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1 Introducao

A magnetoresisténcia gigante (MRG) foi descoberta em 1988 em multica-
madas de Fe/Cr [2] e desde entdo tem sido observada em muitas outras
composi¢oes nas quals uma camada de um metal nac-magnético é intercal-
ada entre duas on mais camadas de metais ferromagnéticos. Esse fenémeno
consiste em uma grande redugio na resisténcia clétrica devido a aplicagao
de um campo magnético externo. Dependendo da espessura da camada nao-
magnética, os momentos das camadas ferromagndéticas vizinhas sdo orienta-
dos em sentidos opostos devido ao acoplamento de interacio de troca indireta
(ou de Ruderman-Kittel-Kasuya-Yosida, RKKY). Quando 08 momentos séo
orientados no mesmo sentido pelo campo magnético aplicado, a resisténcia
elétrica diminui devido & variacio da massa efetiva dos elétrons de conducao
ou a0 acréscimo no nimero de canais que contribuem para o transporte [3, 4].

Em 1992, a MRG foi descoberta em ligas granulares de Cu-Co preparadas
por sputtering |5, 6] ¢ no ano seguinte foi observada nas mesmas ligas preparadas
por melt-spinning [7. 8]. Subscqiientemente, esse fenomeno tem sido obser-
vado em outras ligas heterogéneas, compostas por precipitados de um metal
ferromagnético dispersos na matriz de um metal nao-magnético. Geralmente,
aceita-se que o mecanismo responsavel pela MRG em ligas granulares seja
o espalhamento de elétrons dependente do spin que ocorre dentro dos graos
ferromagnéticos e na interface entre os graos e a matriz ndo-magnética [9].

Qg graos ferromagndéticos constituem monodominios quando sao bastante
pequenos, menores do que o tamanho critico de algumas dezenas de nanémetros.
Em 1949, Néel mostrou que as flutuacoes térmicas podem mudar a orientacio
dos momentos magnéticos desses graos quando a energia de anisotropia é
pequena em comparacio com a energia térmica AT. O campo magnético
aplicado tende a alinhar os momentos, enquanto as flutuacoes térmicas ten-
dem a desalinha-los. Esse comportamento € semelhante ao de um paramag-
neto normal, exceto pelo valor relativamente grande do momento magnético
dos graos. O momento magnético de um paramagneto normal ¢ de apenas
uns poucos magnetons de Bohr, mas uma particula csférica de Fe com, dig-
amos, 50 nm de diametro contém 5560 Atomos ¢ tem o relativamente chorme
momento de (3560 x 2,2 =) 12000 up. O termo superparomagnetismo foi
cunhado por Bean para descrever o comportamento magnético dos sistemas
constituidos por esse tipo de particulas [10].

A teoria classica de Langevin pode ser aplicada para determinar a sua
magnetizacao. A energia de uma particula de momento j no campo externo



Hé
E=—p-H=—pHcosb (1)

sendo # o angulo entre o vetor momento magnético e a direcao do campo
aplicado. A probabilidade de o angulo estar compreendido entre 6 e 6 + df
¢ dada pela distribuicao de Boltzmann,
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e o valor médio da projecao do momento ao longo do campo magnético é
dado por
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sendo L(pH/ET) a fungao de Langevin,
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Portanto, a magnetizacao de um sistema com a densidade de N particulas

por unidade de volume é M(H,T) = NuLl(uH/KT), a magnetizacdo de
saturacao é M; = Npu e a magnetizacao relativa é igual a funcao de Langevin,

M(H,T) :L:(@) _
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O modelo fenomenolégico proposto em 1972 por Gittleman, Goldstein e
Bozowski para descrever o efeito do campo magnético sobre a resisténcia (nao
a MRG!) em filmes granulares de Ni-SiO é usualmente aplicado & MRG em
ligas granulares, pelo menos em primeira aproximagao [11]. Com o propdsito
de obter uma descri¢ao simples da MR e prover meios para comparar quan-
titativamente os dados de MR e magnetizacao, supoe-se que (i) os graos tém
o mesmo tamanho e (ii) a parte da condutividade que depende do campo
¢é proporcional ao grau de correlacdo entre os momentos dos graos vizinhos,
fazendo a média de todas as configuragoes, (u; - pa)/pu?. Ignorando o espa-
lhamento que ocorre dentro dos graos, a condutividade o pode, entao, ser
escrita como

o(H,T) = 0o(T) + o (:r)““M;QWZ> , (6)



sendo o( a condutividade sem o campo magnético e o; um fator de propor-
cionalidade. A magnetoresisténcia pode agora ser escrita como

Po op  p?

Supondo que a Unica correlacao entre os momentos seja devido ao campo
magnético aplicado, obtém-se {yy - u2) = p*[L(nH/kT))?, sendo L(uH/ET)
a fungao de Langevin. Considerando a expressao da magnetizacao relativa
dada pela Eq. (5), chega-se a conclusao que a magnetoresisténcia é propor-
cional ao quadrado da magnetizacao,

-y

A experiéncia mostra que, de fato, a curva de MRG vs. M/M; tem
um comportamento parabdlico quando o campo aplicado é fraco. Con-
tudo, quando o campo é forte, a curva se desvia consideravelmente de uma
parabola. Quais sao as hipdteses que implicam a dependéncia quadratica?
E quais sao os fatores fisicos que causam o desvio dessa dependéncia? As
respostas as duas perguntas podem ser guias eficientes para a compreensao
progressiva dos complexos fatores que determinam a MRG.

As hipdteses sobre as quais esta baseada a demonstracao da lei quadratica
sao as seguintes:

1. o sistema é constituido por graos magnéticos individuais, todos com
o mesmo valor do momento magnético, que estao dispersos em uma matriz
nao-magnética,

2. os graos formam monodominios magnéticos,

3. a energia de anisotropia é desprezivel em comparacao com a energia
térmica kT,

4. as particulas sao superparamagnéticas e nao ha histerese,

5. a condutividade depende do campo magnético aplicado somente por
intermédio da correlacao entre os momentos vizinhos, feita a média de todas
as configuracoes possiveis,

6. o espalhamento de elétrons nao depende da geometria dos graos,

7. 0s graos nao interagem uns com os outros.

Se alguma dessas hipéteses nao for verdadeira devido a certas condigoes
fisicas, ocorrerao desvios mais ou menos acentuados da dependéncia quadratica
entre a magnetoresisténcia e a magnetizacao. Eis uma relacao de fatores que
podem impedir que seja verdadeira cada uma das hipdteses listadas.

ﬁ _ _2(”1 :u2> ) (7)



1. Se a fracdo de material ferromagnético for grande o bastante para
formar redes de percolacao entre os grios ou se houver uma grande concen-
tracao de atomos ferromagnéticos dispersos na matriz, os graos nio estardo
isolados uns dos outros e o sistena nao poderd ser considerado como sendo
constituido por graos magnéticos individuais. Ainda que a fragio de ma-
terial ferromagnético seja bastante pequena para que os graos cstejam bem
individualizados, sempre havera uma distribuicao mais ou menos larga de
tamanhos de graos e por isso 0s seus momentos nao terao o mesmo valor. A
mera existéncia de uma distribuicao de momentos magnéticos ja provocara
um degvio da lei parabdlica.

2. Se as particulas forem maiores do que o tamanho critico de algu-
mas dezenas de nanémetros, constituirao varios dominios. Contudo, se as
particulas forem menores do que 10 nm, certamente formardao monodominios.

3-4. Se o grio for um pouco maior do que 10 nm {Fe, Co}, a sua cnergia de
anisotropia scrad compatrivel com a cnergia térmica a temperatura ambicnte,
ocorrera o bloqueio do seu momento magnético, o superparamagnetismo de-
saparecerd e a curva de magnetizacio mostrara histerese, mesmo que sejan
relativamente pequenas a remanéncia e a forca coerciva. A baixas temperat-
uras, sempre ocorrera o bloqueio dos momentos magnéticos e desaparecera
0 superparamagnetismo. Portanto, oportunamente serd necessdrio ter em
conta a distribuicao de energias ¢ de cixos de anisotropia, o que também
provocara um desvio da lei parabdlica.

5. A corrclacio média entre os momentos magnéticos depende do caminho-
livre médio A dos elétrons de condugio. Nao haverd magnetoresisténcia se A
for muito menor do que a distancia média entre os graos. Por outro lado, se
A for muito maior do que a distdncia média entre o8 graos, serd necessario
considerar tamhbém a correlacao entre os momentos de graos que estao mais
afastados uns dos outros (segundos vizinhos ete. ).

6. Na verdade, a MRG cm ligas granulares resulta do cspalhamento de
clétrons dependente do spin que ocorre dentro dos graos ¢ na interface entre
08 graons ¢ a matriz nao-magnética. Quanto maior for a predominancia do
espalhamento na interface sobre o espalhamento dentro do grao, tanto maior
serd o degvio da lei parabdlica, pois a magnetizacao nao depende do contorno
dos graos, mas do seu volume.

7. A interacdo entre os gridos, seja dipolar seja de troca indireta, da
origem a correlagoes de curto alcance entre os momentos magnéticos de graos
vizinhos. O efeito dessas correlacoes sobre a magnetoresisténeia serd notavel
quando o caminho-livre médio A for aproximadamente igual a distancia média
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entre 0s graos.

O objetivo deste trabalho é expor os resultados de uma investigacao min-
uciosa da relacio entre a MRG, a magnetizagao e a estrutura das ligas granu-
lares em geral e das fitas de Cu-Co preparadas por melt-spinning em particu-
lar. A sua apresentacio descreverd as etapas sucessivas nas quais o problema
proposto foi aprofundado ¢ cstendido. No capitulo 2, serd analisado o cfeito
da distribuicao de momentos magnéticos no comportamento da curva de
MRG vs. M/M,. No capitulo 3, serdo estudados mediante simulagoes Monte
Carlo os efeitos da anisotropia uniaxial e das interagoes dipolar e de troca
indireta. No capitulo 4, serd desenvolvida uma nova teoria da MRG em ligas
granulares baseada no formalismo da eletrodinamica de meios continuos. Fi-
nalmente, no capitulo 5, serao estudadas mediante simulacoes Monte Carlo
a precipitacao ¢ a dissolucio de Co em Cu.



2 Influéncia da Distribuicao de Momentos Magnéticos

Desde a descoberta da MRG em ligas granulares, ficou estabelecido que a me-
lhor representacao dos dados de resisténcia é em funcao da magnetizagao, e
nao em funcdo do campo aplicado. De fato, os dados de magnetoresisténcia
que apresentam uma grande histerese quando representados em funcao do
campo parceem scguir uma tnica curva (semclhante a uma parabola inver-
tida) quando tragados cm funcio da magnetizacio relativa.

Usando os simples argumentos expostos na introdugao sobre a distribuicao
canénica de momentos magnéticos de mesmo valor que nao interagem uns
com os outros, chega-se facilmente ao resultado que a magnetoregisténcia deve
apresentar uma dependéncia quadratica da magnetizacao relativa. Contudo,
numerosos grupos de pesquisa tém constatado que a lei quadratica nao é
seguida em diversos sistemas granulares. Alguns resultados experimentais
seguem nma pardbola na regido de campos fracos, mas apresentam uma dis-
crepancia quando M/M, = 1 [6, 12]. Qutros resultados scguem uma lei
parahdlica na regido de campos fortes, mas poem em evidéncia um elaro
desvio quando M/M, = 0 {pardbola de topo achatado) [13, 14]. Existemn
discrepancias quanto a regiao onde ocorre a principal alteragdo na forma
da curva de MRG vs. M/M, e os modelos existentes ainda estio longe da
explicacao completa dos fenomenos observados.

