investigated in detail only for epitaxial
layers [6]. Typical crystallographic structures in which the Co and
Fe could be found in thin films are depicted in Table 1.
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Fig. 1. The HRTEM images of the single metal layers capped with the SiO, layer, respectively. The granular nature of the layers and high crystallinity of particles is clearly
visible. Even if capturing of the HRTEM images of the individual layers in our multilayer samples is not possible, we assume that their character corresponds well with
observed granular structure of the single metal layers, as has been suggested by other experiments. The mean size of the particles in single layers has been evaluated from
refining the log-normal distribution of the particle sizes and is written directly in individual images. The distribution width is 0 =0.22,0.19 and 0.15 for the Co10, Co5 and Co3
samples, respectively; o=0.1,0.17 and 0.09 for the Fe10, Fe5 and Fe3 samples; and finally 0=0.13, 0.12 and 0.19 for the CoFe, 10, CoFe,5 and CoFe,3 samples, respectively.

It has been shown that soft magnetic materials are magnetized
due to the spinrotation rather than domain wall motion [ 13]. Differ-
ent anisotropy terms are usually temperature dependent [5], thus
the temperature dependent rotation of M in epitaxial films and mul-
tilayers has been assigned to the spin reorientation transition (SRT)
[13-16]. In order to have an analogous formalism for description of
the temperature dependent rotation of M in granular thin films, we
introduced the term superspin reorientation transition (SSRT). In
this formalism, single spins of epitaxial layer are substituted by the
spin of whole NP (superspin) for granular layer. Direction of single
superspin is driven by the orientation of the single NP easy axis of
magnetization, which is determined either by the NP SA[17] or the
MCA. To describe the anisotropy of layer composed of these NPs
(means to define easy and hard axes of the layer), we need to con-
sider all contributions of individual anisotropies. If all competing
magnetic anisotropies in granular film are uniaxial, then the total
anisotropy energy, E, ,; is written as [5,17]:

Eyni = Kusin®®), (1)

with
Ky = KLp + KSA’ (2)

where Ksp is the film SA constant and Ki, is the NP layer anisotropy
(LPA) constant. Final direction of easy axis is given by the vector
sum of easy axes attributed to distinct anisotropies [18].

If we take only the sum of the single NP anisotropies (SPA)
neglecting the SA, and if there is the preferential fraction of NPs
with parallel easy axes pointing in direction D, the layer easy axis is
uniaxial and keeps D direction, supposing the remaining superspins
rotate to the D direction due to the strong interparticle interac-
tions. We could say that internal arrangement of NPs within the
layer (hence orientation of grains in case of anisotropic NPs or tex-
ture of layers for isotropic ones) determines the low temperature
easy axis direction [18,19], as has been already observed by Zhao
et al. on preferential distribution of antiferromagnetic easy axis of
individual grains [20].
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Table 1
The crystallographic structure in which the Co and Fe could be found in thin films. Orientation of easy axis is given with respect to the basal plane.
Easy axis Orientation Metal Material
hcp c-axis [0001] 90° Co Co/Si(001) [11], Au/Co/Au(111)[29]
fce [111] 30° Co Co/Ni/Cu(001) [30], Co/Cu(111), Co/Cu(001) [31]
Fe Fe/Cu(001)[32]
bee [100] 0° (180°) Fe Fe/Ag(001)[33], Fe bec[110]/fec[111]

In our work, we have investigated temperature dependent
magnetization rotation in nanogranular SiO,-M(x)-Si(11 1) mul-
tilayers, where M is the metal (Co, Fe or CoFe,) of the nominal
thickness x=3, 5 and 10nm, respectively. The morphology and
quality of the interfaces of the samples were characterized by the
transmission electron microscopy (TEM), X-ray diffraction (XRD)
and X-ray reflectivity measurements (XRR), atomic (AFM) and
magnetic force microscopies (MFM). Magnetic properties were
investigated using vibrating sample magnetometry (VSM) in par-
allel and perpendicular orientation of the film plane with respect
to the applied field direction, and by torsion magnetometry (TqM).
The M-rotation is discussed in terms of the temperature depend-
ent competition of SPA considering NP arrangement and effect of
interparticle interactions that compete with the film SA. Results are
supported by the theories on behavior of interacting single domain
magnetic NPs.

2. Experimental
2.1. Preparation of layers

Multilayers were prepared using dual radio-frequency (RF)
magnetron sputtering with alternating targets, in the chamber
evacuated down to 6 x 10~ Pa and filled with Ar of pressure 1 Pa.
The samples were composed of ten metal (Co, Fe or CoFe,)/SiO,
sandwich layers, deposited on the Si(11 1) substrate and capped
with the 10 nm thick SiO, layer. The nominal thickness based on
the calibration of the deposition equipment was 3, 5 and 10 nm for
metal layers and 10 nm for the SiO, layer, respectively. The sam-
ples are labeled as M(x), where M is the metal and x is the thickness
of the metal layer. The details on preparation and schematic fig-
ures could be found in Ref. [21]. Testing samples containing only
one metal layer of the same thickness as in the multilayer samples
were prepared for investigation of the granular structure by TEM
and HRTEM, respectively.

2.2. Characterization

The samples containing single metal layer capped with the SiO,
were investigated by TEM and HRTEM (images were captured with
the JEOL JEM 3010 microscope) by means of direct visualization of
the granular nature of metal layers and high crystallinity of indi-
vidual NPs. The TEM images of vertically cut multilayers could be
found in [21].

XRR measurements were performed on the X-Pert Pro MRD
diffractometer in the parallel beam setup with the incident angles
lower than 3° and analyzed in the X-Pert software. The size of the
sample used in experiment was 1cm?.

Magnetic measurements have been performed on the PPMS14
device in the VSM (with samples of average size 0.5cm x 0.5 cm)
and TgM (sample average size 1mm x 1 mm) modes. The tem-
perature dependencies of magnetization, M(T) measured after
cooling without and with external magnetic field (ZFC-FC curves)
and magnetization isotherms, M(B) were measured in parallel
orientation of the film plane with respect to the field direction
in the temperature ranges 2-350K and 300-600K. TgM was
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measured in the orientation 0-365° with respect to the external
magnetic field direction, at temperatures down to 5K.

The AFM and MFM images were captured with the Veeco Mul-
timode V microscope. Topography imaging was done with the
SNL-10 probes, imaging of magnetic forces with the MESP and
MESP-HM probes by Veeco Inc. The images have been processed
in the Nanoscope and Gwyddion software’s, surface roughness has
been evaluated from the topography images. MFM imaging has
been performed after magnetizing the sample in the field of 1T
or 5T, respectively.

3. Results and discussion
3.1. Multilayers structure

As is demonstrated in Ref. [21], TEM images showed that the
metal and SiO, layers are well separated, without the observable
diffusion of layers. The granular nature of our metal layers could be
demonstrated on single metal layers capped with the SiO, prepared
under similar conditions as the multilayer samples, as is depicted in
Fig. 1.1t has been observed that the NP size varies from 4.3 to 8.3 nm
and increases with the increasing layer thickness, as is consistent
with the multilayer data, as will be shown further.

The surface morphology examined via AFM (see Supplemen-
tary) visualizes the granular structure of the upper SiO, layer, also
the root-mean-square (rms) roughness, o4™ of the surface has
been determined for each sample (Table 2). In selected cases, the
o4™ values do not correlate with the roughness values obtained
from the XRR measurement, o3R®, thus 64" does not directly serve
as the parameter indicating quality of the layer which enables
proper measurement of reflectivity (Table 2 and Supplementary
file). To predict the X-ray scattering from the layer using the statisti-
cal analysis of the AFM images, deeper analysis of the surface fractal
properties has tobe done, asis discussed in detail in Supplementary.
We have demonstrated, that the surfaces deviating significantly
from the Gaussian relief described by the height-height correla-
tion function [22] exhibit large diffuse scattering and strongly limit
the measurements of reflectivity (the case of the Fe(3), CoFe,(3)
and CoFe,(5) samples).

MFM images of the thickest films captured after magnetizing
the sample in the external field gradient of 1T showed areas of
different contrast, which represents the perpendicular components
of M belonging to domains composed of NPs, as is expected for the
film which is not in saturation (example in Fig. 2). Also no sign of
macroscopic periodic domain structure has been observed, as is
typical for films of larger than nm thickness [11]. Exposure of the
film to 5T led to the homogeneous unidirectional magnetization
of the layer. MFM phase contrast disappeared and magnetic probe
has been strongly attracted to the sample surface during scanning
(data are not presented).

Dependence of the reflected intensity on the angle of incidence
has been measured for all samples, but as has been already men-
tioned, three samples exhibited large diffuse scattering with the
strong decrease of intensity at low angles, disabling proper mea-
surements of the XRR curve (example in Fig. 3). The critical angle,
ac, density of individual layers, p and the fRR have been evaluated
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-0.71°

Fig. 2. Topography (up) and magnetic phase (down) images of the Co(10) and CoFe;(10) samples, respectively, after magnetizing the sample in gradient of 1T. The images
were taken with the MESP (Co(10)) and MESP-HM (CoFe,(10)) probes in the 30 and 70 nm lift scan height, respectively. The dark and bright areas in the magnetic phase

images, let us say domains, belong to the magnetized areas with an overall perpendicular component of magnetization pointing down and up, respectively. The domain size
is one to several orders of magnitude larger than the grain size, which is the consequence of strong magnetic interactions among NPs.
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Fig. 3. The experimental and refined reflectivity curves for the samples with low diffuse scattering with an example of the sample possessing high diffuse scattering in the

inset.
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Fig. 4. The ZFC-FC curves for the Co(x) and CoFe;(x) series of samples measured in 20 mT. The high temperature M(T) curves in the insets demonstrate sintering of NPs after
heating the samples above 500K, as is manifested by shift of Tpir to higher temperatures.

Table 2

Parameters of the layers obtained from the reflectivity curves refinement and the
AFM. a. is the critical angle, ty and ty are the nominal and mean thickness of the
metal layer determined from the reflectivity curves refinement. The UZI(RR is the XRR
rms roughness of upper layer, anFM is the AFM rms roughness, calculated from the
reflectivity curves and AFM topography data, respectively.

Table 3

Parameters of the layers obtained from the magnetic property measurements. Tpjr
is the furcation temperature, pLgHéO is the coercivity measured at 10K, 1 and dy, are
the magnetic moment and the magnetic diameter of NPs, respectively, calculated
from the un-hysteretic Langevin curves [34]. The unit cells have been considered as
the BCC for Fe and HCP for the Co and CoFe; thin films.