Devido a complexidade inerente aos sistemas granulares, a sua inves-
tigacdo deve ser feita passo-a-passo, o primeiro dos quais ¢ considerar que
as particulas sdo supcrparamagnéticas, desprezando as interagoes cntre clas.
No modelo que serd exposto a seguir, algumas idéias de Zhang ¢ Levy scrdo
desenvolvidas com maior detalhe [9]. A funcio de distribui¢ido de momen-
tos magnéticos sera introduzida nas expressoes gerais da magnetizacio e da
magnetoresistencia, a partir das quais a magnetoresisténcia sera expressa
em fun¢do da magnetizagio relativa nos dois casos limites quando o campo
magnético é fraco e quando é forte. Assim, os pardmetros que caracterizam
o achatamento da curva de MRG vs. M/M, relativo & pardbola quadrada
serao calculados. O efeito sobre a magnetoresisténeia do espalhamento se-
letivo de elétrons dentro dos grios ¢ na interface entre os griaos ¢ a matriz
nao-magnética serd avaliado por um coeficiente proporcional i razao entre as
respectivas segoes de espalhamento.

O modelo tedrico serd testado em fitas de Cu-Co produzidas por melt-
spinning e tratadas termicamente, usando uma funcao de distribuicao log-
normal. As curvas de magnetizacdo serdo ajustadas usando dois parametros,



o momento magnético médio e o desvio padrao da funcao de distribuicao. So-
mente um parametro adicional serd usado para ajustar as curvas de magne-
toresisténcia, qual seja, o coeficiente introduzido para estimar a importancia
relativa dos espalhamentos na interface e no interior dos graos.

2.1 Modelo Teoérico
2.1.1 Magnetizacao

Seja f(u) a funcdo de distribui¢do de momentos magnéticos em um sistema
de graos superparamagnéticos. O numero de graos por unidade de volume
da amostra cujo momento esta entre p e p+ dp é dado por f(u)dpu.

A magnetizacdo de um sistema de graos superparamagnéticos no campo
magnético H é descrita por

M(H,T) =/Ooou£ (g—g) f(wdp (9)

sendo L(uH/kT) a fungdo de Langevin dada pela Eq. (4). A magnetizagao
de saturacao é dada por

M, = /Ooo pf (p)dp = N(p) (10)

sendo (4) o momento magnético médio por grao e N o nimero de graos por
unidade de volume da amostra,

N= /Ooof(u)du- (11)

2.1.2 Magnetoresisténcia

A MRG em ligas granulares é uma resisténcia adicional causada pelo espa-
lhamento de elétrons nos graos magnéticos desalinhados [12, 15]. O arranjo
experimental é muito simples e a resisténcia elétrica R é medida em funcao do
campo aplicado H a uma temperatura fixa T'. A razao da magnetoresisténcia
¢ usualmente definida como

R(H,T)— R(0,T)
R(0,T) ‘

MR(H,T) = (12)



Introduzindo a distribui¢cao de momentos magnéticos no modelo proposto
por Zhang e Levy [9] (Apéndice A), no qual uma expressao para a magne-
toresisténcia é derivada usando o formalismo desenvolvido para multicamadas
com a corrente elétrica perpendicular ao plano das camadas (CPP) e con-
siderando ambos os mecanismos de espalhamento que contribuem para a
magnetoresisténcia, obtém-se:

MR(H. ) = 5 [ [T o () s . 9

sendo A e « coeficientes de proporcionalidade independentes de H.

Os dois mecanismos de espalhamento contribuem para a expressao da
magnetoresisténcia por meio do fator pu + au??3. O parametros « é direta-
mente proporcional a razao entre as secoes de espalhamento na interface e
no volume dos graos e é dado por

A
o = ap(367 1/3MIQ/3 , 14
o(36m) /22 (14

sendo ay a constante de rede dos graos, ps e py as razoes entre os potenciais
dependentes do spin e independentes do spin, respectivamente na interface
e no volume dos graos, A\s e A\, os caminhos-livres médios que caracterizam
a rugosidade da interface e o espalhamento do tipo impureza nos graos, e
finalmente I, a magnetizacdo de saturacao do material ferromagnético [9]
(Apéndice A). (O volume v e o momento magnético p de um grao qualquer
estao relacionados pela igualdade p = Iv.)
A magnetoresisténcia de saturacao é dada por

MR, = —A () +afu®)” (15)

sendo o valor médio de p? definido por

(u) = % /0 " (p)dy (16)

para qualquer nimero gq.

Na préxima secao, as Eqgs. (9) e (13) serao aplicadas aos dados experi-
mentais obtidos em fitas de CugyCoyy. Entdo ficara claro que o = 10{yu)"/3,
resultado que apoia os mecanismos propostos para explicar a origem da mag-
netoresisténcia gigante.



2.1.3 Magnetoresisténcia e Magnetizagao

Para comparar a curva de MRG vs. M /M, com a pardbola esperada para
um agregado de particulas superparamagnéticas do mesmo tamanho que nao
interagem umas com as outras, vai-se determinar a relagao entre a mag-
netizacao e a magnetoresisténcia nos dois casos limites quando o campo
magnético é fraco e quando é forte. Para campos fracos, pH/kt < 1 e entao
L(pH/ET) ~ uH/3kT. Conseqiientemente, as Egs. (9) e (13) se reduzem a

H

M= %—TNw?) (17)
(§]
e a (o (oY s

Considerando as Egs. (10), (17) e (18), obtém-se uma dependéncia quadratica
entre a magnetoresiteéncia e a magnetizagao:

MR = — A(u)? (1 4 a<§if>’>)2 (%)2 . (19)

Para campos fortes, uH/kT > 1 e entdo L(uH/kT) ~ 1 — kT /;nH. Nesse
caso, as Eqgs. (9) e (13) s@o expressas como

M = N{u) (1 - %) (20)

YR L) KT 1ta{u'B) )
MR = —Al (H <u>> (1 <u>H1+a<u2/3>/<u>> @

Considerando as Eqgs. (10), (20) e (21), a dependéncia entre a magnetore-
sisténcia e a magnetizagao é expressa na seguinte forma:

B (1?3 MY
MR = —A{u)? (1 + m ) [1 —f (1 - M)] : (22)
na qual o fator f é definido por
;= 1+ alp=1/3) ‘ (23)

L au?3) /()
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Quando a distribui¢do de momentos magnéticos é estreita [no limite,
f(p) = No(p — ()], ambas as Egs. (19) e (22) tém a mesma forma
parabdlica, a saber:

MR = —A () + a(u)*)’ (%) . (24)
M;
Contudo, quando a distribui¢do é larga, a Eq. (22) difere da Eq. (19)
na dependéncia da magnetizacao relativa e no fator de proporcionalidade;
ademais, para campos fortes, a curva de magnetoresisténcia nao é mais uma
parabola, mas tende a uma linha reta de inclinacao 2f x MR;.
Em suma, a magnetoresisténcia normalizada (variando de -1 até 0) expressa-

se como

_owr [ () (<),
S B RV R R
sendo o fator g definido como
_ 1+ a(@’) /(i) (26)

L) ()

Pode-se mostrar facilmente que, para qualquer distribuicao de momentos
e para qualquer valor de o > 0, os parametros caracteristicos f e g satisfazem
as seguintes condigoes:

() () () ()
PSR Gagery 05 o

Devido a essas condicoes, a curva de MR,, vs. M /M, é uma parabola mais
larga do que a pardbola quadrada na regiao de campos fracos (pois g < 1) e
satura mais devagar do que a parabola quadrada na regiao de campos fortes
(pois f > 1) [ver Fig 1(a)].

Recentemente, introduziu-se a assim chamada magnetoresisténcia reduzida
para comparar os desvios da lei quadratica dos dados experimentais obtidos
em diferentes amostras [16]. A magnetoresisténcia reduzida (aqui chamada
de MR, ) varia entre zero (saturagdo completa) e um (desmagnetizacao com-
pleta). Definida em termos da Eq. (25), a MRG reduzida é dada simples-
mente por MR, = (1+ MR,)/f. O desvio da parébola reduzida 1— (M /M)?
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quando M /M, = 0 é maior para maiores valores do parametro f que é, por-
tanto, uma medida do achatamento da curva [ver a Fig. 1(b)]. E importante
notar que, devido ao limite superior de f, um achatamento maior do que
(=13 (1) /{14%) ndo pode ser atribuido apenas & distribuicio de momentos
magnéticos. Grandes desvios as vezes sao observados, como serd discutido
na secao C.

2.1.4 Funcao de Distribuicao

Para esclarecer as idéias acima desenvolvidas, considere-se a funcao de dis-
tibuicao do tipo caixa f(u) = N/In(us/p)p definida no intervalo py < p <
Ho. Para essa distribuicao, a magnetizacao e a magnetizacao de saturacao
dadas pelas Egs. (9) e (10) sdo integrais exatas [17, 18],

M= Ngln (21 sinh 29 /29 sinh z1) M, = NE Ty — T ,
H In (x9/x1) H In(x9/x1)

(28)

nas quais x; = i, H/kT (i = 1,2).

Infelizmente, nao existe uma solugao tao simples para a magnetoresisténcia
dada pela Eq. (13) e a integracao tem de ser feita numericamente. A Fig.
1(a) mostra as curvas de MR,, vs. M/M; calculadas com a funcao de dis-
tribuigao do tipo caixa e a Fig. 1(b) mostra as curvas de MR, vs. M/M;
correspondentes, calculadas com a mesma funcao de distribuicao. A linha
cheia representa os cdlculos feitos com as Eqgs. exatas (27) e (28). A linha
pontilhada (a) e a linha tracejada (b) sao tragadas, respectivamente, no lim-
ite inferior e no limite superior do campo magnético, usando a Eq. (25),
e a pardbola quadrada invertida (c) é tragada para comparagao. As cur-
vas aproximadas sobrepoem-se aos dados calculados quando M /M, < 0,35
[curva (a)] e quando M /M, > 0,95 [curva (b)].

E digno de nota que, embora MR, e MR, sejam formas equivalentes
para representar a magnetoresisténcia, o angulo entre as curvas (b) e (¢) no
limite de campos fortes é maior na Fig. 1(a) do que na Fig. 1(b). Em
outras palavras, o comportamento nao-parabdlico é mais evidente no grafico
normalizado do que no gréfico reduzido.

Nas aplicacoes praticas, é usual adotar a funcao de distribuicao log-normal

N 1w l_ln? (u/uo)] |

F) = o esp |- (29)
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Na proxima secao, as curvas de magnetizacio e magnetoresisténeia serao
ajustadas aos dados experimentais usando a funcao de distribuicao dada pela
Eq. (29). Os parametros pg ¢ o serdo determinados pelo ajuste da curva de
magnetizacao e o parametro o, pelo ajuste da curva de magnetoresisténcia.
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02 F
04 F
D’L'C iy = 100 pg
= I, = 5000 g
0.6 _ 172
: o= B0 pg
=134
nak |g=087
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MM, Fig. 1(a)

Figura 1(a). Curva de magnetoresisténcia normalizada vs. magnetizagao
relativa calculada para uma funcao de distribuig¢ao do tipo caixa com p; = 100
1B, o = 5000 pp e a =80 ,ujlg/?’. A curva (a) foi calculada no limite de baixos
campos e a curva (b), no limite de altos campos; a pardbola normalizada (c)
foi tracada para comparacao.
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Fig. 1(b)

Figura 1{b}. Cirva de magnetoresisténcia reduzida vs. magnerizacho ro-
Lativa calenlada com o8 mesmos parametvos. O achatariento de ambag as
curvas de magnetoresistineia & caracterizado polos pavdmetvos f — 1389 0 g
R



2.2 Teste do Modelo Tedrico

() teste do modelo tedrico exposto na secio anterior serd feito ajustando
as Egs. (9) ¢ (13) aos dados experimentais obtidos em fitas de CugaCoyg
produzidas por meli-spinning. Fitas continuas de CugyCoyg produzidas por
planar flow casting e uma atmosfera de He sobre uma roda de CuZr foram
submetidas ao aquecimento Joule por corrente continua em uma ciara de
vacuo para induzir a precipitacdo de graos de Co. As curvas de magnetizacao
e magnetoresisténcia foram medidas a temperatura ambiente, A magnetore-
sisténcia fol medida por meio da técnica convencional de quatro contatos
na configuracio transversa, na qual o campo magnético ¢ aplicado no plano
das fitas, perpendicular & corrente aplicada, até H = +20 kOc. As curvas
de magnetizacao foram medidas nsando um magnetometro de amostra vi-
brante, com o campo magnético variando entre H = +£10 kOe. Os dados
experimentais foram obtidos pela Dra. Paola Tiberto no Istituto Elettrotec-
nico Nazionale Galileo Ferraris de Torino, Itdlia. E importante observar que
a pequena histerese presente em todas as amostras foi excluida pela téenica
empregada nas medicoes, permanecendo somente a contribuicao superpara-
magnética.

A Fig. 2 mostra os dados experimentais de magnetizacao anisterética
obtidos em duas amostras depois do tratamento térmico por aguecimento
Joule com as correntes elétricas de I = 6 A (amostraa) e I = 6,5 A (amostra
by durante 60 s. O ajustammento é mostrado pelas linhas cheias calenladas
usando a Eq. (9) com a funcao de distribuicao de momentos magnéticos
dada pela Eq. (29). Como é mostrado pela curva (a), consegue-se uma
boa concordancia entre os dados experimentais e os cdlculos para a amostra
tratada sob I = 6 A com os paramcetros gy = 200 g ¢ 0 = 1,16. Para
a amostra tratada sob I = 6.5 A, conscguc-se¢ o melhor ajustamento com
og parametros py = 3900 up e ¢ = 0,93, como é mostrado pela curva (b).
Os momentos magnéticos médios sfo (u}, = 980 pp e (i) = 6010 pp que
correspondem aos raios médios dos graos v, = 1,15 nm e 1, = 2,1 nm,
respectivamente, supondo que I, = 1450 emu/cm?® para Co cfe [19]. Esses
resultados estdo em boa concordancia com os dados de CugyCoqg encontrados
na literatura [19, 20, 21].
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Usando a Eq. (10), pode-se calcular a partir dos valores extrapolados da
magnetizacao especifica as densidades especificas de graos N, = 1,7 x 10'8
graos/g e Ny = 2,7 x 10'7 graos/g.

As Figs. 3(a) e 3(b) mostram as fungoes de distribuicdo de momentos
magnéticos para os dois casos descritos acima. Note-se a grande diferenca
nas escalas das abscissas que indica claramente que via de regra as particulas
na amostra b sao muito maiores do que as particulas na amostra a. Con-
seqiientemente, a magnetizacao e a magnetoresisténcia tendem a saturacao
na amostra b a menores campos do que na amostra a.

Os dados de magnetoresisténcia anisterética obtidos nas mesmas amostras
sao apresentados na Fig. 4 com os melhores ajustamentos obtidos por inte-
gracao numérica da Eq. (13). Nos ajustamentos, a fungao de distribuigao
dada pela Eq. (29) é aplicada com exatamente os mesmos parametros obti-
dos no ajustamento das curvas de magnetizacao e apenas sao determinados
os valores do parametro «, quais sejam, a = 110 /L}3/3 para a curva a e
a =80 ,u}g/?’ para a curva b.

A Fig. 5(a) mostra os dados de magnetoresisténcia normalizada MR,,
tracados em funcao da magnetizagao relativa M /M, da amostra (a) (circulos).
A linha cheia corresponde ao melhor ajustamento obtido por integragao
numérica da Eq. (13) usando a funcdo de distribui¢do da Fig 3(a). A
parabola que se espera para particulas superparamagnéticas iguais ¢ tracada
para comparacao (linha tracejada). Na Fig. 5(b), mostram-se as curvas de
MR, vs. M /M correspondentes. Um grande achatamento é observado perto
de M /Mg = 0 e um grande desvio da tendéncia quadrética inicial é observado
no ponto de saturacao M/M; = 1. Os parametros de achatamento f = 1,51
e g = 0,67 calculados pelas Eqs. (23) e (26) efetivamente satisfazem as
condigoes expressas pela Eq. (27), pois 1 < f < 1,56 ¢ 0,64 < g < 1. As
curvas de MR,, e MR, vs. M/M; da amostra (b) sdo mostradas nas Figs.
6(a) e 6(b), respectivamente. Como antes, os parametros de achatamento
f=1,27e g=0,80satisfazem a Eq. (27), pois1 < f < 1,33¢0,75 < g < 1.
Esses resultados estao em boa concordancia com as primeiras observagoes de
MRG, as quais revelaram um desvio da lei quadratica a campos fortes [6, 12].
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2.3 Discussao

A concordancia cntre 0 modelo ¢ os resultados experimentais mostrada na
secao anterior apdia a teoria de Zhang ¢ Levy sobre a predominancia do espa-
lhamento na interface sobre o espalhamento dentro dos graos ¢ confirma a
necessidade de sempre ter em conta a distribuicao de particulas. Contudo, a
evidéncia experimental ainda nao é suficiente para estabelecer a dependéncia
entre o parametro a e 0 momento magnético meédio.

Vai-se considerar agora o modelo em contraste com uma explicacao al-
ternativa da MRG que se encontra na literatura. Supondo que o modelo
exposto na Introducao scja valido quando ndo ha interacoces cntre as as
particulas, o desvio do comportamento quadratico obscrvado a campos fracos
¢ atribuido as interacoes entre as particulas ¢ o comportamento independente
descrito pela lei parabdlica a campos fortes é atribuido a predominancia do
campo externo sobre as interacoes. A MRG reduzida é tracada em funcio de
M/M; de tal maneira que MR, deve comportar-se como a parabola reduzida
1— (M/M,)? na auséncia de interagoes e deve achatar-se perto de M /M, = 0
devido as correlacoes entre os momentos magnéticos causadas pelos campos
locais que agem sobre as particulas em interagio [16].

Alguns resultados experimentais de fato sdo explicados pela existéncia
de correlacoes entre os momentos magnéticos, e a presenca de interacoes
magnéticas fortes é confirmada por numerosas técnicas experimentais [21,
22, 23, 24, 25]. Ademais, cdlculos tedricos demonstram que as interacdes tén
uma grande influéncia na MRG de sistemas granulares [14, 16, 26].

Assim, ambos 0os modelos, um considerando as interacoes entre as particulas
e 0 outro considerando a distribuicao de momentos magnéticos, podem de-
screver o achatamento observado da MRG reduzida. Contudo, a experiéncia
nao da sustentacio adicional ao modelo de interacoes esbogado acima. Com
efeito, se o comportamento quadratico se manifestasse a campos fortes, o
achatamento seria independente do ajustamento da MR}, a parabola reduzida
perto de M /M, = 1. Foi experimentalmente observado, porém, que o achata-
mento resultante é mais pronunciado quando a magnetizacao alcancada é
maior (para campos disponiveis maiores). Portanto, a dependeéncia entre a
MRG ¢ a magnetizaciio relativa a campos fortes nfo ¢ quadritica [25]. Esse
resultado estd claramente em concordancia com o modelo de distribuicao de
momentos magnéticos.

Apesar da falta de validade geral da lei quadratica a campos fortes, a
suposicao sobre a existéncia de correlacoes entre os momentos a campos



fracos nao é refutada pela experiéncia. Pelo contrario, o modelo exposto
acima sugere fortemente que as interacoes podem ser cruciais para explicar
o achatamento da curva de MRG quando as condicoes expressas pela Eq.
(27) ndo sao satisfeitas. De fato, a Eq. (9) foi aplicada com sucesso aos
dados de magnetizacao medidos em outra amostra de CugyCoyy tratada por
aquecimento Joule a f = 12 A durante 4 s ¢ os pardmetros de ajustamento
pg = 4100 pp ¢ 0 = 0,915 foram obtidos a partir da Eq. (29). Portanto,
essa distribuicao de momentos é quase igual a distribui¢ao mostrada na Fig.
3(b). Contudo, o ajustamento da Eq. (13) falhou, pois o achatamento obser-
vado da curva de magnetoresisténcia de f = 2,58 esta muito além do limite
tedrico de 1,32 calculado pela Eq. (27). A partir do valor de M, determinado
por extrapolacdo, caleulou-se a densidade de particulas de N = 8,6 x 107
graos/g usando a Eq. (10). Portanto, a concentragio de grios magnéticos
nessa amostra ¢ 3,2 vezes maior do que na amostra (b) tratada com I = 6,5
A por 60 s ¢ a distincia média entre as particulas é aproximadamente 1/3
menor. Sem duvida nenhnma, distancias menores contribuemn para aumentar
a intensidade das interacoes magnéticas.

Recentemente, desenvolveu-se uma teoria fenomenoldgica da MRG em
sistemas granulares de acordo com a qual a magnetoresisténcia relativa varia
quase linearmente com a magnetizacao devido a correlagoes entre as particulas
superparamagnéticas ¢ as particulas bloqueadas [27]. No modelo exposto
acima. supde-sc que todos os griaos scjam superparamagnéticos (scja porque
estdao acima da temperatura de bloqueio, seja porque o cfeito dos graos blo-
queados foi excluido pela técnica de medicio), mas assim mesmo se prevé
um grande desvio da dependéncia quadritica. De fato, as curvas de mag-
netizacao de sistemas granulares tém uma pequena histerese que pode ser
atribuida as particulas bloqueadas mesmo a temperatura ambiente ou ainda
a fortes interagoes entre os graos magnéticos. A estrutura granular € real-
mente muito complexa, havendo particulas superparamagndéticas ¢ particulas
bloqueadas que interagem umas com as outras. O conhecimento completo
da MRG cm ligas granulares serd obtido somente quando todos csses fatores
forem considerados.