Sample ac(°) ty (nm) ty (nm) 0% (nm) o¢™ (nm) Sample Toirr (K) toH® (mT) (pep) diy (nm)
Co(3) 0.25 3 3.7 1.9 13 Co(3) 335 133 75 7.0
Co(5) 0.25 5 55 13 14 Co(5) 340 120 47 6.1
Co(10) 0.26 10 114 14 15 Co(10) >350 86 54 6.4
Fe(3) 0.20 3 - - 2.1 Fe(3) 260 22 63 3.8
Fe(5) 0.26 5 5.4 0.8 13 Fe(5) 346 26 78 9.8
Fe(10) 0.26 10 11.6 14 43 Fe(10) 441 16 155 11.8
CoFe,(3) 0.23 3 - - 3.2 CoFey(3) 314 110 45 58
CoFe,(5) 0.23 5 - - 18 CoFe,(5) >350 75 118 7.9
CoFe;(10) 0.27 10 11.6 14 5.5 CoFe,(10) >350 69 131 8.2
Table 4

from the simulations of the measured reflectivity curves. It has been
observed that p decreased with increasing distance from the sub-
strate, which is consistent with the granular nature of individual
layers. Results are summarized in Table 2 and Fig. 3.

3.2. Magnetic properties

Magnetic property measurements suggested that the metal lay-
ers are composed of the strongly interacting superparamagnetic-
like NPs. The NP nature of the samples has been manifested by
[17]: (1) zero hysteresis for the M(B) curves measured above block-
ing temperature (example in the inset of Fig. 5), (2) magnetic
moment values, p calculated from the unhysteretic magnetiza-
tion isotherms in Langevin scaling in order of tens thousands of
W, with corresponding average magnetic size of NPs,! dp, reach-
ing approximately 6-12 nm [23] (Table 3), which corresponds well
with the grain size obtained from HRTEM images of the single lay-
ers. (3) Increase of the temperature of the ZFC curve maxima, Tyax
and the temperature of coincidence of the ZFC-FC curves labeled
as Tpipr with increasing layer thickness (due to the different NP
sizes, Figs. 4 and 5 and Table 3) and their decrease with increasing
magnetic field (example in the inset of Fig. 4).

Evidence of the strong interparticle interactions has been
demonstrated by the (4) non-Curie-Weiss dependence of the FC
curves and (5) strong saturation of the low temperature part of FC
curves (Figs. 4 and 5).

1 The unit cell parameters were used in the calculation, bec for Fe(x) and fcc for
Co(x) structures. The hcp structure has been used for the CoFe;(x) sample, similar
as for the Co, replacing the Co with Fe in desired ratio.
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The Ms measured at 10 and 300K, respectively

Sample M1 x 107° (Am?) M2% x 107° (Am?)
Co(3) 3.3 3.6
Co(5) 2.1 25
Co(10) 2.0 23
Fe(3) 1.7 1.8
Fe(5) 1.3 1.3
Fe(10) 3.8 3.9
CoFe,(3) 46 5.0
CoFe,(5) 6.3 6.5
CoFe,(10) 6.5 6.7

The poHc has been symmetric for both polarities of magnetic
field for all samples series and decreases with increasing layer
thickness, as has been observed for similar multilayers by Li and
Wang [24]. Saturation magnetization, Mg of individual samples
measured in 1T slightly decreases with decreasing temperature
(Table 4), which supports hypothesis that the low temperature
magnetization rotation is connected with the specific internal grain
arrangement.?

2 The NPs in our samples are above or close to the T at room temperature (RT),
thus their superspins rotates almost freely and are oriented in the direction of exter-
nal magnetic field. If we now cool the sample down to the low temperature, the
superspins are either oriented in the NP easy axis direction in non-interacting sys-
tem of NPs or are pinned to the specific direction which is given by the internal
arrangement of the layer for the interacting system. In both cases, stronger field is
required for rotating all superspins into its direction. Because we have not increased
external magnetic field during cooling, the Ms value at LT is lower than at RT. The
superspins in a non-interacting system of NPs at low T point in the direction of the
NP easy axis. Now if we cool down from RT the sample with switched interparticle
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Fig. 5. The ZFC-FC curves for the Fe(x) series of samples measured in 20 mT. The M(B) curves measured at 10K and the unhysteretic ones are in the insets. The sketch of the
sample orientation with respect to the external field, in which the measurements on all samples has been performed, is on the bottom right.

The Tyiax, HoHc and o were unchanged upon heating the sam-
ples up to 450K, as has been demonstrated on the Co(x) and
CoFe,(x) series. NPs sintered after heating the samples above 500K,
as was manifested by the increase of the Tpgr and the poHc value
(insets of Fig. 4).

3.3. Torque magnetometry

Measurements of Tq curves have demonstrated uniaxiall mag-
netization nature of the samples in the whole temperature range.
The torque extorted on the sample exhibiting the E,; is written as
[18]:

T= 9 _ . sin26.

de (3)

The experimental Tq curves of the M(10) samples measured at
300and 200 K are plotted together with the low temperature curves
in Fig. 6. Simulated theoretical Tq curves demonstrates that the
uniaxial easy axis lies in plain at the temperatures above 200 K and
is rotated at low temperatures, forming the different angles with
respect to the film plane for each sample series — 150° for the Co(10),
140° for the Fe(10) and 40° for the CoFe,(10) samples, respectively.

As has been introduced, total magnetic anisotropy could be sim-
ply viewed as the superposition of anisotropies of different origins,
the SA and LPA in case of our multilayers. Thus the low temperature
rotation of the easy axis could be explained by the suppression of

interactions, superspins are pinned to the specific direction given by the internal
arrangement of layer (Fig. 8) as is discussed and presented below.

the SA,? that is overcome by LPA (which is similar with the phe-
nomenon observed in epitaxial layers in which the SA is overcome
by MCA) [25-27],

Origin of the LPA which causes different orientations of the low
temperature easy axis for each examined sample is following. The
smooth and symmetric shape of the low temperature Tq curves
could be either attributed to presence of the one single uniaxially
magnetized phase, or several phases of the NPs with their easy axes
rotated 90° with respect to each other, finally giving the signal of
the uniaxially magnetized layer. As has been stated in the introduc-
tion, the orientation of the single phase uniaxial easy axis arises
from the internal arrangement of the NPs within the individual
layers. If there is the preferential fraction of the NPs with parallel
easy axis, the rotation of remaining superspins to this preferential
direction is mediated by the strong interparticle interactions and
the layer becomes uniaxially magnetized. The origin of the effect
has been discussed by Bushow and de Boer [7], when the NPs with
sizes smaller than is the exchange length of exchange interactions
between the NPs were forced to orient their magnetizations in par-
allel. It has been also shown on collection of interacting hematite
NPs that not only the rotation of whole superspin, but also the
rotation of selected sub-lattice magnetization out of the magnetic
anisotropy direction is possible [28]. Thus the fact that the layer
composed of the NPs could posses uniaxial easy axis at LT even if

3 Normally, Ksa of the layer is the temperature dependent term and decreases
with decreasing temperature, not as in the former case. But as has been observed,
differences of its values at high and low temperatures are not so significant, thus
we could assign the temperature dependent superspin rotation to the origin of this
effect.
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Fig. 6. Dependence of the torque on the angle of film orientation with respect to the applied field, measured in 1 T at high temperature (HT) and 1 and 0.1 T at low temperature
(LT), respectively. Dashed curves represents ideal Tq curve for sample with given orientation of easy axis of magnetization, 180° for HT measurements (left) and 150°, 140°
and 40° for the Co(10), Fe(10) and CoFe,(10) samples at LT (right), respectively. Asymmetry of the curves is consequence of un-saturation of the film magnetization, as is

explained by Cullity and Graham [18].

all single-particle easy axes are not oriented in the same direction
is not surprising.

Let us discuss now the possible arrangement of the NPs in the
layer possessing uniaxial easy axis, with respect to the SPA. As has
been already mentioned, SPA either originates from the anisotropic
NP shape or it is simply the MCA of single isotropic NP. If we have
an individual phase composed of the NPs possessing unique direc-
tion of the uniaxial easy axis of magnetization and consider these
two options, there is a major fraction of the NPs that are either all
oriented in same direction (anisotropic NPs, Fig. 8 left) or to the
direction given by the preferential texture of layer (isotropic NPs,
Fig. 8 right). Direction of the easy axes of such unique fraction of
NPs determines the easy axis of the whole layer, which could be
extended into other layers via dipolar interactions and the total
direction of the multilayer easy axis is the projection of the sum
of single layer easy axes. The observed SSRT is thus not the conse-
quence of the film thickness, like rotation of easy axis from in-plain
to perpendicular direction with decreasing thickness, as has been
observed in ultra-thin films, but it is the consequence of the inter-
mediate size effect — arrangement of the anisotropic NPs or the
layer texture. The problem of multiple texture or NP orientation
could not be treated using only TqM data [18] and further experi-
ments, such as the texture measurements or the neutron diffraction
would be helpful.*

The last question is if the LT orientation of easy axis is elemental
dependent (same elements would grow with the same texture or
orientation of NPs, depending on the substrate properties and the
average grain size), size dependent, result of random arrangement
of the NPs within the layers or it is the combination of multiple

4 Unfortunately, it was even impossible to perform the synchrotron X-ray diffrac-
tion due to the low signal quality, thus the samples are inappropriate for further
examination and layers with much higher thickness of M layer should be prepared.
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effects. The thickness (thus the NP size) dependence of the easy
axis direction for the samples from one series has been tested only
for the Fe(5) sample (the only one which had sufficiently high signal
to evaluate the data). The asymmetric shape of the Tq curve (Fig. 7)
indicates either the SA contribution is not suppressed by the LPA
even at low temperature or there are more phases possessing uni-
axial easy axes shifted with respect to each other. Reason for this
could be the incomplete rotation of remaining superspins into the
direction of easy axis of major fraction of NPs, arising from the size
effect on NPs. A control experiment on the single layer of the Co10
films was unsatisfactory; signal was too poor to make any serious
conclusions. Because neither the exact orientation of the individ-
ual NPs within the layer nor the texture of the layers is known,
any further influence of NP size or layer thickness on the easy axis
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Fig.7. The torque curve for the Fe(5) sample measured at 200 and 10K, respectively.
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Fig. 8. The mechanism of the SSRT explained by internal arrangement of the NPs within the layers, demonstrated on the single layer for the simplicity. Left: the layer
composed of the anisotropic NPs. The significant amount of NPs is oriented in the similar direction, as well as their easy axes if we consider that there are no interparticle
interactions. Right: same example for the layer composed of isotropic NPs, with the preferential texture of the layer. Detail explanation of illustration and magnetization
direction represented by the red and green arrows is following. At room temperature (RT), all superspins in the layer are allowed to rotate almost freely, which is the
presumption of the SPM state, thus point in the direction of in-plane easy axis, as a result of the sample shape anisotropy. From the single particle point of view, superspins
follow the direction of hard axis of NP in the extreme case, which is represented by red arrow (considering for simplification that no NP is oriented to have its easy axis parallel
with the film plane). At low temperature (LT), neglecting action of interparticle interactions, each superspin is oriented in the direction of single NP easy axis (represented
by the green arrow). Switching the interactions on, the fraction of NPs that are not oriented in parallel with the preferential fraction of NPs from the beginning revert their
superspins into the direction which is parallel with such easy axis of the preferential fraction of NPs. Thus the layer could posses LT uniaxial magnetization direction both

for the NPs with similar orientation or texture. (For interpretation of the references to color in the text, the reader is referred to the web version of the article.)

orientation could not be treated and just the general mechanism
responsible for the LT easy axis orientation has been introduced.