No Apéndice B, encontramn-se og programas (escritos em linguagern C)
para ajustar e calcular as curvas de magnetizacao e magnetoresistencia do
modelo superparamagnético.
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3 Modelo de Ligas Granulares Magnéticas

Desde a descoberta da magnetoresistencia gigante na estrutura heterogénea
de filmes de Cu-Co, [5, €] este efeito tem side observado em virias ligas
granulares tais como Cu-Fe, Ag-Co, Cr-Fe, Ag-Fe, Au-Fe, Cu-Ni-Co, Cu-
Ni-Fe e Ag-Ni-Fe. [7, 12, 22, 28, 29, 30, 31, 32] Estas ligas consistem de
graos monodominios ferromagnéticos em uma matriz metalica imiscivel. E
geralmente aceito que o mecanismo basico que da origem &4 MRG ¢ o espa-
lhamento de elétrons dependente do spin dentro dos graos magnéticos ¢ na
interface entre os graos e a matriz nao magnética. Uma tentativa inicial de
entender a magnetoresisténcia em filmes granulares de Ni-510, foi feita por
Gittleman e outros [11] que mostraramn que a variacio da resistividade com o
campo magnético aplicado é proporcional a correlagao média dos momentos
magnéticos dos graos vizinhos. De fato, como notado por Xiao e outros, [12]
a aparcnte dependéncia da MRG ao campo magnético é uma conseqiiéncia
dircta da dependéncia da magnetizacdo ao campo. Usualmente, observa-
se que os dados de magnetoresisténcia que mostram uma grande histerese
quando representados em funcio do campo magnético parecem seguir urra
curva simples quando tracados em fungio da magnetizagiao M. Contudo, a
relagao entre a MRG e a magnetizagio é extremarnente complexa devido a
distribuicao de tamanho de graos, a estrutura da interface e as interacoes
magnéticas.

Para investigar o efeito de todos esses fatores na curva de MRG vs. M em
ligas granulares, vai-se usar um modelo Monte Carlo-Metropolis. O modelo
tem alguns parametros que devem ser determinados por dados expetrimen-
tais, a saber, a distancia intergranular média, o momento magnético médio
e a variancia que caracterizam uma distribuicao log-normal de momentos,
a razao das se¢oes de espalhamento na interface e no volume dos grios, as
constantes de anisotropia, a constante média de acoplamento de troca en-
tre graos vizinhos e finalmente o caminho-livre médio dos elétrons na matriz
metalica. Uma vey conhecidos os valores desses parametros, as propricdades
magndéticas da liga granular podem ser caleuladas em funcao da concentracio,
da temperatura ¢ do campo magnético aplicado. O cfeito desses parametros
sobre a magnetizacao e a magnetoresisténcia tem sido parcialmente investi-
gado por vdrios autores. El-Hilo e outros [14] usaram o método Monte Carlo
para determinar a dependéncia entre a MRG e distancia intergranular média,
on melhor, a concentracao de particulas, com a expressao simples obtida por
Gittleman e outros [11]. Hickev e outros [33] e Wiser [27] desenvolveram um
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modelo fenomenolégico que explica a variacao quase linear da magnetore-
sisténcia comn a magnetizacao a baixas temperaturas como uma conseqiiéncia
de correlagoes entre particulas bloqueadas e particulas superparamagnéticas.
O efeito de bloqueio sobre as curvas de magnetizacio foi simulado por um
método Monte Carlo em um artigo de Dimitrov e Wysin [34]. Allia e out-
ros [16] propuscram um modelo fenomenoldgico que toma em consideragio
explicitamente a correlacao que surge das interacoes dipolar ¢ de troca. Re-
centemente, Vargas e outros [26] estudaram por um método Monte Carlo
o papel desempenhado nas propriedades de transporte das ligas granulares
pela interacao dipolar e pela razao entre o caminho-livre médio dos elétrons
e a distancia intergranular.

A importancia relativa de todos esses fatores merece uma completa inves-
tigacdo sob o cscopo do modelo que sera desenvolvido a seguir. Contudo, aqui
serao apresentados apenas os resultados de uma primeira aplicacao do modelo
as curvas cxperimentais de magnetizacao ¢ magnetoresisténeia, obtidas em
fitas melt-spun de CugeCops depois do tratamento térmico por aquecimento
Joule. As simulacoes estdo em boa concordincia com as curvag experiren-
tais de magnetizacao quando os efeitos de anisotropia e das interacoes dipolar
e de troca indireta sdo considerados. Os valores de remanéncia e coercivi-
dade, embora pequenos a temperatura ambiente, sao calculados com precisao.
Contudo, em certos casos ha nma falta de concordancia entre as simulacoes
¢ as curvas cxperimentais de magnetoresisténeia. Serao dadas as razdes para
considerar que csta discrepancia ¢ mais do que uma cvidéncia circunstancial
contra o modelo de MRG em ligas granulares. Na verdade, é um forte sinal
dos efeitos de tamanho dependentes de spin sobre a condutividade elétrica
quando o tamanho dos graos ou a distincia entre eles sao compariveis com
o caminho-livre médio dos elétrons.

3.1 Experimental

Fitas continuas de CuggCoyo, preparadas por planar flow casting em uma at-
mosfera de He sobre uma roda de Cu-Zr, foram submetidas ao aquecimento
Joule durante 1 min em uma camara de vacuo para indugzir a precipitacao de
graos. As curvas de magnetizacao ¢ magnetoresisténcia foram obtidas a tem-
peratura ambiente. A magnetizagao fol medida usando um magnetémetro de
amostra vibrante com o campo aplicado variando entre +15 kOe ¢ a magne-
toresisténcia foi medida usando a téenica convencional de quatro contactos
na configuracao paralela, 1sto é, com o campo magnético aplicado no plano da

28



fita, paralelo a corrente aplicada, até £10 kOe. As amostras as cast foram
gentilmente fornecidas por P. Tiberto e F. Vinai do Istituto Elettrotecnico
Nazionale Galileo Ferraris, Torino, Italia.

A Figura 7 mostra os lagos de histerese medidos em trés amostras (a-c)
depois de tratadas sob correntes de 4, 5 ¢ 6 amperes. As curvas de mag-
netizacio sio mostradas na Fig. 7(a). A magnetizacio a altos campos ¢ a
remanéncia crescem com a corrente de tratamento, o que indica um aumento
na fragao de Co precipitado e maiores graos de Co. Contudo. as curvas de
magnetizacio conservam as suas caracteristicas superparamagnéticas (lenta
tendeéncia & saturacio e pequena drea do lago). As linhag continuas sfo os
ajustes da funcdo de magnetizacio de um sistema de graos superparamagné-
ticos com uma distribuicdo log-normal de momentos magnéticos (ver deta-
lhes no capitulo 2). Dos valores extrapolados da magnetizacao especifica de
saturacao, calcularam-sc as densidades de graos ¢ as distancias intergran-
ulares mdédias. Os raios médios sdo determinados supondo que ocorreu a
completa precipitacio de Co nas amostras b e ¢ (devido aos valores iguais
da sua magnetizacio de saturacao). A Tabela 1 resume os dados estruturais
obtidos por meio dos ajustes. Os resultados estao em boa concordancia com
os dados experimentais encontrados na literatura ¢ dao apoio adicional a in-
terpretacao corrente dos efeitos do tratamento térmico sobre as propriedades
cstruturais das ligas granulares de Cu-Co [1, 16, 19, 21, 25, 35, 36. 37|.

As curvas de magnetoresisténcia sdo mostradas na Fig. 7(b). Os maiores
valores da MRG a altos campos sdo obscrvados para a amostra & cuja cs-
trutura granular é intermedidria entre as das amostras ¢ e ¢. Resultados
semelhantes, largamente dispersos na literatura, sao freqiientemente interpre-
tados como uma evidéncia clara das correlacoes entre os graos magnéticos.
A propédsito, cabe notar que falharam as tentativas feitas para ajustar as
curvas usando o modelo de momentos nao correlacionados exposto na Ref.
[9] (Apéndice A) ¢ no capitulo 2. O melhor ajuste foi obtido para a curva
¢ com a razao o = 28 ,ui,/g (linha continua), embora mostre uma tendéncia
muito rapida & saturagdo. Os ajustes muito plores das curvas a e b (ndo
mostrados) indicam que as correlactes sao presumivelmente mais intensas
nessas amostras. Qutra interpretacao que estd ganhando accitagio na lit-
cratura atribui o maximo da amplitude de MRG em funcao do raio mdédio
dos graos aos cfeitos de tamanho resultantes do espalhamento dependente
do spin quando o tamanho dos graos ou a distancia entre eles sao com-
paraveis com o caminho-livre médio dos elétrons. Neste caso, as linhas de
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corrente se desviam das regices de maior resistividade e o magnetotransporte
em ligas granulares é intermediario entre aqueles das geometrias de corrente
perpendicular ao plano (CPP) e corrente no plano (CNP) de multicamadas
[38, 39. 40, 41]. Recentemente, Parent e outros [12] sugeriram que algumas
discrepancias entre o modelo dos momentos nao correlacionados e os da-
dos de magnetoresisténcia obtidos em filmes granulares de Ag-Co com baixo
contetido de Co dao apoio a essa interpretacio.
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3.2 Modelo Monte Carlo

O modelo Monte Carlo foi implementado usando “A mae de todos os ger-
adores de nimeros aleatdrios” de George Marsaglia [43] para produzir val-
ores pseudo-aleatérios de 32 bits uniformemente distribuidos. Os momentos
magnéticos de 1001 graos sao gerados de acordo com uma distribuicao log-
normal. As suas posi¢oes dentro de uma caixa sao geradas aleatoriamente
como se fossem esferas duras com volume proporcional ao momento. Uma
condicao assegura a distancia minima de 1 nm entre as superficies de qual-
quer par de esferas. Os eixos faceis magnéticos sao gerados aleatoriamente
para ter em conta os efeitos de bloqueio da anisotropia uniaxial.
De acordo com este arranjo, a energia total do grao 7 é

E; = ey sin? o; + Eal; sin’ a; — ;- Hy (30)

sendo €, 9 = K 5/ as constantes de anisotropia divididas pela magnetizagao
de saturacao do material e H; o campo total que age sobre o grao i. H; é
a soma vetorial do campo externo H (= Hz) aplicado ao longo do eixo z e
os campos de interacao dipolar e de troca indireta produzidos pelos outros
graos,

- 3y i) Tij 1y
P ) AL LU R R o A PR £1)

i T'ij il <A

O coeficiente J;; (r;;) é o acoplamento de troca indireta entre os graos i
e j cuja distancia r;; é menor do que uma distancia A comparavel com o
caminho-livre médio dos elétrons.

A trocaindireta é uma interacao efetiva originaria da interacao de Ruderman-
Kittel-Kasuya-Yosida (RKKY) entre todos os pares de momentos magnéticos
atomicos, localizados um em cada grao. A soma dos acoplamentos RKKY é
feita para todos os fi; ;/ fhatom dtomos nos graos. [44] Contudo, uma vez que é
impraticavel calcular todos os acoplamentos de troca entre 1001 x 500 difer-
entes pares de graos, a sua funcao de distribuicao foi determinada pelo ajuste
de uma curva a um conjunto de milhares de acoplamentos calculados como
se os graos fossem aglomerados esféricos de dtomos dispostos aleatoriamente.
Dessa forma, foi obtida a funcao de distribuicao monoparamétrica

_3V3 1

f(J) - 87T01+|J/C’|3/2

(32)
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tal que f(J)dJ é a fracio de coeficientes entre J e J+d.J e C' é win pardmetro
determinado pelo ajustamento da curva. Em seguida, os acoplamentos de
troca indireta entre todos os pares de graos foram gerados aleatoriamente
de acordo com esta fun¢ao de distribuicdo. A Figura 8 mostra um conjunto
de acoplamentos calculados e o ajuste da curva de distribuicio para uma
amostra de 170 graos.