4. Conclusion

We have observed temperature dependent rotation of
the magnetization direction in the multilayer sandwiches of
SiO,-M(x)-Si(111) with the M as the metal (Fe, Co or CoFe;) of
nominal thickness x=3, 5 and 10 nm, respectively. Sample series
have been investigated by complementary methods such as TEM,
XRR, AFM, MFM and magnetic property measurements. It has
been demonstrated that the films are polycrystalline, composed of
approximately 6-12 nm large NPs obeying properties of strongly
interacting SPM system. The NP size is increasing with the increas-
ing layer thickness for each sample series. The multilayers possess
room temperature in-plain uniaxial easy axis of magnetization.
The rotation of the magnetization out of the film plane direction
during the sample cooling has been observed. At temperatures
below 50K, the easy axis is oriented into the direction given by
the internal particle arrangement, 150° for the Co(10), 140° for
Fe(10) and 40° for the CoFe,(10) samples, respectively. The origin
of the observed phenomena has been attributed to the superspin
reorientation transition, when all superspins are pointing in the
direction of the easy axis of major fraction of particles, that are
either oriented in the same direction (for anisotropic particles)
or with the preferential texture (for isotropic particles). Final
orientation of the film easy axis and its uniaxiallity is result of
the strong interparticle interactions acting among particles, that
rotate rest of superspins into the direction of easy axes of the
major fraction of particles.
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3.3.2 Magnetické castice v uhlikovych nanotubach

e B. Bittova, J. Poltierova Vejpravova, M. Kalbac, S. Burianova, A. Mantlikova, S. Doyle,
J. Phys. Chem. C, (2011), 115, 17303. [C1-91] [39]

e B. Pacakova Bittova, M. Kalbac, S. Kubickova, A. Mantlikova, S. Mangold, J. Vejpra-
vova, Phys. Chem. Chem. Phys. (2013), 15, 5992. [C1-102] [98]

Specialnim pfipadem superparamagnetického chovani jsou jednosténné uhlikové nano-
tuby (SWCNT, z ang. single-wall carbon nanotubes) pfipravenych metodou depozice che-
mickych par s vyuzitim nanocastic Zeleza jako katalyzatoru. Intrinsické magnetické vlastnosti
uhlikovych nanostruktur, zejména mechanismus vzniku spontannich magnetickych momentt
a jejich magnetické usporadani, patii mezi atraktivni témata soucasného nanomagnetismu.
Moznost magnetického usporadani v SWCNT byla sice jiz teoreticky predpovézena, bohuzel
se ale zatim nikomu nepodafrilo experimentalné prokazat existenci lokalizovaného magnetic-
kého momentu na atomech uhliku. Hlavni prekdzkou je piitomnost (magnetického) kovového
katalyzatoru jako rezidua pfipravy pomoci CVD. Studie [39] ukdzala na specifickou struk-
turu zbytkového katalyzatoru ve vzorcich nanotub. V soucasnosti je tedy kladen veliky diraz
na efektivni odstranéni tohoto katalyzatoru a nasledné prokazani c¢istoty SWCNTs. Pomoci
Mossbauerovy spektroskopie a difrakce synchrotronového zafeni bylo poprvé ukazano, ze
puivodni nanocastice zeleza prechazel béhem CVD na fazi FesC. Pramér ¢astic byl urcen
analyzou vysledku difrakce a ¢inil 1.9 nm. MéFenim teplotni zavislosti magnetizace (protokol
ZFC-FC), magnetiza¢nich izoterm a st¥idavé susceptibility bylo pozorovano, Ze nanocastice
zbytkového katalyzatoru vykazuji vlastnosti slabé interagujiciho souboru SPM ¢éastic, coz
dokazalo velmi nizkou koncentraci katalyzatoru ve vzorku. Analyza magnetizac¢nich izoterm
poskytla informaci o distribuci velikosti nanocastic a jejich magnetickou velikost. Na zakladé
ziskanych vysledkt bylo mozno usoudit, ze ¢astice katalyzatoru tvori tzv. strukturu jadro-
slupka ve smyslu magnetického a strukturniho uspotradani. V pripadé cisténych vzorkt doslo
k ¢astecnému sintrovani a v pripadé vysokoteplotniho zihani rekrystalizaci nanocastic a od-
stranéni neusporadané slupky. Vzhledem k velmi malému mnozstvi katalyzatoru ve vzorcich
byla magneticka méfeni jedinou metodikou jak urcit realnou strukturu zbytkovych castic
katalyzatoru a optimalizovat purifika¢ni metody, jak je shrnuto v praci [98].

Navazujici prace se zabyva studiem fazového slozeni a magnetické odezvy SWCNT, které
podstoupily rtizné purifikaéni postupy. Zihani SWCNT na 400 °C' a nasledny reflux ve slabé
kyselém prostiedi vedl k vzniku 10-18 nm nanocastic a-Fe,Og3, pficemz po néasledné filtraci

zbyly ve vzorku pouze nejvétsi z nich. Zihani SWCNT pii 1000 °C' vedlo ke sniZzeni mnozstvi
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katalyzatoru o 10 %, frakce zbylych nanocéstic se transformovala na v-Fe;O3 a jejich obsah v
ptvodnim vzorku se zmensil diky odstranéni paramagnetické slupky. Pouze SWCNT vysta-
vené teploté 2200 °C' nevykazovaly pfi makroskopickych mérenich pritomnost katalyzatoru
(synchrotronova praskova difrakce, termogravimetrie, magnetometrie), méfenim absorpce na
Fe-K hrané pomoci metody EXAFS (z angl. Edge X-ray Absorption Fine Structure) byla
ale potvrzena pritomnost zbytkového Fe ve formé a-Fe,O3. Bylo tedy ukéazano, ze makro-
skopické metody standardné pouzivané pro charakterizaci nanotub zbavenych katalyzatoru
nejsou dostacujici pro prokazani jejich ¢istoty a mozna pritomnost zbytkového katalyzatoru
musi byt ovéfena lokalné sensitivni sondou (napi. EXAFS).

Vyse uvedené postupy byly v letosnim roce déle aplikovany pro studium nanotub pfi-
pravenych laserovou ablaci. Vzorky, které obsahovaly nejmensi mnozstvi magnetického ka-
talyzatoru byly vhodné pro studium pomoci Ramanské spektroskopie v magnetickém poli,
které ukazalo na pritomnost magneto-oscilacni slozky v intenzité charakteristickych maédi,

podobné jako u grafenu.
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ABSTRACT: We have investigated the magnetic response of residual metal catalyst in the
raw and super purified HiPco single wall carbon nanotubes (HiPco raw and HiPco SP
SWCNTs). It has been shown that the residual metal catalyst is in the form of
nanoparticles, even in the HiPco SP SWCNTs that should contain a minimal amount of
the metal. Mossbauer spectroscopy of the HiPco raw SWCNTs proved the catalyst
nanoparticles are in the form of Fe;C. Analysis of the synchrotron X-ray diffraction data
provided an average diameter of nanoparticles about 1.9 nm. Magnetic studies by means of

d<d,

HiPco_raw

HiPco_SP

temperature dependence of magnetization, magnetization isotherms and susceptibility

suggested that the nanoparticles obey the behavior of weakly interacting superparamagnetic systems in both samples. Further
analysis of the data revealed a core—shell structure of the nanoparticles in the HiPco_raw nanotubes, with a magnetically oriented
core and a paramagnetic shell, which is almost removed in the case of the HiPco_SP catalyst nanoparticles.

1. INTRODUCTION

Because the magnetism and superconductivity of the pure
carbon materials has been theoretically predicted and already
observed in special cases (magnetic ordering in the proton-
irradiated graphite, pressure induced magnetism in fullerenes”),
the possibility to study and utilize the magnetic response of
carbon nanotubes (CNTs) for further applications in spintronics
has appeared recently.

The CNTs could possess not only the semiconducting and
metallic properties,® depending on their chirality, but it has been
also proven theoretically that the metallic CNTs could exhibit a
ferromagnetic ground state.** In spite of these studies discussing
the defect-induced magnetism in CNTs, this phenomenon has
not been experimentally observed yet. It is mainly because of the
presence of the residual metal catalyst in the nanotubes and its
very difficult removal. Because of the great interest in many
research areas, we have focused on studies of the basic properties
of nanosystems composed both of the single wall carbon
nanotubes (SWCNTs) and metallic nanoparticles (residues of
the preparation of SWCNTs).

One of the preparation methods of the SWCNTs in large
quantities is the so-called HiPco process; the metal catalyst (Fe,
Co, Ni) based growth of CNTs by the gas phase chemical vapor
deposition (CVD).*® To obtain the pure CNTs, the metal has
to be removed afterward. Unfortunately, most of the purification
methods do not lead to complete removal of the remaining
metal catalyst,” '® and if so, there are only a few studies that

W ACS Publications ©2011 american chemical Society

significantly analyze the purity of CNTs.'® However, to deter-
mine the mass content of the metallic fraction in the SWCNT's is
not sufficient, it is important to investigate the form in which the
metal is presented. If the metal is in the form of nanoparticles
(not just single atoms or clusters distributed within the sample),
the impurity-induced magnetism exceeds the signal from the
pure CNTs in several orders of magnitude, even if the propor-
tional amount of the metal in the sample is low, and it disables
reliable studies of magnetic properties of CNTs. The amount
and nature of the catalyst can be determined complementarily
via magnetic measurements but as a reference, magnetic pro-
perties of the catalyst in raw SWCNT's have to be investigated in
detail. Despite few reports on magnetic properties of the
SWCNTs containing magnetic catalyst (discussing magnetic
hysteresis and susceptibility qualitatively'®'”), the comprehen-
sive quantitative studies concerning the magnetism of the
catalytic particles are still lacking. Because of that, we have
focused on investigation of magnetic properties of the metal
catalyst in the raw and superpurified HiPco SWCNTs pur-
chased by Unidym Inc. It has been proven that both sam-
ples contain magnetic nanoparticles, the magnetic behavior has
been discussed in the terms of the superparamagnetism (SPM)
phenomenon.
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The superparamagnetic state is defined for a system of non-
interacting single domain nanoparticles, whose susceptibility
follows the Curie law and its ma$netization curve can be
described by the Langevin function."®" The critical size of a
single domain nanoparticle is determined by microstructural
parameters of the material (atomic composition and crystal-
lographic structure) and reaches the size of 10~ *~10"" m. The
characteristic parameters that define the SPM state are the
blocking temperature T, particle magnetization (the so-called
superspin) u and magnetocrystalline anisotropy, Ex. The Tg,
analogy of the Curie temperature T in a ferromagnet, is the
blocking temperature of the superspins, when the particles
anisotropy energy E,, is overcome by the energy of thermal
fluctuations and particles get into the blocked state, in which the
stable magnetization cannot be established.

The magnetic state of nanoparticles in the blocked state
(below the Tg) is characterized by a nonzero coercivity, He.”
Considering a real sample, the pure superparamagnetism has
been observed so far in very diluted samples, such as in ferrofluids
with low density or nanoparticles diluted in a nonmagnetic
matrix.*' ~** In most of the real systems, when the particles are
close enough, considerable interparticle interactions (mainly of
dipolar origin) that affect the macroscopic magnetic properties,
has to be taken into account.”"*® Because the catalyst particles in
the HiPco nanotubes are supposed to be diluted enough, we
expected them to obey either the SPM or weakly interacting SPM
behavior.

2. EXPERIMENTAL METHODS

2.1. Sample Characterization and Measurement of Mag-
netic Properties. The samples have been characterized by
several methods to gain comprehensive amount of data enabling
analyzing properties of the metal catalyst properly.

Thermogravimetry (TG) has been used for setting the mass
content of the metal precursor in the SWCNTs. The samples
were heated up to the 800 °C with the heating rate of 10 K/min
in atmosphere containing 80% of He and 20% of O,.

We have used complementary methods for the phase analysis
and particle size determination, respectively. The synchrotron
radiation diffraction (S-XRD) was used for the determination of
the catalyst phase and for estimation of the mean diameter of the
particle size, respectively. The diffraction data has been taken at
PDIFF beamline in ANKA Karlsruhe, using the radiation with
wavelength of 1.24 A. The diffraction patterns were collected
within the range of 3—63° with the step of 0.02°. Further
analyses have been done using the FullProf software.®

The Mossbauer spectra were employed as a complementary
experiment to determine the iron phase(s) in the sample. The
measurement was done in the transmission mode with >’Co
diffused into the Rh matrix as the source moving with constant
acceleration. The spectrometer was calibrated by means of a
standard 0-Fe foil and the isomer shift was expressed with respect to
this standard at 293 K. The HiPco_raw sample (by Unidym Inc.)
was measured in cryostat at the temperatures varying from 293 to
4.2 K. The fitting of the spectra was performed with the help of
the NORMOS program. The HiPco_SP sample (by Unidym Inc.)
seems to be not suitable for the experiment because of the
undetectable amount of the metal catalyst.

Magnetic measurements on HiPco nanotubes were per-
formed using MPMS7-SQUID device (Quantum Design) up
to magnetic field of 7 T in the temperature range 2—400 K. The
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Figure 1. Thermogravimetry data for the HiPco_raw and the HiPco_
SP samples.
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Figure 2. S-XRD patterns for the HiPco_raw and the HiPco_SP
SWCNTs. The vertical marks correspond to the positions of the Fe;C
Bragg reflections, the cross-hatched area illustrates expected positions of
the SWCNTS reflections.

zero-field-cooled (ZFC) and field-cooled (FC) curves were
measured in low external magnetic fields (from S to SO mT).
The magnetization isotherms were measured at 10 and 300 K up
to field of 7 T in both polarities. The temperature dependence of
the a.c. susceptibility (with the alternating field amplitude of 3 mT)
was measured in a zero magnetic field (1—100 mT) in the fre-
quency range of 0.1—100 Hz.

3. RESULTS AND DISCUSSION

3.1. Analysis of Compound and Structure. The thermo-
gravimetry provided the mass content of metal precursor in the
samples leading to the values of 75 wt % for the HiPco_raw and
S wt % for the HiPco SP SWCNTs (Figure 1). The weight
percentage set by the producer should be less than 35 and 5 wt %
in the HiPco_raw and HiPco_SP SWCNTs, the measured dis-
crepancy is the result of the small starting mass of the sample,
with the possibly higher local concentration of metal in such a
sample than is the average for the higher amounts.

The S-XRD pattern of the HiPco_raw SWCNTSs reveals the
peak positions corresponding to those of the cementite, Fe;C
(Figure 2), which crystallizes in the orthorhombic Pnma space
group with the four units in the unit cell (Z = 4)% Eight of the

17304 dx.doi.org/10.1021/jp2033659 |J. Phys. Chem. C 2011, 115, 17303-17309
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Figure 3. Fit of the Mossbauer spectra measured at room temperature by
the two subspectra, representing the two special positions of iron in Fe;C.

Table 1. Room Temperature Mossbauer Parameters. Isomer
Shift 4, Quadrupole Splitting AE,, Full Width in the Half
Maxima FWHM, Together with the Real Area Under the Peak
and the Interpretation of Simulated Spectra

o AE, fwhm rel. area
HiPco raw  (mm/s) (mm/s) (mm/s) (%) interpr.
subsp. 1 0.14 047 0.46 333 F; (4¢)
subsp. 2 0.21 —0.35 0.4 66.7 F, (8d)

iron atoms are in 8d positions (Fy), four are placed in 4¢ positions
(F;), and the four carbon atoms sit in the interstitials. Because the
quality of the diffraction pattern has not been suitable for the full
profile fitting procedure by the Rietveld method, the mean size
of the Fe;C particles was calculated from the (102) and (201)
reflections, leading to the value of 1.9 nm, considering the
resolution function.

The quality of the data collected for the HiPco_ SP SWCNT's
has not been suitable for further analysis of the particle
diameter, only the highest peak created by broadening of
significant Fe;C peaks similar to the HiPco_raw SWCNTs
was observed (Figure 2).

The Mossbauer spectroscopy confirmed the presence of
Fe;C-cementite phase in the HiPco raw sample. No metal iron
(zero isomer shift) has been detected. The room temperature
spectrum consists of doublet indicating the superparamagnetic
state of the sample that can be attributed to the small size of Fe;C
particles in nanotubes. The spectrum was fitted with two doub-
lets representing the two types of sites for iron atoms — the
general (Fe,) and special (Fe,) sites (Figure 3). The intensities of
lines were fixed up to 2:1. The obtained parameters are in good
agreement with those presented by other authors.”®*® The
results are summarized in Table 1.

3.2. Magnetization Studies and Hysteresis. The ZFC and
FC curves (Figure 4) exhibit the main attributes of the super-
paramagnetic (SPM) system in case of both samples. The ZFC
curve exhibits sharp maximum at the temperature Tyax, and
both the ZFC and FC curves coincide at high temperatures - the
temperature of deviation is labeled as Tprp. The discrepancy
between Tyax and Tpygg, that should be equal in the ideal case of
a SPM system, usually signalizes the particle size distribution in
the sample. Thus, the majority of particles are blocked at the T
corresponding to Thax (35 Kat 10 mT in case of the HiPco_raw
and 26 K at 10 mT for the HiPco_SP samples, respectively),
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Figure 4. Temperature dependence of ZFC and FC magnetization
measured at 10 mT for the HiPco raw and the HiPco SP samples,
respectively. The magnetization measured at 1 T and the inverse
dependence of magnetization as the function of temperature are
shown in the insets.
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Figure 5. Magnetization isotherms measured at different temperatures
for the HiPco_raw and the HiPco_SP samples, respectively. The detail
of the loops measured at 2 K in the inset.

whereas the largest particles are blocked at temperature Tpigr
(202 K for the HiPco_raw and 278 K for the HiPco_SP samples,
respectively). Also, the reduction of the Tj in increasing mag-
netic field, typical for such a system, has been observed (inset in
Figure 4). Shift of the Tax to the lower temperature in case of
the HiPco_SP sample could be attributed to the reduction of
particle size or weakening of interparticle interactions.
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Table 2. Median, o, and Mean, #,,, Magnetic Moment with the Median, dy, and Mean, d,,,, Magnetic Diameters, Respectively;
Compared with Particle Diameters Obtained from XRD Measurements, drrg, and Blocking Temperatures, drpier and dryax

U X 10° do U X 10 A drmax drpier drra
(us) (nm) o () (nm) (nm) (nm) (nm)
HiPco_raw 1.3 (2) 2.6 +08 0.59 09 (2) 24403 24104 43405 1.9+02
HiPco_SP 2.0 (2) 3.0407 0.58 1.5 (2) 27403 22405 47407
Inspecting the low temperature part of the FC curve of the 1.5
HiPco_raw SWCNTs, the small saturation of the magnetization was 101 HiPco_SP
observed, signalizing the presence of weak interparticle interactions.
Saturation of the FC curve of the HiPco SP sample is negligible, 0.5
which is not surprising because the amount of magnetic metal is at 2 oo
least six times lower than in case of the HiPco raw sample, =
suggesting better dilution of particles within the sample leading to 0.5
the minimization of interparticle interactions. In an ideal case of a 0] o ) 5
SPM system without interaction, the FC curve should obey the ' 3
. . . ux 107 ug
Curie—Weiss law. Thus, plotting the temperature dependence of 15— . , : ,
inverse magnetization (result for HiPco_ SP is illustrated in the -0.04 -002 000 002 004 008
Figure 4), the resulting curve should be linear. The nonlinearity of H/T (T/K)

such a curve was observed for both samples, as a consequence either
of interparticle interactions (more significant for the HiPco raw
sample), particle size distribution (HiPco_SP sample), or combina-
tion of both of these effects. To estimate the strength of the
interparticle interactions, the magnetic response has been examined
by a.c. susceptibility measurements, as mentioned further.

The magnetization isotherms provided additional information
about nature of magnetic nanoparticles in both samples. The hyster-
esis (typical feature of the block state below the Tj;) was observed at 2
K with the symmetric values of coercivity, Hc, for opposite polarities
of magnetic field, reaching values of 150 mT for the HiPco_raw and
102 mT for the HiPco_SP samples, respectively (Figure S). The
decrease of the coercivity points at the reduction of the nanoparticle
size or interparticle interactions in the HiPco SP sample.