Depois de fazer a amostragem da liga granular, ¢ necessario definir o modo
de fazer os assim chamados passos de Monte Carlo. Como notado por Dim-
itrov e Wysin, [34] se a nova orientacio dos momentos magnéticos for esco-
lhida independentemente da velha, o comportamento do sistema serd super-
paramagnético. Em outras palavras, para rotagoes completamente aleatérias,
flutuacoes arbitrariamente grandes serao permitidas e o sistema rapidamente
cscapard de qualquer estado menatestavel responsdvel pela histerese. Este in-
conveniente ¢ evitado cscolhendo a nova orientacdo dos momentos magnéticos
como o ponto final de uma séric condicional de rotacoes alcatérias que con-
siste de pequenag rotacoes em torno de um numero fixo de eixos aleatoria-
mente escolhidos, restritas pela condicao de que a diferenca entre a energia
nas posicoes novas e a energia na posicao inicial deve ser menor do que a
energia térmica de 25k7', a barreira de energia que marca o limite superior
de superparamagnetismo em uma medida normal de 100 a 1000 segundos.
Dessa maneira, os graos obedecem o mesmo critério de estabilidade da teo-
ria superparamagnética, qual scja, a temperatura de bloqueio Ty de uma
particula de volume V' ¢ Tp = KV/25k, sendo K = (e; + €2) /1, a densidade
de energia de anisotropia. Por examplo, a Fig. 9(a) mostra as direcoes de
magnetizacao de um grao com g = 42000 pg e o eixo ficil ao longo da direcao
# = 25°, p = 45°. O momento magnético permanece na casca esférica infe-
rior em torno do eixo facil até que uma rotacdo aleatéria inverte a direcdo
de magnetizacao (circulo isolado) e a partir de entdo permanece na casca
esférica supcerior em torno das direcoes do cixo facil ¢ do campo magnético
aplicado.
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As simulacoes indicam que o niimero de passos aleatdérios necessarios para
inverter um momento alinhado com o seu eixo facil aumenta exponencial-
mente com o valor do momento (Fig. 9(b)). Portanto, o nimero de passos
aleatorios esta diretamente relacionado com o tempo de relaxacao da mag-
netizacao (Fig. 9(c)).

Os célculos de magnetizacao e magnetoresisténcia sao baseados no al-
goritmo de Metropolis e outros [45] de acordo com o qual as médias ter-
modinamicas sao tiradas depois de milhares de giros por momento. A mag-
netizacao é simplesmente a média

1
M={——S .\, 33

na qual L, L, e L, sao as arestas da caixa. Quanto a magnetoresisténcia, ¢
calculada como a média

MR = <AZ S (Tt ) (14 apy ) i uj> , (34)

<A

na qual o parametro A é apenas um fator de proporcionalidade, o parametro
a da a razao da secao de espalhamento na interface dos graos pela secao de
espalhamento dentro dos graos (ver o capitulo 2) e o parametro A é o al-
cance de correlacao entre os momentos magnéticos vizinhos, proporcional ao
caminho-livre médio dos elétrons na matriz metélica. A Eq. (34) foi derivada
do modelo proposto por Zhang and Levy, [9] (Apéndice A) no qual uma ex-
pressao para a magnetoresisténcia em ligas granulares é obtida usando o for-
malismo para multicamadas com a currente perpendicular ao plano (CPP)
das camadas e tendo em consideragao o espalhamento dependente de spin
dento dos graos magnéticos e na interface. Como a interacao de troca indi-
reta e a correlacao entre os momentos magnéticos sao ambas mediadas pelos
elétrons de condugao, o mesmo parametro A aparece nas Eqs. (31) e (34).
Note que, em conseqiiéncia da condicao r;; < A, os graos com raio maior do
que A nao contribuem para a magnetoresisténcia, embora contribuam para
a magnetizacao. Portanto, a relagao direta entre essas grandezas magnéticas
desaparece no limite local quando os tamanhos e as distancias entre os graos
sao comparaveis com o caminho-livre médio.
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3.3 Simulacoes

As simulagoes estao em bom acordo com as curvas experimentais de magne-
tizacao. Nao apenas um acordo qualitativo, de fato, mas um acordo quan-
titativo detalhado que permite calcular a remanéncia e a coercividade dos
lacos de histerese. A Figura 10 mostra as curvas de magnetizacao calculadas
sob diversas condicoes para fazer uma comparacao com o lago de histerese
medido na amostra a. Os parametros adotados sao o momento magnético
médio i1 = 3471 up e a variancia o = 4923 pup que caracterizam a funcao de
distribuicao log-normal de momentos magnéticos, a distancia intergranular
média D = 6.4 nm, as constantes de anisotropia ¢; = 3000 Oe e €, = 1000 Oe,
a constante de acoplamento de troca J = 1.736 x 107° erg/emu? e o alcance
de correlacio A = 10 nm. Como é mostrado na Fig. 10(a), o ciclo de his-
terese calculado (linha continua) se ajusta aos dados experimentais quando
a distribuicao de momentos, a anisotropia e as interacoes dipolar e de troca
indireta sao tomadas em consideracao. Contudo, existem grandes diferencas
quando apenas a distribuicdo de momentos é considerada (tracos) ou os mo-
mentos sido considerados todos do mesmo valor 7z (pontos). E instrutivo
comparar o momento magnético médio e a variancia desta simulagao com os
valores correspondentes da simulacao superparamagnética mostrada na Fig.
7(a) (Tabela 1). Como aquela curva se ajusta a curva de magnetizacao ini-
cial da amostra a, partindo do estado desmagnetizado e aumentando o campo
magnético até 15 kOe, o efeito da anisotropia e das interacoes magnéticas
a altos campos reproduz o efeito de uma reducao geral no tamanho dos
graos magnéticos. Uma vista em larga escala dos mesmos ciclos de histerese
é mostrada na Fig. 10(b). A simulagao que inclui a distribui¢ao de mo-
mentos e a anisotropia, mas nao as interacoes, ¢ tragada (quadrados) para
comparag¢ao com a simulagao completa (triangulos). As interagoes dipolar
e de troca indireta causaram uma pequena reducao na magnetizacao, o que
indica que as interagoes tém apenas um pequeno efeito antiferromagnético
nos graos vizinhos. As correspondentes simulagoes de MRG revelaram um
pequeno aumento na magnetoresisténcia a altos campos devido as interacoes.
Este ¢ mais um sinal de que ha um pequeno acoplamento antiferromagnético
entre 0s graos.
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Resultados semelhantes foram obtidos para as amostras b e ¢. A Tabela 2
resumme os dados estruturais obtidos por meio dag simulacoes Monte Carlo.

Como ocorreu nos ajustes superparamagnéticos na Fig. 7(b), existem
grandes discrepancias entre as curvas de magnetoresistencia simuladas e os
dados experimentais para as amostras a e b. De fato, discrepancias opostas.
Para a amostra «, a MRG calculada ¢ muito maior do que a MRG medida
¢ para a amostra b, ¢ muito menor. Como antes, as coisas vio muito me-
lhor para a amostra c. E conveniente notar que as simulagoes reproduzem
corretamente as curvas teoricas quando a anisotropia e as interacoes sao
eliminadas. O parametro de corte A na Eq. (34) tem um efeito muito grande
sobre a amplitude da MRG, mas praticamente nao influencia a forma da curva
de MRG ({devido & pequena importancia das interagbes nessas amostras).
Este fato confirma o resultado obtido pelos ajustes de magnetizacio de que
o modclo simula realisticamente a estrutura granular das fitas.

3.4 Discussao

Destaca-se a importancia dos resultados negativos. As diferencas entre as
curvas de MRG calculadas usando o modelo de Zhang ¢ Levy ¢ os dados
cxperimentais nao podem ser explicados nem pelo comportamento super-
paramagnético dos pequenos graos nem pelas correlacoes entre particulas
vizinhas decorrentes da anisotropia e das interacoes dipolar e de troca indi-
reta. A razao dag diserepancias é provavelinente o efeito de tamanho devido
ao espalhamento de elétrons dependente de spin quando o tamanho dos graos
oun a distdncia entre eles sdo comparaveis com o caminho-livre médio. Neste
limite local, as linhas de corrente evitam os graos de grande resistividade e
em conseqiléneia o magnetotransporte muda de CPP para CNP [38. 39, 40)].

Em um recente artigo, Wang ¢ outros [46] alegam ter confirmado o modelo
de momentos nao correlacionados de Zhang e Levy por meio de medidas da
distribuicao de tamanh de graos em fitas melt-spun de CuggCoyg utilizando
a técnica de microscopia atom probe-field ion. A sua Fig. 1 dd uma bonita
confirmacao dos efeitos do tratamento térmico na estrutura das ligas granu-
lares. Comparando os parametros estruturais dos graos de Co na sua Tabela
1 com os mesmos parametros na Tabela 2, verifica-se que as suas amostras
tratadas a 450 °C por 6 ¢ 12 horas sdo muito semelhantes as amostras a-c
(depois do aquecimento Joule por 1 minuto)}. Deve-se enfatizar, porém, que
as suas medidas de MRG foram feitas & temperatura muito baixa de 1,5 K a
qual o eaminho-livre médio é uma ordem de grandeza maior do que a tem-
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peratura ambiente (A = 35 nm). Portanto, as suas amostras nio estavam na
condicao de limite local sob a qual o efeito de tamanho dependente de spin
é importante,
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4 Teoria de Transporte em Ligas Granulares

Os mecanismos que dao origem a magnetoresisténcia gigante em ligas gran-
ulares sao os mesmos que nas multicamadas, a saber, o espalhamento de-
pendente do spin dentro dos graos magnéticos e na interface entre os graos
e a matriz ndo-magnética. [9] Contudo, nas ligas granulares nio existe uma
distingao tao clara como a diferenca em multicamadas entre as correntes pat-
alela (CNT) ¢ perpendicular (CPP) ao plano das camadas. Na CNDP ocorre
um cfeito magnetoresistivo apreciavel somente quando o caminho-livie médio
excede, ou pelo menos é compardvel corm, a espessura das camadas. Essa es-
cala de comprimento nao aparece na CPP e a MRG ocorre até quando o
carminho-livre médio é menor do que a espessura das camadas.

Zhang e Levy [9] desenvolveram um modelo no qual o mesmo formalismo
para multicamadas na configuracao CPP ¢ aplicado a ligas granulares. As
propriedades de transporte de ligas granulares sao modeladas considerando
0s dois meecanismos de espalhamento dependente do spin ¢ a distribuicdo de
tamanho dos graos magnéticos (Apeéndice A). No capitulo 2 o modelo foi
examinado em maiores detalhes. Contudo, hd um acumulo de evidéncias
que os efeitos de tamanho que sao importantes para a geometria CNP em
multicamadas também contribuem para a MRG em ligas granulares. [38,
39, 40] Quando o caminho-livre médio é comparavel com os tamanhos e as
distdancias entre os graos, as linhas de corrente tendem a contornar os graos
de alta resistividade e, portanto, a MRG ¢ intermediaria entre a CNDP ¢ a
CcPrr.