The magnetization isotherms above the Ty were analyzed by
using the fit of generalized Langevin function. The total magnetiza-
tion, M, of the SPM system can be described by equation valid for
system of monodispersed noninteracting nanoparticles:

uB
M = ML = — 1
L(x) f=i7 (1)

where M; is the saturated magnetization of N particles with the
magnetic moment # and L(x) is the Langevin function. In real
systems with non-negligible dispersion of magnetic moments, f(x)
the total magnetization is given by a weighted sum of Langevin
functions™

mien ) = [ ngom = [ (E)ae @

with the distribution function

V2 202
where 0 is the log-normal distribution width and ¢, is the median of

the distribution from which the average magnetic moment (,,, can
be calculated as

M = Ho Xp (;) (4)

Figure 6. Example of the fit of the weight sum of the Langevin function
to the data at 300 K in Langevin scaling for the HiPco_SP sample, the
moment distribution function in the inset.

The parameters obtained from the fitting to the weighted sum
of Langevin functions to the unhysteretic magnetization curves
measured at 300 K are summarized in Table 2 and illustrated in
the Figure 6.

Knowing both the magnetic moment of the particle and that
of the unit cell, it is possible to calculate the volume and
subsequently the “magnetic” size of the particle. The magnetic
moments of the Fe, and Fe; atoms calculated by Shine,
Medvedeva, and Ivanovski®” are 1.74, 1.98 Ug, respectively;
with the total magnetic moment of the Fe;C unit cell, u, equal
to 21.6 up. Thus, using the equations

az::)fivzpivc (5)
47 u
where . and V_ are the magnetic moment and volume of the unit
cell, respectively; the value of median and mean magnetic
diameters of the particle, dy and d,,, can be calculated. Resulting
values for the HiPco raw and the HiPco SP samples are
depicted in Table 2.

It is obvious that the “magnetic size” of the particle in the
HiPco_raw sample is larger than the size of the particle calculated
from the diffraction pattern. The discrepancy could be explained
by the so-called core—shell model of the particle with the well-
crystalline and magnetically ordered core (which contributes to
the diffraction) and an amorphous shell, which only increases
magnetic moment of the particle by a linear, paramagnetic-like
term. Increase of the “magnetic size” of the nanoparticles of the
HiPco SP sample in comparison to the HiPco_raw sample
could be either the result of the real increase of particle size in
the HiPco_SP sample or more probably it means that the shell
part of the particles in the HiPco_raw sample (which decreases
the resulting magnetic moment) has been removed. This ex-
planation is valid whether the part of the shell of the HiPco_raw
nanoparticles is not only amorphous, but also paramagnetic.*’
This presumption could be simply proved considering the
extreme cases in which the metal nanoparticles in the HiPco_SP
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sample could differ from those in the HiPco_raw sample
(Figure 7): (1) possible recrystallization of the amorphous
paramagnetic shell, conserving the size of the particle (which
lead to the increase of coercivity, Hc), (2) sintering of particles
with the unchanged core—shell structure (increases H), and (3)
removal of the part of paramagnetic shell with unattacked
crystalline core (decreases Hc and increases magnetic moment
of the particle). Comparison of the shape of the unhysteretic
magnetization isotherms measured for both samples (Figure 6)
exhibit the presence of linear paramagnetic contribution only in
the case of the HiPco_raw sample and support the idea that the

d;=d,
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dy,>d,

—_— 5

>
/7 \/\« <l
LN
i@\ /@/
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Figure 7. Scheme of the structure of nanoparticles and the model of
hysteresis loops of collections of such particles below Ty for the
HiPco_raw (left) and the HiPco_SP (right) samples. There are three
extreme cases how the structure of NPs changes after the process
resulting into to the HiPco_SP SWCNTs: (1) The recrystallization of
whole particle, (2) Particle sintering without change of the core—shell
structure, (3) Removal of part of the amorphous paramagnetic shell.

real particle size in the HiPco_SP sample has been reduced, but
the “magnetic size” has been effectively enhanced. All previously
mentioned together with the decrease of coercivity in the
HiPco_ SP sample suggests the exclusive explanation of observed
phenomena is the reduction of paramagnetic shell of nanopar-
ticles in the HiPco_SP with respect to the HiPco_raw sample.

3.3. Relaxation Phenomena. Relaxation phenomena in both
samples were inspected using a.c. susceptibility measurements.
Both the real ()') and the imaginary (y”) parts of the a..
susceptibility were measured in different frequencies of the
alternating magnetic field with the amplitude of 3 mT in zero
external field (Figure 8).

The shifts of the ' maxima to the higher temperatures with
increasing frequencies are considered as a consequence of a
superspin relaxation. Because the saturation of the FC curve at
low temperature suggested the presence of weak interparticle
interactions in both samples, more significant for the HiPco_raw
sample, the evolution of temperature of ' maxima with fre-
quency was inspected using the Vogel-Fulcher law describing the
relaxation among the weakly interacting particles,

Inf = lnfo_kB( Ea (6)

T —To)

where the characteristic parameters are frequency f;, activation
energy Ea/kp, and Vogel-Fulcher temperature T, that is the
correction of the well-known Arrhenius—Nell law representing
the interparticles interaction.>® The resulting values for the
HiPco_raw sample are: the relaxation time 7, = 1.8 x 10~ s,
the effective anisotropy constant K.g= 1.69 x 10°J/m?, obeying
relation E, = K+ V, and Vogel-Fulcher temperature T = 15 K.
The value of the K. is higher than that for the 7 nm Fe;C
particles measured by Zhang and Yu,** 3.54 x 10° J/m?®; the
value of relaxation time, 7, lies in the interval typical for SPM
systems, 107°—10""? 53373 The value of the K gwas calculated
using the resulting anisotropy energy E, and the particle size,
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Figure 8. Temperature dependence of the real and imaginary part of susceptibility, " and )" in zero external field, the inset shows the fit according to

the V—F law.
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drrc. Applying the same procedure to the HiPco SP sample,
resulting value of relaxation time is 7o = 5.4 X 10~ ™ s, which is
lower than that of the HiPco_raw sample that confirms the faster
relaxation of superspins, as was expected due to the lower
concentration of particles in the HiPco_SP sample (it has been
demonstrated by Dormann et al.*' that with increasing concen-
tration of particles, the strength of the interparticle interactions
also increases, which results to prolongation of relaxation time in
the system). The value of the anisotropy energy E/kg decreased
from 435 K for the HiPco_raw to 429 K for the HiPco_SP
samples, respectively. The effective anisotropy constant has not
been calculated because the particle size in HiPco_ SP sample was
not possible to be determined by S-XRD.

Using the formula valid for a system of uniform noninteracting
superparamagnets,25 Tg = K.4V/25kg, the estimation of the
nanoparticle mean diameter, d, could be obtained. As the Tj,
we have used both the Tyax and Tpgr to obtain the diameters of
the mean, dy_, and largest, dr, , fraction of particles in the
sample, leading to the values of 2.4 and 4.3 nm for the HiPco_raw
and 2.2 and 4.7 nm for the HiPco_SP samples, respectively (K.g
of the nanoparticles in the HiPco_raw samples has been used in
both cases). Decrease of the size dr,_ in the HiPco_SP sample
either additionally supports the presumption of the reduction of
particle size by removal of paramagnetic shell and it is the result
of reduction of interparticle interactions.

4. CONCLUSION

We have investigated structural and magnetic properties of the
residual Fe catalyst in the HiPco raw and the HiPco_SP
(superpurified) SWCNTs, respectively. The S-XRD and
Mossbauer spectroscopy confirmed presence of Fe in the HiP-
co_raw SWCNTs, most in the form of cementite, Fe;C. Size of
the nanoparticles in the HiPco_raw sample was determined from
the S-XRD, leading to the mean diameter value equal to 1.9 nm.
The magnetic measurements proved the metal particles in
HiPco_raw sample obey presumption of the weakly-interacting
SPM system, with the blocking temperature of the mean fraction
of particles at 35 K. The mean magnetic moment and “magnetic”
diameter of particles were determined as 0.9 x 10° up and
2.4 nm, respectively. Results pointed at the core—shell structure
of the particles, with the amorphous paramagnetic shell and the
crystalline core. Advanced studies of relaxation in the systems
done via a.c. susceptibility measurements provided the values
of the characteristic relaxation time typical for SPM systems,
7o = 1.8 x 107 '° s and effective anisotropy constant, K.g =
1.69 x 10°]/m’.

Even if the HiPco _SP sample should contain less than S wt %
of metal, as it has been demonstrated, this metal is also in the
form of weakly interacting SPM nanoparticles with the blocking
temperature at 26 K, pointing either at the decrease of particle
size with respect to the HiPco raw sample or reduction of
interparticle interactions. The increase of mean magnetic mo-
ment and “magnetic” diameter of particles that were determined
as 1.5 x 10° ug and 2.7 nm together with the decrease of
coercivity and reduction of linear paramagnetic part in magne-
tization isotherms measured at 300 K finally confirmed the
decrease of particles size due to the removal of paramagnetic
shell. Studies of the relaxation phenomenon result in decrease of
relaxation time to 7o = 5.4 x 10" s, which suggested better
dilution and lower concentration of particles within the sample in
comparison with the HiPco_ raw SWCNTs. Besides that, it has

been demonstrated that HiPco_ SP SWCNT's are not suitable for
reliable studies of CNTs magnetism because further removal of
metal catalyst particles is required.
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commercial HiPco_raw and HiPco_SP SWCNTs, the properties of remaining NPs after the multi-step
purification (oxidation followed by mild acid treatment) and annealing both under static and dynamic
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property measurements and the Extended X-ray Absorption Fine Structure (EXAFS) experiments have
been performed. The data provide information about the nature of the residual NPs in purified
SWCNTs, which is crucial for further understanding of the purification processes and their improvement.
It has been demonstrated that even if all macroscopic methods indicate a high purity of the treated
sample, a non-negligible amount of the metal may still be present and the metal content has to be
examined using local and element sensitive probes such as EXAFS.
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1 Introduction

Formation of the ferromagnetic ordering in carbon nanotubes'?
(CNTs) and other carbon-based materials such as graphene and
their usage in spintronic devices led to huge efforts being
devoted to the preparation of the highly pure material without
the presence of magnetic metal.>* However, a lot of CNT
preparation methods are based on the CVD growth on the metal
containing (Fe, Ni) nanoparticles, NPs.> Removal of residual
metal from CNTs is highly important and many reports con-
cerning the chemical and physical methods of purification have
been published in the last decade.®'° The determination of the
purity of CNTs is usually supported by the methods such as
Transmission Electron Microscopy (TEM), Thermogravimetry
(TGA) and spectroscopic methods: Raman and Ultraviolet Visible
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(UV-VIS) spectroscopies and'™'* Inductively Coupled Plasma-
Atomic Emission Spectroscopy (ICP-AES).">'* There are also a
few studies highlighting the necessity of magnetic measure-
ments (dc magnetization, ac susceptibility) in order to properly
examine the purified CNTs.'® Our purpose is to demonstrate that
even if all of the macroscopic methods point at high purity of
treated CNTs, a non-negligible amount of the metal is still
present and more reliable processes of characterization have to
be used. We also perform the characterization of the purification
processes step by step to determine the nature of remaining
metal after exposure of CNTs to treatment.