A combinacdo de CNP ¢ CP’P nas ligas granulares ¢ considerada em
trés teorias de transporte, uma cldssica, [38] uma semi-cldssica [39] e uma
quantica, [40] para explicar o maximo na dependéncia entre a temperatura
de tratamento térmico e a magnetoresisténcia. Contudo, as suposi¢oes sim-
plificadoras comuns as trés teorias, a saber, (1) todos os graos tém o mesmo
tamanho e (ii) ha somente duas diregoes de magnetizagdo (para cima e para
baixo), impedem que os seus resultados scjam comparados dirctamente com
os resultados de Zhang ¢ Levy.

A teoria de transporte que sera desenvolvida agora, como a teoria de
Zhang e Levy, inclui os dois mecanismos de espalhamento dependente do spin
(dentro do grao e na interface) e ag distribuicdes de tamanho dos graos e de
dire¢des da sua magnetizacio, e como as teorias citadas, [38, 39, 40] tem em
consideracao ambas as configuracoes CNP e CPP. Quando as condutividades
nos graos sao muito maiores do que a condutividade na matriz, sao vilidas



exatamente as mesmas equacoes da Ref. [9] (Apéndice A). No outro caso
quando a condutividade na matriz é muito maior do que as condutividades
nos graos, o transporte é semelhante ao da geometria CNP.

Seja um agregado de graos ferromagnéticos dispersos em um metal nao-
magnético. Geralmente, os graos nao tém o mesmo tamanho e o momento
magnético por grao nao ¢ constante. A densidade de graos cujo momento
magnético estd entre p e p+ du é f(p)dp. Quando nao existe um campo
magético aplicado, as diregoes de magnetizacao sao distribuidas aleatoria-
mente. Desprezando o espalhamento que inverte o spin, supoe-se que haja
dois canais de conducao, um para os elétrons com o spin para cima (1) e o
outro para os elétrons com o spin para baixo (}). Restringindo a teoria ao
formalismo da eletrodinamica dos meios continuos, supoe-se, ademais, que o
campo elétrico e a densidade de corrente nos graos estejam relacionados pela
forma local da lei de Ohm quando o eixo de quantizacao é paralelo ao mo-
mento magnético do grao. Quando o eixo absoluto de quantizacao é paralelo
ao campo magnético aplicado, o campo elétrico e a densidade de corrente
tém a seguinte forma (Apéndice B): [47]

E;(r) = %E+_ (r)(1+ cos®) + %E_Jr(r)(l —cosf) , (35)

() = %a+_E+_(r)(1 + cos ) + %O_JFE_JF(I‘)(I —cosf), (36)
na qual # é o angulo entre o momento magnético do grao e o campo magnético
aplicado, E; e E_ sao os campos elétricos e o, e o_ sao as condutividades
dos elétrons com spin para cima e para baixo, respectivamente, quando o
momento magnético do grao ¢ paralelo ao campo magnético.

Seguindo de perto os passos das Refs. [38, 41], expressam-se as médias
do campo elétrico e da densidade de corrente na forma

(En)v = Ils/ooo ((Brv, + (Br)m,) wf (mdp+ (1= F)(Ey)v,, , (37)

Guv = 7 [ Gvnd@du+ (1= DBy, (39)

na qual I; e V, sdo a magnetizacdo e o volume do grao (u = I,V,), T, é
o volume da interface de transicao entre o grao e a matriz, V,, e o, sd@o o
volume e a condutividade da matriz, e 1 — f =V,,,/V.

As médias no volume de um grao e no volume da matriz sao definidas por

1
(Bpy)vy, = v ) Eq (r)d’r (39)
u IV
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(Eq))7r, v / (40)

(Etp)v,, Vm | En(m)d’r (41)
v é JN( )&’r . (42)

A condutividade média é a soma das condutividades dos canais de spin
para cima e spin para baixo,

<jN>V
By (43)

A média termodinamica é obtida substituindo cos @ por m(u, H,T) nas
equacoes acima. Se os graos sao superparamagnéticos, a componente da
magnetizagao relativa ao longo do campo magnético é dada pela funcao de
Langevin,

0=0410,, oy =

uwH kT

,H,T) = coth < )
Resolvendo o problema classico de uma esfera magnética dentro de uma
matriz metalica nao magnética, podemos obter as médias no volume de um

grao na aproximagao do campo de Lorentz. A solugao é [48]

(44)

By, = {5Ar (1 +m(s, HT) (45)

£ SA Ll - mln B DKy, (40)

(By)v, + Brr, = {501+ Do (][ +m(, 7] (47)

+ Sl D[t - mls B T)IHEy, - (45)

Grudv = {5oe- Ac (01 +m(p, H,T) (19)

4 gom Al = mGs T End, . (50)

na qual

oA () = e 1 D) = e oy
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com

KPP () = o (147 oy p ). (52)

Os coeficientes 7, _ sao as resistividades efetivas da interface entre os graos e a
matriz. Como a condutividade para os elétrons de spin minoritario é menor
do que a condutividade para os elétrons de spin majoritario, k“FF(u) >
CcPP
BT ().
Portanto, as condutividades tém a seguinte forma:

7 o {mzkc—fm[Hm(u,H D)+ §rmsdergy L — mu B 1)y uf ()dp+ 1~ f

= L s O H,T)) + 12w HT i f "
fO {2 1+2kCPP( )[ + m(l% s )] §W_€P(M)[ - m(l% ) )]}luf(lu) p+1 - f
(53)
e sao proporcionais a condutividade da matriz.
Introduzindo os termos positivos
200, (1 [ 3 1 1
_ Omy[ 2 dp+1— 4
n c {I/o 2 T 2kePP(y T T arePP(y) M it 74)
Ll o3 k() A0
- = = - du+1— 55
3 1 ) kE’PP U kCPP U
b = oL [T ) 1T f ) (56

oLy Jo 1+ 2kCPP (1) 1+ 2kSPP ()

a condutividade expressa-se na forma

fo + 2)\051

, 57)
50 & (
na qual A\g = 20,,/cy é o caminho-livre médio na matriz pura.
Portanto, a magnetoresisténcia e a magnetoresisténcia relativa sao
1 & + 200658
Ap=p(H,T) — p(H,,T ——=2 58
A 2+ 2082
MR—=_2P  _ _M , (59)
p(H.,T) & + 2 7o

em que H. é o campo coercivo. Note-se que o valor absoluto da amplitude
relativa da MRG é menor do que 1, pois & > &;.
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Considerem-se os dois limites quando 1 > 2k¢PP(u) e quando 1 <
2k¢PP (). No limite de pequenos k¢EF, & > 2X0¢&7 e, portanto, a con-
dutividade total adquire a seguinte forma:

0 = ( (60)

que coincide com a expressao da conductividade na teoria de Zhang e Levy
(Eq. 82).

Comparando termo a termo as Eqgs. (6-11) na Ref. [9] (Egs. (79-84) com
Eqgs. (54-60), determinam-se as seguintes relagoes entre os correspondentes
parametros:

2
0 = ne‘kp ’ (61)
mep
1 Co
- % 2
o 2052 )0 (62)
1+p; co 3,1 1
= —2 S (—+— 63
Ao a2 T (63)
(367)/3(1 + p?) co 133
= — 0 I 64
N/ a0 21+ 2f) " p(r=Fre), (64)
2pp 1o —1/oy (65)
1+ p} 1jo_+1/oy "’
2p; _ r-—-r4
1+p2  r_+ry (66)

Portanto, quando 1 > 2kJCr_P P(11), a magnetoresisténcia em ligas granulares
pode ser derivada usando o formalismo para currentes perpendiculares ao
plano (CPP) em multicamadas. Este é o limite CPP.

No limite de grandes k¢F, & = 0 e a condutividade total toma a forma

Co
oc=—, (67)
)
que nao depende das direcoes dos momentos magnéticos. Portanto, os elétrons

evitam os graos de grande resistividade e o transporte ocorre principalmente
através da matriz. Este é o limite CNP.
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No limite CPP, as condutividades dos graos sao maiores do que a condu-
tividade da matriz e os graos sao maiores do que um certo tamanho minimo,

3 2 Lo I7V3Y°
limite CPP: 0, >> 20,,, V,, >> VPP = (L977)" = ( IO ) .
Oy — 20,

(68)
No limite CNP, ou as condutividades dos graos sao menores do que a con-
dutividade da matriz (o4 - < 20,,) ou os graos sao menores do que um certo
tamanho minimo (V,, << VZPP). Naturalmente, L{" sdo as escalas de
comprimento relevantes.

Zhang e Levy atribuem o aumento inicial da amplitude da MRG em
funcao da temperatura de tratamento ao comportamento superparamagnético
dos graos menores. [9] Contudo, devido a Eq. (68), essa explicagdo nao é con-
sistente quando as medidas sao feitas a temperatura de bloqueio dos menores
graos. A explicagao correta é que a magnetoresisténcia cai quando a liga esta
perto do limite CNP. [38, 39, 40]

Camblong, Levy e Zhang [47] estabeleceram o formalismo geral da teo-
ria de transporte em meios magnéticos nao-homogéneos baseado na férmula
de Kubo no espaco real e tiveram sucesso em obter a magnetoresisténcia
para as geometrias CNP e CPP em multicamadas. Embora restrigindo esta
abordagem ao formalismo da eletrodinamica classica, foi possivel estender a
teoria de transporte em ligas granulares além do enfoque CPP da Ref. [9] e
as condicoes simplificadoras das Refs. [38, 39, 40].
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5 Precipitacao e Dissolucao de graos de Co
em Cu-Co

Para estudar a precipitacao e a dissolucao de graos de Co em Cu-Co, simulou-
se uma rede cfe com 64 x 64 x 64 células convencionais de aresta ¢ = 0.359
nm, usando-se condicoes periddicas de fronteira. Os sitios sao ocupados por
atomos de Cu e Co e a composicao da liga ¢ Coy = Nog/(Ney + Neg)s
sendo Ney, e Ny, os ntimeros de dtomos de Cu e de Co na rede e Ny, +
Ny = 1048576 (= 4 x 64%). Para simular a interdifusio de dtomos. [50]
aplicon-se a dinamica de Kawasaki, [31] isto ¢, a troca de pares de atomos
vizinhos de acordo com o algoritmo de Metropolis ¢ outros. [45] Embora em
metais reais a difusao seja usualmente mediada por vacancias, o mecanismo
de troca reproduz corretamente os resultados da teoria de Lifshitz-Slyozov-
Wagner que descreve a decomposicio de ligas bindrias. [52, 53] Introduzindo
os valores de spin S¢y; = 0 e S, = 1, 0 hamiltoniano adquire a forma [54]

H = —Ecycg 2 (1-8S)1-8) - Ecoco 2 SiSi
i} {i.3)
Eco-Cy 2 Sill =85} + (1= 8,)S; , (69)
{44}

na qual {i, 7} representa os pares de vizinhos cuja energia de ligacio é E;_;
(i = Cu, Coe j = Cu, Co). Adotaram-se os valores Ecy_cy = 2.932 x ===
erg e B o = ECo-Cu = 2.774 X 1071 erg.

As simulagoes foram feitas a concentracao Cey = 0,10. A configuragdo
inicial foi preparada a partiv da distribuicao alcatdria de dtomos na rede
tratando a liga durante 5000 PMC (PMC = Passo Monte Carlo = tentativa
de troca por sitio) a temperatura ambiente. Esse tempo ¢ longo o bastante
para se formarem graos de Co bem definidos. Entao a temperatura foi ele-
vada e abaixada a uma série de novos valores com o propdsito de estudar a
precipitacao e a dissolucao dos graos.