If one is wondering theoretically about capturing the
magnetic response of the intrinsic or induced magnetic
moments in CNTs that are in the order of tenths of Bohr
magnetons,” ug, this could be suppressed by the signal of sole
magnetic atoms (single uz), magnetic clusters (tens of ug) or
even totally screened out by magnetic NPs (thousands of ug). If
the purification process is not entirely successful and some
amount of catalyst still remains, knowledge of the structure of
metal NPs in the treated sample provides information crucial
for enhancement of further processes of purification and leads
to the higher purity of CNTs. The magnetic response of the
metal precursor in the untreated SWCNTs,'® which is in the
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form of the non-interacting single domain magnetic particles
in the order of 10 °~10"° m," is described by the theory of
superparamagnetism, SPM. The characteristic parameters that
define the SPM state are the blocking temperature, Tg, particle
magnetic moment (the so-called superspin), u, and magneto-
crystalline anisotropy, E,. The blocking temperature, Tg, is
determined from the particle volume, V:

Tg = Kee V/(25kz), (1)

where kg is the Boltzmann constant and K. is the effective
anisotropy constant. The behavior of real systems of magnetic
NPs differs from the SPM model and additional effects have to
be considered, namely: (1) the interparticle interactions and (2)
the particle size distribution. The interparticle interactions
influence the blocking of particles, which is not independent
on the local environment and is not controlled only by the
particle size together with the K. of individual particles, as in
the SPM case. Depending on the strength of the interactions,
behavior of such a system is described by different models
that distinguish between weakly and strongly interacting
systems.”” The interactions in the weakly interacting systems
are introduced in the form of the additional variable and
modified relaxations of particles are described by the Vogel-
Fulcher law:"®

T =19 exp(Ea/(ks(T — Ty))), (2)

where T, is the constant representing the correction of the weak
interactions to the Néel-Arrhenius law and has no physical
meaning. The particle size of the collection of NPs prepared
by standard preparation routes (gas or chemical vapour deposi-
tion, laser ablation, wet chemical methods, etc.) is usually non-
uniform and obeys the log-normal distribution,'” which is also
preserved when these standard routes are applied again to the
collection of already prepared particles."® The distribution of
magnetic moments of ensembles of crystalline monodomain
NPs is in the first approximation the same as the distribution of
particle size and the magnetization of such a system could be
described by the generalized Langevin function, L(u), with the
superspin, u, instead of the single spins as in the classical
paramagnetic case:'’

oo o0 . H
M(H,T) = / L(u)Msdu = / uL(x)fL(p)dx, x = LS
®)
with the log-normal distribution function:
N —In’ (/o)
filh) = e (25D, (@)

where N is the number of particles, ¢ is the log-normal
distribution width and p, is the median of the distribution
from which u can be calculated as:

J = poeXp (%6) ()

Besides mentioned effects, magnetism of systems of small
particles is a complex phenomenon which is influenced by
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additional factors such as the structural and magnetic inhomo-
geneities of individual NPs, canting of the surface spins®
and others that finally change the magnetic response of the
investigated sample with respect to the ideal SPM case. Even if
the macroscopic magnetic properties of bulk materials are
usually unambiguously characterized by specific parameters
such as the saturated and remanent magnetizations at given
temperatures, Mg and M,, the situation for nanosystems is not
so simple and the above-mentioned effects have to be taken
into account. One simple example could be the decrease of the
metal content in the CNTs after purification, which is not to be
strictly observed upon the decrease of Mg, which could rise in
contrast (as was the case of the NPs in the HiPco_raw and less
contaminated HiPco_SP SWCNTslG). Thus to determine the
sample purity, different approaches have to be used and special
attention has to be paid to both the complex characterization
and interpretation of the data in context. To test possibilities
and principles of detailed specification of the properties of
residual magnetic NPs in purified CNTs, we have examined
samples treated by three different methods (multi-step purifica-
tion, oxidation under static and dynamic vacuum) and investi-
gated them by TGA, X-ray diffraction (XRD), dc magnetization
and ac susceptibility measurements and Extended X-ray Absorp-
tion Fine Structure (EXAFS) techniques. The main emphasis of
this work is put on the proper characterization of the treated
SWCNTs by means of magnetism and supported by the mass
and phase analysis in order to gain comprehensive valid
information about the structure of metal NPs. Interpretation
of data is supported by previous work dealing with properties of
metal catalysts in untreated raw and super-purified SWCNTs,
HiPco_raw and HiPco_SP, respectively.16 The discussion on
magnetism is based on the SPM theory and models considering
weak inter-particle interactions."’

2 Experimental section
2.1 Treatment of SWCNTSs

All purification treatments have been performed on the SWCNTSs
grown by the HiPco process® and HiPco_raw SWCNTs distributed
in the wet form by Unidym Inc. These SWCNTs should contain
less than 35 wt% of the nanometer sized Fe NPs that serve as
the catalyst. The basic properties are declared to be a diameter
of 0.8-1.2 nm, a length of 100-1000 nm and a maximum
density of 1.6 g cm >, Three different treatments were done,
such as the (1) low temperature annealing (400 °C) followed by
the refluxing in a mixture of HCl and H,0, (ref. 21) (sample
labelled HiPco_400), (2) annealing at 1000 °C under static
vacuum (HiPco_1000) and (3) high temperature vacuum annealing
at 2200 °C (HiPco_2200).

2.1.1 Annealing at 400 °C followed by mild acid treatment
(the HiPco_400 sample). The procedure was performed several
times with a slight modification of the partial steps; the best
process giving a measurable significant yield was done as
follows. At first, the sample placed in a glass boat was annealed
at 400 °C for 45 min in an ambient atmosphere (labelled
HiPco_400"""). The aim was to partially damage the carbon

This journal is © the Owner Societies 2013
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shells encapsulating the metal catalyst particles to prepare them
for further mild acid removal. Then 1 mg of the HiPco_400"""
sample was sonicated in 4 ml of distilled H,O and refluxed for
2 h after addition of 6 ml of 30% H,O, (Sigma Aldrich). 4 ml of
the supernatant were decanted and replaced by 4 ml of 12 M
HCI (Sigma Aldrich) followed by additional 2 h reflux. The
resulting sediment was diluted in a sufficient amount of
distilled H,O and filtered through the 200 nm pore filter
(sample labelled HiPco_400°9).

2.1.2 Annealing at 1000 °C under static vacuum (the
HiPco_1000 sample). The HiPco_raw sample was placed in
the SiO, tube which was sealed for 24 hours at a vacuum level
of 1077 Torr. Then the sample was placed in the oven and kept at
1000 °C for two days. Normally, the heating of the dry sample under
static vacuum would not have any oxidation effect and would not
result in the reduction of the residual metal content. Because the
HiPco_raw SWCNTs are originally stored in the wet form (ethanol),
the oxidation of the carbon shells and subsequently of the metal
NPs after the sealing of the tube was possible.

2.1.3 Annealing at 2200 °C under dynamic vacuum (the
HiPco_2200 sample). The sample was packed into the tantalum
folio and kept at 2200 °C for 3 hours under dynamic vacuum.
The idea was to let the iron evaporate and pump it out from the
chamber (see Appendix for details of the melting temperatures
of the individual iron phases).

2.2 Characterization of the samples

The samples have been characterized by several methods to
gain a comprehensive amount of data to analyze properly
properties of the residual metal catalyst, if there was any.
TGA has been used for setting the mass content of the metal
precursor in the purified SWCNTs. The samples were heated up
to 800 °C at a heating rate of 10 °C min ™' in an atmosphere
containing 80% of He, and 20% of O,. XRD was used for
determination of the catalyst phase and for estimation of the
mean diameter of the catalyst NPs in the samples, if it was
possible. Diffraction data were obtained using a Rigaku
diffractometer, with the Cu and Mo Ko radiation. Diffraction
patterns were collected in transmission mode and finally
transformed into the standard 20 scale. Further processing of
data was done using FullProf software; profile fitting provided
the phase analysis and average particle diameter, dyxgp. Mag-
netic measurements on all purified HiPco SWCNT samples
were performed using a MPMS7-SQUID device (Quantum
Design) up to a magnetic field of 7 T in the temperature range
of 2-350 K. The zero-field-cooled (ZFC) and field-cooled (FC)
temperature dependencies of magnetization, M(T), were mea-
sured at low external magnetic fields (from 5 to 50 mT).
Magnetization isotherms, M(B), were measured at 10 and
300 K up to the field of 7 T in both polarities. The temperature
dependence of the ac susceptibility (with the alternating field
amplitude of 3 mT) was measured in zero external magnetic
field in the frequency range of 0.1-100 Hz. EXAFS experiments
have been performed on synchrotron radiation source ANKA,
Karlsruhe, in the transmission mode at Fe K-edge and captured
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using a diode detector. Data analysis was carried out using the
IFFEFIT software (Athena, Artemis).

3 Results and discussion
3.1 Phase analysis

TGA provided the mass content of the metal precursor in the
samples: 25 wt% for the HiPco_1000 and 0 wt% for the
HiPco_2200 SWCNTs (Fig. 1).

The final HiPco_400"™" sample was not analyzed because of
the insufficient yield. Also the data for the HiPco_raw (75 wt%)
and HiPco_SP (5 wt%) samples are presented as the reference of
the precursor and commercially purified samples, respectively.

To discuss properties of the metal NPs and principles of the
purification process of treated SWCNTs, the nature of NPs
in the precursor, untreated HiPco_raw SWCNTs, has to be
considered. The untreated and also insufficiently treated CNTs
contain Fe-based NPs that could be theoretically present in the
form of pure iron, o-Fe, carbide, Fe;C or one of the allomorphs
of the iron oxide, Fe,O; or Fe;0,. The crystallographic structure
of individual phases is described in Appendix. It has been
already explored that the metal NPs in the precursor are in
the form of 1.9 nm Fe;C particles, with a highly crystalline
magnetically oriented core and a paramagnetic shell, encapsu-
lated in carbon.'® The XRD patterns of the HiPco_400*"" and
HiPco_1000 samples showed the presence of both the Fe;C and
Fe,0; phases (Fig. 2), confirming the attack of carbon shells
and subsequent oxidation of the metal particles.

The major phase (>90%) in the HiPco_400°"" sample was
the o-Fe,O; phase in the form of 10 nm nanoparticles, with the
lattice parameters a = 5.033 A and ¢ = 13.730 A. Also the y-Fe,O;
(<5% of 5 nm nanoparticles) and a negligible amount of Fe;C
phases were detected (Fig. 2a). The presence of the o-Fe,O3
phase is the expected consequence of the fast annealing, which
usually leads to the stabilization of iron trioxide. The amount of
the HiPco_400*! sample was insufficient for capturing a reliable
diffraction pattern. The data for the HiPco_1000 sample showed
the major presence of both the Fe;C and y-Fe,O5; phases (Fig. 2b).
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Fig. 1 TGA data of the HiPco_raw, HiPco_SP, HiPco_1000 and HiPco_2200

samples, respectively.
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Fig. 2 The XRD patterns for: (a) the HiPco_400°"" sample (Mo Ka) together with
the refined structure (black line) and (b) the HiPco_1000 sample (Cu Ka).

The size of the NPs in the HiPco_raw sample was considered as
the upper bound of the particle diameter of the HiPco_1000
sample. This approach is adequate in comparison with
magnetic data, as will be shown further. No diffraction was
observed in the HiPco_2200 sample, pointing again at the
low content of the iron phases in the sample, as has been
suggested by TGA.

3.2 Magnetization, ac susceptibility and magnetization
isotherms

The analysis of the ZFC-FC curves revealed whether the detect-
able amount of NPs is still present in the samples or not.

View Article Online

Table 1 The blocking temperatures of the mean, Tyax, and the largest fraction
of particles, Tpier, for all samples

Sample Tvax (K) Torrr (K)
HiPco_400*"" 102 322
HiPco_40024 340 >350
HiPco_1000 11 >350
HiPco_2200 Diamag Diamag

The maximum of the ZFC curve, labelled Tyax, represents Ty of
a major fraction of particles, whereas the point of coincidence
of both curves, Tprr, belongs to the fraction of the largest
particles (Table 1). The M(B) curves captured above the T were
analyzed using the fit of the generalized Langevin function
(eqn (3)),"” if it was possible, and the average magnetic
moments per particle were calculated. If one knows both the
magnetic moment of the particle, x, and that of the unit cell,
Ug, it is possible to calculate the volume and subsequently the
magnetic size of the particle, d,,, (Table 2).

The measurements of the real ;' and imaginary y” parts of
the ac susceptibility in zero magnetic field provided the value of
the E, of the particles and their relaxation times, 7, using the
Vogel-Fulcher law,'® eqn (2). The K. value was calculated
using the formula E, = K¢V, where V is the volume of particle
(which was calculated assuming spherical particles using
observed dxgp)- In the ideal case, when the whole particle is
crystalline and magnetically oriented, the real and magnetic
sizes of the particles, dxrp and d,,, are equal. But even if the
particle is crystalline, the spins in the thin surface layer are
canted, which minimizes u as has been proposed by Coey;*°
thus the dxgrp and d,,, do not coincide. Because of this reason,
we use dxgrp rather than d,, in calculations requiring the value
of the particle size. The particle size determined by the blocking
temperatures, dr,, and dr__,was calculated using eqn (1) and
corresponds well with the other data (Table 2). The detailed
interpretation of data is summarized in the following part of
the article, and the illustration of purification processes for all
samples is depicted in Fig. 8 at the end of the article.

4 Interpretation of the purification process
4.1 The HiPco_400 sample

The ZFC-FC curves of the HiPco_400"™ and HiPco_400>¢
samples (Fig. 3) exhibit sharp maxima at the temperature Tyax
of 102 and 340 K, respectively.

Table 2 Median, o and mean, u magnetic moments with the appropriate magnetic diameters, dy and d,,, compared with particle diameters calculated from the

blocking temperatures, dTDIFF and dTMAX

Sample to X 10% (up) do (nm) a ix 107 (up) dm (nm) dr,,,, (nm) dr,,.. (nm)
HiPco_400""" 2.1 £ 0.02 12 £ 1.0 0.85 1.1 £ 0.03 9.8 £1.0 12.5 £ 1.0 18.3 £ 1.0
HiPco_400*" — — — — — 18.6 + 1.0 >18
HiPco_1000™ 4.05 £ 0.06 3.8+t 0.5 249 1.3 £ 0.5 2.5 +0.3° 1.7 + 0.5° 4.7 £0.9°
HiPco_1000" 6.43 + 0.21 4.4 £ 0.6 0.48 5.1 £ 0.3 41+ 04 1.7 £ 0.5 4.7 £ 0.9

% The value was calculated considering the y-Fe,O; particles. The calculation for the Fe;C NPs gives a similar result, dy,, = 2.4 nm, which is in the
range of the fitting error. ” The volume of particle taken is the same as for the HiPco_raw NPs.®
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Fig. 3 (a) The temperature dependence of the ZFC and FC magnetization
measured for the HiPco_400 sample after the annealing step, together with
the details of the low temperature part of the FC curve in the inset, and (b) after
the mild acid treatment and subsequent filtration. Anomaly at the low tempera-
ture part of FC magnetization could be explained as follows. The bulk a-Fe;03
exhibits antiferromagnetic (AFM) ordering below the Neel temperature, Ty =
955 K and the spin-flop transition which changes the orientation of the AFM
ordering from perpendicular to parallel to the c-axis below the so-called Morin
transition temperature, Ty = 260 K. In the NPs, the Ty, decreases with the
decreasing particle size and could reach very low temperatures for NPs below
20 nm.?? Furthermore, it has been observed that the long range magnetic
ordering, such as the creation of aggregates of particles increases Ty, could be
manifested by a slight increase of magnetization at 44 K with maxima attributed
to the change of AFM ordering at 72 K in our case.

The calculated particle size of the HiPco_400""" sample,
dr,,, = 12.5 nm, increases at least 5 times in comparison with the
particles in the HiPco_raw sample, 1.9 nm (Table 2), and is in the
range of the fitting error in agreement with the size obtained
from the XRD, dxgp = 10 nm. The strong saturation at the low
temperature part of the FC curve confirms the sintering of
particles that are liable to this effect. An explanation for this
is that with the increase of particle size the magnetic
moment increases the dipolar interaction among the particles,
preserving their constant number and leading to the saturation
of the FC curve.

Because of the linear dependence of Ty on the particle volume,
V, there is a shift of the T\ ax from 102 up to 340 K for the
HiPco_400"™ and the HiPco_400°“? samples, respectively,
suggesting that only the largest particles persisted in the
sample after mild acid treatment and subsequent filtration.

This journal is © the Owner Societies 2013

238

View Article Online

4
[ ]
o
i v
=] "
© oo,
©Q i Oyl
e i
» .go'a 1T (1/K)
14 g -4
0.0070 0.0077 0.0084
, . T(K) | . (a)
- 0 50 100 150 200
HiPco_1000 (b)
i [ )
R 1.2 5
®0
i ;)oo"'
g 0.8 - ‘?ﬁﬁ'
- pi.
0.4 f
3 1T (1/K)
0.032 0.036 0.040 0.044
0.0 . :
0 20 40 60 80
T (K)

Fig. 4 The temperature dependence of the real part of susceptibility, %/, in zero
external field: the insets show the fit according to the Vogel-Fulcher law for the
(a) HiPco_400°"" sample and (b) HiPco_1000 sample.

This has been also confirmed by the suppression of the extreme
saturation of the FC curve (Fig. 3b) as a result of minimization
of the interparticle interactions relying on better dilution
and lower concentration of NPs within the treated sample.
The relaxations in the system have been examined for the
HiPco_400°"" sample (Fig. 4a). The temperature dependence
of the y' exhibits a characteristic maximum, T,, which shifts
to the higher temperatures with increasing frequency. Examin-
ing the data, relatively low values of 7, = 2.3 x 10’ s supported
the existence of strong interactions among particles as the
consequence of suggested particle sintering. K.;r was deter-
mined to be 3.47 x 10* ] m > which is in agreement with the
value obtained for 10 nm o-Fe,O; particles diluted in the SiO,
matrix, as has been observed by Bedker et al.*

The calculated median magnetic size of the NPs in the
HiPco_400""" sample, d,, perfectly corresponds to the dr
(Table 2). Because the structure of the HiPco_raw NPs before
annealing was a core-shell structure, with a ferromagnetically
oriented core and a paramagnetic shell, these results demon-
strated that sintered particles in the HiPco_400""" sample
were completely crystalline and magnetically oriented. The
mean magnetic moment of the weakly ferromagnetic o-Fe,O;
unit cell at room temperature was taken as 3.8 x 10~> ug.*?
As the quality of magnetization isotherms for the HiPco_400%'
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sample was poor because of the low metal content, further
processing of data was impossible. The magnetic size of the
particles was estimated only for the Tyax and Tpr (Table 2)
and confirmed the presence of the largest fraction of the
sintered particles introduced by annealing.

4.2 The HiPco_1000 sample

Examination of the dc magnetization curve suggested that
annealing of SWCNTs at 1000 °C leads to three effects. At first,
the number of particles was reduced, which is proven by only
little saturation of the FC curve in comparison with the FC
curve of the untreated HiPco_raw sample."® Also the reduction
of the particle size is demonstrated by a decrease of Tyjax down
to 11 K, which is lower than that for the HiPco_raw sample,
35 K. The last observed result is the partial removal of the
paramagnetic shell of particles, as could be deduced from an
almost similar course of M(B) curves measured at 2 and 300 K,
respectively. If the magnetic structure of particles would be the
same as in the HiPco_raw sample (a magnetically oriented core
with a paramagnetic shell), the M(B) at room temperature
would exhibit unsaturation of the curve, with linear paramag-
netic contribution and the value of the Mg would be lower than
Ms at low temperatures'® (Fig. 5a). The absence of such
behavior simply suggests that the whole particle is homoge-
neously magnetically oriented. Indication of partial sintering of
a minor fraction of particles is manifested by the shift of the
Tprrr to the higher values than was the Ty for the HiPco_raw
sample (202 K). Examination of the collective phenomenon
(Fig. 4b) provided values of E, = 4.69 x 10> J (the value
observed for NPs in the HiPco_raw sample was E, = 6.06 X
102" ]), 7o = 1.2 x 10 ° s and T, = 9.3 K. The K¢ value was
calculated using dxgp of the HiPco_raw NPs as 1.9 nm, the
resulting value is 1.31 x 10° ] m ™~ which is approximately 20%
lower than that for the HiPco_raw NPs, an expected conse-
quence of minimization of interparticle interactions due to the
lower concentration of NPs in the purified HiPco_1000 sample.