Introduziram-se trés parametros para caracterizar a estrutura granular
da liga, a saber, a média e a variancia do numero de atomos de Co por
grao (os graos sao os aglomerados conexos ¢ isolados), (ncg) ¢ Angy, ©
o niimero médio de Co vizinhos de dtomos de Co, (V). A Figura 11(a)
mostra a secao transversal da rede na posicao & = 32 a quando a liga esta
ua configuracdo inicial. A distribuicao de tamanho dos precipitados (niunero
de dtomos de Co) é ajustada por wma funcio de distribuicdo log-normal comn
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(noyy = 37,9 e Ang, = 24,4 (Fig. 11(b}). Hi 2768 graos na amostra.
Portanto, a densidade de graos na configuracao inicial é Ng = 2.28 x 10*
graos/cm”®. A compacidade dos aglomerados de Co é dada por (V) =
7,31. E digno de nota que as impurezas isoladas de Co na matriz de Cu néo
sdo magnéticas, ao passo que os pequenos aglomerados sdo mais ou rmenos
magnéticos dependendo de quanto sdo compactos. [55]
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A rodada de aquecimento de 6000 PMC foi feita em seis estagios a T’
= 450, 600, 750, 900, 1050 e 1200 K. A dependéncia ao tempo do tamanho
médio e da compacidade dos graos é mostrada na Fig. 12(a) e a dependéncia a
temperatura ao fim de cada estdgio é mostrada na Fig. 12(b). Imediatamente
depois dos saltos de temperatura, o tamanho médio dos aglomerados e a
sua compacidade diminuem, devido a dissolucao parcial dos graos, até que a
concentracao de Co na matriz atinge o valor de equilibrio a temperatura mais
alta. Logo depois, os precipitados param de encolher e crescem novamente, o
que é um comportamento tipico da liga no intervalo de miscibilidade. [56] O
aumento de tamanho predomina sobre a dispersao de aglomerados até T' =
600 K, os precipitados tornam-se maiores e mais compactos, enquanto a sua
concentracao cai. A temperaturas mais elevadas, a dissolucao de pequenos
graos rapidamente aumenta a concentragao de atomos de Co isolados na
matriz.

As secoes transversais na posicao x = 32 a sao mostradas nos instantaneos
tirados ao fim dos seis estdgios de aquecimento (Fig. 13). Os pequenos aglo-
merados se dissolvem totalmente, a concentracao de Co na matriz aumenta e
os precipitados maiores crescem lentamente. Como a concentracao de atomos
de Co isolados e pequenos aglomerados de Co (nc, < 13) aumenta com
os saltos de temperatura e excede a concentracao de grandes aglomerados,
Ng, é conveniente introduzir outro par de parametros, (n% 0> e An% o bara
caracterizar a distribui¢ao de tamanhos dos graos maiores (nc, > 13). Desde

a configuracao inicial até o final da rodada de aquecimento, Né‘ diminui

enquanto (n% o) € An% , aumentam exponencialmente com a temperatura.
Depois do ultimo estagio de aquecimento, ha somente 86 graos com 54-2522
atomos, mas ha muitos dtomos de Co dispersos na matriz (Tabela 3).
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Dois processos de resfriamento foram simulados. No primeiro, a liga foi
subitamente resfriada de 1200 a 300 K e depois foi tratada por 1000 PMC.
No segundo, a liga foi resfriada durante 1000 PMC em quatro estagios a
T = 1000, 800, 600 e 300 K. As secOes transversais da rede ao final dos
dois processos sao mostradas na Fig. 14. A amostra subitamente resfriada
tem a matriz rugosa, devido a grande quantidade de pequenos aglomera-
dos formados pelos dtomos previamente dispersos. Os graos maiores, agora
com 82-2630 Atomos, sao 0s mesmos graos presentes ao final do processo de
aquecimento. Em contraste, a amostra gradualimente resfriada tem a ma-
triz lisa, porque todos os atomos de Co se juntaram aos precipitados grandes
e compactos, que tém agora 127-3264 atomos (Tabela 3). Portanto, duas
distribuicoes de tamanho compoem a estrutura granular da amostra subita-
mente resfriada, uma grande quantidade de pequenos graos ¢ uma pequena
quantidade de grandes graos, ao passo que uma tnica distribuicao de grandes
tamanhos compoe a cstrutura da amostra resfriada gradualmente (Fig. 15).

Finalmente, ambas as amostras foram aquecidas novamente durante 1000
MCS a T = 750 K. Como esperado, os pequenos aglomerados na amostra
subitamente resfriada se disgolveramn completamente e 08 seus atomos se jun-
taram aos graos maiores. Depois disso, a matriz rugosa tornou-se lisa e
a amostra subitamente resfriada adquiriu a mesma estrutura granular da
amostra gradualmente restriada.
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6 Conclusao

A resisténcia em metais é causada pelo espalhamento de elétrons por atomos
de impurezas e por imperfeicdes na rede (além de fénons). Os modelos
tedricos que estdao em bom acordo com a experiéncia atribuem a magne-
toresisténcia gigante a influéncia do spin sobre esse espalhamento. A cor-
rente elétrica, composta por clétrons com spin para cima ¢ spin para baixo,
¢ transportada cm dois canais que tém diferentes resistividades: os clétrons
com spin paralclo & magnetizacdo sempre sao menos cspalhados do que os
elétrons com spin antiparalelo & magnetizacao. Embora ocorram inversoes
de spin que movem elétrons de um canal para outro, sua escala de tempo é
longa em comparacio com o intervalo de tempo médio entre colisoes.

Em ligas granulares, a distribuicao de momentos magnéticos tem uma
grande influéncia na forma da curva de magnetoresisténcia em funcao da
magncetizacao. Como descrito no modelo CPP? de Zhang ¢ Levy, o cspal-
hamento de clétrons na interface entre os graos ¢ a matriz predomina sobre
o cspalhamento dentro dos graos. Em alguns casos, porm, ha uma grande
discrepancia entre a teoria e a experincia. Simulagoes Monte Carlo indicam
que as diferencas nao se devem nem a anisotropia nerm as interacoes, mas sim
aos limites intrinsecos ao modelo CPP, que nao considera os efeitos classicos
do tamanho dos graos no espalhamento dependente do spin. (3 novo modelo
misto CPP-CINP inclui esses efeitos e mostra que o modelo CPP é vilido
apecnas quando a condutividade nos graos ¢ maior do que a condutividade
na matriz ¢ 08 graos sao maiores do que um certo caminho-livie médio na
interface. Quando essas condicoes nao sao satisfeitas, a magnetoresisténcia
resulta da combinagao das geometrias CPP e CNP. Contudo, o modelo misto
deve ser mais desenvolvido antes de passar pelos testes experimentais.

A magnetoresisténcia gigante jd tem mostrado sua importancia tecnoldgica
em aplicagoes tais como cabecas de leitura magnética € memdrias de acesso
aleatdrio, mas pode vir a ter muito mais usos depois gue seu mecanismo es-
tiver totalmente compreendido [58]. Com efcito, o reconhecimento da assime-
tria entre os dois canais de conducio ¢ a chave que promete abrir toda uma
nova geracao de dispositivos spin-cletronicos [59]. Recentemente, Monsma e
colaboradores [60] no centro de pesquisas da IBM em San Jose, Califérnia,
demonstraram a integracao funcional entre semicondutores e ferromagnetos
intercalando uma multicamada ferromagnética entre dois substratos de Si
para formar um transistor de valvula de spin com uma excelente sensibil-
idade ao campo magnético. Novos dispositivos baseados na corrente spin-
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polarizada estao sendo desenvolvidos para atingir um desempenho que com-
bina a sensibilidade magnética do transistor de Monsma com o alto ganho
de corrente de um transistor bipolar convencional.



Apéndice A: Modelo CPP

Devido a natureza heterogénea das multicamadas, a condutividade medida
é anisotrépica, vale dizer, diferente para os campos elétricos paralelo (CNP)
e perpendicular (CPP) as camadas. Para correntes paralelas as camadas, a
condutividade ¢ definida como

o= %/La(z)dz , (70)

sendo L a espessura da multicamada na direcao z perpendicular ao plano
das camadas. Por outro lado, para correntes perpendiculares as camadas, a
resistividade é

pL= % /L p(2)dz (71)
e a condutividade é I
= )] (72)

Portanto, a geometria CNP é analoga a associagao de resistores em paralelo
e a geometria CPP, & associacao de resistores em série.[57] Quando se inclui
o spin, as duas projecoes contribuem de maneira independente, pelo menos
a temperaturas bastante baixas para que nao ocorra a troca de spin; entao
a condutividade total é a soma das condutividades para as duas projecoes,

0||J_=O'L_+O|‘|LJ_. (73)

No modelo de MRG em ligas granulares proposto por Zhang e Levy,[9]
admite-se que a resistividade seja a média dos espalhamentos no sistema todo
e que o formalismo para a condutividade em ligas granulares magnéticas seja
o mesmo que para a condutividade CPP em multicamadas. A condutividade

é
ne? /1 1
77 om <m * N) ’ ™)
sendo n a densidade de elétrons de conducao e A® (s =1,J) a parte ima-
ginaria da auto-energia dos elétrons de conducao devido ao espalhamento
por impurezas.
No modelo CPP, a magnetoresisténcia origina-se do espalhamento depen-
dente do spin na interface entre os graos e a matriz e dentro dos graos. O
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potencial que da origem a resistividade é expresso na forma:

V(r,6) =S Vms(r—R) + S V™1 +p6 - Si)d(r — RY)

7 a jcq

+ D> Vil +ps6-S,)0(r — RY) , (75)
a sca
em que R;, R e RY sao as posigoes das impurezas na matriz, no grao « e na
superficie do grao a, V™, V;™ e V, sao os potenciais independentes do spin
para as impurezas na matriz, nos graos e nas interfaces, respectivamente, p,
e ps sao as razoes entre os potenciais dependentes do spin e os potenciais
independentes do spin, 6 é a matriz de Pauli e S‘i, S, s80 0s vetores unitdrios
dos spins das impurezas magnéticas.
A matriz de espalhamento é obtida pela Regra de Ouro de Fermi:

A= SISV P+ S IO+ B+ 2pi6 - ML)

a jEq

SNV + p2 o+ 2ps6 - M) | pleg) (76)

a sca

sendo N o nimero total de sitios na rede, p(ep) a densidade de estados no

nivel de Fermi e M, o vetor unitario do momento magnético do grao .
Para simplificar a Eq. (76), introduzem-se os caminhos-livres médios

_ cp/kp
M= (T/Ne) Yt |V;'t|2p(€]§‘) ()

(t = mn, m, s), nos quais V; é o niimero de sitios na rede da matriz, do
grao « e da interface a.