View Article Online

As has been claimed in the introduction, the standard size
distribution of NPs prepared by classical routes is the log-
normal distribution.'® Examining the M(B) of the HiPco_1000
sample measured at room temperature, the fit of the general-
ized Langevin function with the log-normal distribution did not
correspond well with the data. Because the high temperature
annealing probably does not affect the whole particle equally,
which is the presumption of preservation of log-normality
impinged by the preparation process of the raw sample, we
have tested different types of distribution of particle sizes. The
best result was obtained for the binomial distribution, f;,(u),
composed of 92% of normal, fi (1), and 8% of log-normal, f; (1),
distributions (Fig. 5b), using the relation:

So(t) = afn(p) + (1 — a)fu(w) (6)

with

() = : “XP(

2
_ (H B :MO) (7)
oV2n 207 .
Calculated magnetic moments for both distributions with
appropriate magnetic sizes are summarized in Table 2.

4.3 The HiPco_2200 sample

Magnetic measurements performed on the HiPco_2200 sample
demonstrated that the magnetic response was purely diamagnetic
(Fig. 6), as is illustrated by plotting the temperature dependence
of the M/H ratio, which is constant. Regarding the result from the
TGA and XRD measurements that indicated an undetectable
amount of metal in the sample, one should state that the
sample is of perfectly high purity.

As was claimed in the introduction, to study magnetism on
SWCNTs, the sample should contain no metal. Thus the EXAFS
experiment has been performed on this sample to exclude
any contamination of the sample by residual iron, which is
undetectable by macroscopic measurements. As could be seen
from the energy dependence of the normalized absorption
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Fig. 5

(a) The temperature dependence of the ZFC-FC magnetization measured at 10 mT for the HiPco_1000 sample with the magnetization isotherms in the inset.

(b) The fit of the weighted sum of the Langevin function to the data at 300 K in Langevin scaling with the moment distribution functions is shown in the inset.
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Fig. 6 The temperature dependence of the M/H for the HiPco_2200 sample.

0 100

coefficient, u(E) (Fig. 7a), there is obvious absorption at the Fe
K-edge, pointing at the unambiguous presence of iron. The
course of the u(E) curve is similar to those of the random
enviroment around iron atoms, suggesting that no ordered
structures are present and low concentration of atomic iron
is dispersed within the sample. Further qualitative analysis
of the ky(R) data (Fig. 7b) provided information about first
coordination shells (nearest neighbors) of absorbing iron
atoms. The structures of Fe, Fe;C and y-Fe,O; have been tested,
as demonstrated in Fig. 7b. It is clearly evident that the first
maximum corresponds well to the first single-scattering path of
the iron oxide representing the nearest Fe-O bonds.>* The
presence of Fe;C and pure Fe has been strictly elided.

5 Conclusion

We have presented possible routes of detailed detection,
examination and interpretation of the properties of low-size
and low-concentration metal catalyst NPs in the SWCNTs. The
three different model approaches of purification have been

View Article Online

tested on the HiPco_raw SWCNTSs in order to examine the
ability of precise determination of the nature and amount of
residual metal within the samples. The samples have been
investigated by the TGA, XRD, and static and dynamic magnetic
property measurements. The EXAFS technique has been used
for determination of purity of the purest sample. The annealing
of SWCNTs at 400 °C in an ambient atmosphere led to the
transformation of the Fe;C NPs into at least five times larger
a-Fe,0; NPs, and subsequent mild acid treatment followed by
filtration caused significant minimization of the number of
particles, where only the largest ones persisted in the sample.
The annealing of SWCNTs at 1000 °C under static vacuum led
to removal of the paramagnetic shell of particles, where only
magnetically oriented cores persisted, and to subsequent
partial sintering of these cores, with average magnetic diameters
two times higher than was the size of the NPs in the HiPco_raw
SWCNTs. Also the total amount of residual metal was reduced
down to 25%. Annealing of SWCNTs at 2200 °C under dynamic
vacuum seemed to result in complete removal of metal, as has
been suggested by undetectability of any iron phase by TGA and
XRD, supported by the diamagnetic response of the sample.
However, EXAFS confirmed absorption at the iron K-edge, with
the presence of little amount of residual iron in the form of iron
oxide, as is reflected by the examination of the Fourier trans-
formed EXAFS data. As has been demonstrated, complementary
methods have to be used in order to clarify purity of treated
CNTs in detail and interpretation of magnetic data is essential
for specification of the structure and form of the residual
magnetic metal. The standard routes used for the characteriza-
tion of bulk material are insufficient and the analysis has to be
more complex. It has been demonstrated that even if all
macroscopic methods confirm high purity of the sample, it
could contain a non-negligible amount of metal, which is
absolutely undesirable for some applications such as further
studies of carbon magnetism. Thus a great emphasis should be
placed on the examination of samples by local probes to elide
the low-level presence of metal.
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Fig. 7 (a) The XAFS normalized data with the indication of absorption of embedded atoms, uo. (b) Magnitude of the Fourier transformation of the ky (k) with the lines

representing the Fe-O (dashed dotted line), Fe—C (long dashed line) and Fe-Fe first paths (short dashed line).
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Fig. 8 Scheme of the purification processes in detail, the internal structure of nanoparticles is magnified and indicated in blue circles. (1) Heating in ambient air at
400 °C. (2) Mild acid treatment in H,0, and HCl. (3) Annealing under static vacuum at 1000 °C. (4) Annealing under dynamic vacuum at 2200 °C.

6 Appendix

A iron catalyst in the HiPco SWCNTs could be theoretically
present in the three different forms:*®

(1) The pure o-Fe with the melting temperature of 1536 °C,
which crystallizes in the Im3m space group.

(2) The iron carbide, Fe;C, phase with a melting temperature
of 1227 °C, which crystallizes in the orthorhombic Pnma space
group with the four units in the unit cell (Z = 4). The eight of the
iron atoms are in 8d positions, four are placed in 4c positions
and the four carbon atoms sit in the interstitials.

(3) The iron oxide (melting temperature 1460 °C) which
could be present in one of the three possible allomorphs,
mostly occurring in the spinel structure composed of closed
packed oxygen ions with the Fe sitting in the tetrahedral (Ty)
and octahedral (Oy) sites:

(A) The magnetite, Fe;0,4, with the inverse spinel structure
(space group Fd3m), where the eight Fe”* ions sit in the Oy, (16d)
sites and the Fe** ions in the remaining eight Oy, (16d) and all
Ty (8a) sites. The particles exposed unprotected to the air
oxidize to

(B) Maghemite, y-Fe, O3, crystallizing in the non-stoichiometric
spinel structure with the 8/3 vacancies per unit cell distributed
among the Oy, (16¢) and T4 (8b) sites. Depending on the ordering
of vacancies, the structure changes from cubic (Fd3m) for
vacancies distributed over the T4 and Oy, sites to tetragonal
(P4,2,2) with the vacancies only in the Oy, sites, lowering the
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symmetry of structure. At high temperatures, the maghemite
transforms into the most stable

(C) Hematite, a-Fe,0j, crystallizing in the rhombohedral
(R3c) structure with the Fe*'atoms occupying 2/3 of the Oy
(4c) sites.
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Kapitola 4
Zaveér

Tato habilita¢ni prace se zabyva studiem magnetickych vlastnosti a struktury izolovanych
nanocastic a nanokompozitti v kontextu redlnych jevi a jejich dopadu na modifikaci su-
perparamagnetického, resp. blokovaného stavu. Vznikla na zakladé nékolikaleté intenzivni
spolupréace s kolegy z nékolika pracovist Univerzity Karlovy v Praze (katedra anorganické
chemie PiF, katedra fyziky kondenzovanjch latek MFF), Ustavu anorganické chemie AVCR
a Ustavu fyzikélni chemie JH AV CR, dile s vyznamnym piispénim kolegt z Instituto de
Ciencia de Materiales de Madrid. Vysledky, které tvori zaklad habilitacni prace, byly pre-
vazné ziskany pri feseni bakalarskych, diplomovych a dizertac¢nich praci studenti, které jsem
vedla jako skolitel nebo konzultant v letech 2003 - 2014. Zaroven tvoii zasadni vystupy né-
kolika projektéi Grantové agentury CR, Grantové agentury UK aj. Vyzkumné aktivity v
oboru vedly ke vzniku nékolika novych kurzt v oblasti fyziky nanorozmérovych materialii na
MFF UK a PiF UK a pfedneseni série popularnich prednéasek pro stfedoskolské pedagogy a
studenty.

Dosavadni spoluprace a souvisejici pedagogickd ¢innost iniciovaly tispésny rozvoj nava-
zujici problematiky a vznik novych vyzkumnych smért. Na prvnim misté bych zminila acast
nasi skupiny ve velkém konzorcidlnim projektu 7TRP MULTIFUN (2011 - 2015), jehoz cilem
je priprava multimodalnich terapeutik na béazi magnetickych castic. Expertyza v interpre-
taci realnych efektit v souborech nanocastic ndm umoznila formulovat modely pro korelaci
velikosti a spinové struktury individualnich nanocastic vzhledem k jejich efektivité pfi mag-

netické fluidni hypertermii.

Zajem ze strany biomedicinskych obort deklaruje i nedavno navazana spoluprace s kolegy
z 2. lékarské fakulty UK, ktefi se vénuji vyuziti magnetickych nanoc¢éstic pro pfipravu nosic¢t

k zesilené proliferaci bunék.
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Zcela novou problematikou, fesenou ve spolupraci s UFCh JH, je vyuziti nanorozmé-
rovych ¢astic pro presnou kontrolu zvrasnéni grafenu, kde fizené rozmisténi nanocastic na
vhodném substratu umoznuje selektivné indukovat napéti spojené s posunem Fermiho meze
a vznikem lokalnich magnetickych pseudopoli. Zajem o pilotni prace v oblasti nanorozmeéro-
vych chromitii nedavno vyustil ve spolupraci s Europian High-field Magnetic Laboratory.

Je tedy zfejmé, Ze problematika magnetickych nanorozmeérovych castic je stale aktualnim
tématem a jeji multidisciplindrni charakter tak umoznuje synergeticky vyzkum védeckych
tymu z riznych obori. Proto je velmi zadouci v mezioborovém duchu rozvijet i souvisejici
vyuku nejen na urovni studentskych praci, ale i pfednasek a cviceni, ¢emuz bych se chtéla i

do budoucna vénovat.
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