Para fazer a média nos graos magnéticos, supoe-se que sejam esféricos,
isto é, N, = (36m)'/3N2/3, e que tenham a distribuicio de tamanho f (V) (V
denota o volume do grao). Escolhendo o eixo de quantizacao do spin ao longo
do campo magnético aplicado e inserindo a Eq. (77) na Eq. (76), obtém-se:

A* = (ep/kp) (& + s&1) (78)
em que
— 1/3 2 V2/3 V)V
R P wSS U » Moy i L
_ 2epy [VF(V)M(V)AV  2(36m)Bepy [V F(VIm(V)dV 80
S = VI Ma  gvioay &)
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sendo ¢ a concentracao de graos (¢ = f), ap o parametro de rede dos graos e
m(V) é a funcao de Langevin,

I,VH
kT

Substituindo a Eq. (78) na Eq. (74), obtém-se a condutividade na forma:

m(V) = L( ). (81)

ne’kp &
o= . 82
mep G- 8 (&2)

A magnetoresisténcia e a razao da magnetoresisténcia sao

2
Ap = p(H)—p(O)z—%% (83)
Ap _%
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Apéndice B: Programas

/* Ajuste da curva de magnetizacao */

#include <stdio.h>
#include <math.h>

#define T 300.0 /* temperatura em kelvin #*/

double lang(double);
double 1_normal(double, double, double);
double coef(double, double);

double B[3] = {1000 * 1E-4, 1900 * 1E-4, 8000 * 1E-4};
double MAG[3] = {0.648321, 0.787551 , 0.963277};

int main()
{
int i;
double mu, sigma;
double x, mom, mumedio, g, m, c;
double magl3];
float razaol, razao?2;

mu = 6660.0;

sigma = 0.777;

razaol = razao2 = 1.1;

do{

do{

mumedio = mu * exp(0.5 * sigma * sigma);
for (i = 0; 1 < 3; ++1i)

{
g = 0.6717 * B[i] / T;
m=m ¥ g;
mom = (;
x = 0;
doq
X=X +g;
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mom = mom + lang(x) * l_normal(x, m, sigma);
} while (x < mumedio * g);
do{
x=x+ 10 * g;
= mom + 10 * lang(x) * 1l_normal(x, m, sigma);
} while (x < 10 * mumedio * g);

X =x + 50 % g;
= mom + 50 * lang(x) * 1_normal(x, m, sigma);
} while (x < 50 * mumedio * g);

x=x + 100 * g;
= mom + 100 * lang(x) * l_normal(x, m, sigma);
} while (x < 100 * mumedio * g);
mom = mom / (2.5066 * sigma);
magli] = mom;

i
razaol = (MAG[O] / magl[0]) * (magl1] / MAG[11);
razao2 = (MAG[2] / magl[2]) * (magl1]l / MAGI[11);

printf("%.2f %.3f %f  Af\n", mu, sigma, razaol, razao2);
sigma = sigma / (razao2 * razao2);

} while (fabs(razac2? - 1) > 5E-5);

mu = mu / razaol;

} while (fabs(razaocl - 1) > BE-5);

printf("%f %f  %f\n", B[0], B[1], B[2]);

printf("%f %f  %f\n", MAG[0], MAG[1], MAG[2]);

printf("%G %G %G\n", mag[0], magll]l, magl2]);

return 0;

¥

double lang(double x)

{
return (1 / tanh(x) - 1 / x);

double 1_normal(double x, double m, double sigma)

{
return (exp(-0.5 * (log(x / m) / sigma) * (log(x / m} / sigma)));
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}

/* Calcula a magnetizacao e a magnetoresitencia */
/* Langevin e distribuicao lognormal de momentos */

#include <stdio.h>
#include <math.h>

#define T 300.0 /* temperatura em kelvin */
#define MU 5216.31 /* mu_0 em mu_B */
#define SIGMA 0.974
#define ALFA 1000.0

double lang(double);
double 1_normal(double, double, double);
double coef(double, double);

int main()
{
float B;
double x, y, mag, res, mumedio, g, m, C;

mumedio = MU * exp(0.5 * SIGMA * SIGMA);

for (B = 0.0001; B < 1.50; B=B + 0.010) /* B em teslas */
{

g = 0.6717 * B / T;

m= MU * g;

¢ = ALFA * pow(g, 0.333333333);

mag = 0;

= 0;

x = 0;

H
]
wm

|

x = % ¥ g
y = lang(x) * 1_normal(x, m, SIGMA);
mag = mag +* y;
res = res + coef(x, c) * y;
} while (z < mumedio * g);
dod{



x=x + 10 * g;
y = lang(x) * 1_normal(x, m, SIGMA);
mag = mag + 10 * y;
res = res + 10 * coef(x, c¢) * y;
} while (z < 10 * mumedio * g);
dod{

Xx =x + 50 * g;
y = lang(x) * 1l_normal(x, m, SIGMA);
mag = mag + 50 * y;

res = res + 50 * coef(x, ¢) * y;
} while (x < 50 * mumedio * g);
doq
x =x + 100 * g;
y = lang(x) # 1l_normal(x, m, SIGMA);

mag = mag + 100 * y;

res = res + 100 * coef(x, ¢) * y;
} while (x < 100 * mumedio * g);
mag = mag / (2.5066 * SIGMA);

res = res / (2.5066 * SIGMA);
res = - res % res *x 1E-7;
printf("%.3f %.2f %.4f\n", B, mag, res);
}
return 0;
¥
double lang(double x)
1
return (1 / tanh(x) - 1 / x);
}

double 1_normal(double x, double m, double sigma)

{
return (exp(-0.5 * (log(x / m) / sigma) * (log(x / m) / sigma)));

double coef(double x, double ¢)

{
return (1 + ¢ / pow(x, 0.333333333));}
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Apéndice C: Lei de Ohm generalizada

De fato, os campos elétricos e as densidades de corrente sao as compo-
nentes diagonais dos bi-spinors Ej e 72 que estdo ligadas pela relagio linear
(Apéndice A da Ref. [47])

i) = [ B d (85)

Suponha-se que na mais simétrica configuracao quando o eixo de quan-
tizacdo é paralelo a0 momento magnético a Eq. (85) se reduz a forma local
da lei de Ohm,

Jy- =04 Ei (86)
na qual jy = ji ,Ey = Ef eo, =0T etc.
A troca do eixo de quantizacao da direcao do momento magnético para
a direcao do campo advém da rotacao caracterizada pelos angulos esféricos
(0 ,¢) e a matriz

B cos(0/2)  sin(0/2)e
¢= ( —sin(0/2)e®  cos(0/2) ) ' (87)

Os bi-spinors s = E, j transformam-se de acordo com
- 5
I = (C e () (55)
e depois de algumas operacoes algébricas simples adquirem a forma:

g ( sy cos2(0/2) + s_sin?(0/2)  (sy — s_)sin(6/2) cos(6/2)e~* )
T\ (54 —s_)sin(0/2) cos(0/2)e* s, sin?*(0/2) + s_cos? /2 '
(89)
Portanto, os termos diagonais se reduzem as Egs. (35) e (36) e os termos
nao diagonais se anulam com a integracao azimutal.
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Table 1: Superparamagnetismo. Parametros estruturais: momento
magnético médio, desvio padrao, magnetizacao de saturacao, densidade de
graos, distancia intergranular média e raio médio.

o (up) o (up) My (emu/g) N (10*8 grains/cm?®) D (nm) 7 (nm)

a 2453 2661 14.0 5.5 5.7 1.6
b 3662 2750 17.4 4.6 6.0 1.8
c 6740 6009 17.3 2.5 7.4 2.2

Table 2: Histerese. Parametros estruturais: momento magnético médio,
desvio padrao, magnetizacao de saturacao, densidade de graos, distancia in-
tergranular média e raio médio.

o (up) o (ug) M, (emu/g) N (10' grains/cm?®) D (nm) 7 (nm)

a 3470 4923 14.0 3.9 6.4 1.8
b 4800 5360 17.4 3.5 6.6 2.0
7500 8380 17.3 2.2 7.7 2.3

Table 3: Parametros da estrutura granular ao final do estagio a temperatura
absoluta 7. As densidades Ng e Né‘ sao dadas em 10! graos por cm?. ! Con-
figuracao inicial. 2 Amostra bruscamente resfriada. > Amostra gradualmente

. 4 L
resfriada. * Para neg > 54.

T  (nco) Ance Voo (n%o) An%o Ng Ng
3001 37.9 244 7.31 39.9 24.0 22.8 21.3
450 01.2 334 7.68 55.1 327 17.0 8.0
600  74.8 67.6  8.36 97.3 9.9 115 4.3
70 50.3 1043 883 1879 1168 17.2 2.3
900  21.3 95.3 890 3341 2131 406 25
1050 9.7 82.9 847 5448 3858 896 14
1200 5.4 74.2 744 9274  626.6 160.2 0.7
3002 587 2527 9.38 989.6* 647.4* 147 0.74

300% 1263.3 791.5 10.51 1263.3* 791.5* 0.7 0.7
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Abstract

The resistivity of granular ribbons of composition Co;,Cuy, was measured during annealing with different heating
rates in order to follow the kinetics of the transformation of the original samples into the final aggregate with Co cluster
distribution displaying giant magnetoresistance (GMR). These anneals show a clear two step process, associated to
spinodal decomposition followed by nucleation and growth of Co or Co-rich grains. The hysteresis curves and
magnetoresistance for these samples, measured at room temperature, show a clear change in size of the magnetic grains.
The dependence of the magnetoresistance on the magnetization is investigated using a model developed by taking
explicitly into consideration the magnetic moment distribution and the spin-dependent scattering both at interfaces and
within the grains. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 75.70.Pa; 83.70.Fn; 81.40.Ef

Keywords: CoCu; Giant magnetoresistance; Granular alloys

rials, intermediate between small clusters made of
few atoms and the bulk solids. This leads to very
particular magnetic properties, related to the

1. Introduction

Granular solids have attracted much of the sci-

entific and industrial interest in recent years owing
to their magnetic behavior. This stems from the
range of sizes of the grains present in these mate-

* Corresponding author. Tel.: 4 55 51 3166 460; fax: + 55 51
3161 762; e-mail: mbaibich@if.ufrgs.br.

important role of the shape anisotropy that deter-
mines that these particles are essentially monodo-
mains. In this light, one can understand the
appearance of magnetic behaviors that are inti-
mately related to a (random) distribution of mo-
ments of the ferromagnetic (or superparamagnetic)
grains within the non-magnetic matrix. Several

0304-8853/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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effects are known to appear in these conditions,
such as irreversibilities in the magnetic susceptibili-
ties for field cooled or zero field cooled samples [ 1],
and giant magnetoresistance [2].

Many theories have been proposed to explain the
magneto-transport properties of these materials
[3], most of those considering in one way or an-
other, parameters like the concentration of mag-
netic grains (or the average distance between
grains), the size of these grains, electronic mean free
paths for each of the constituents, ratio of bulk over
interface scattering cross sections and lattice con-
stants. The great majority of the models for trans-
port in these inhomogenecous materials accounts
for the need to consider magnetic interactions of
different kinds. The predominance of each of the
possible contributions coming from RKKY or
dipole—dipole interactions is, in fact, determined by
the kind of distribution of magnetic particles [4].

Only recently, a complete study of the influence
of a general distribution of magnetic moments on
the magneto-transport properties was presented,
and it was able to explain the flattened parabolas
observed in the magnetoresistance versus magne-
tization curves without the need of interparticle
interactions [5]. Realistically, both effects should
be present in actual samples, but, up to now, there
are no indications to which extent the flattening
effect comes from the distribution in moments or
from interactions among grains.

Granular ribbons of composition Co;¢Cugg
show giant magnetoresistance (GMR) when heat
treated, usually an anneal at around 450°C for
30-60 min in an inert atmosphere [ 6]; alternatively,
Joule heating can provide good results for mag-
netoresistance by producing a large number of
small Co clusters [7]. Probably owing to the ex-
treme difficulty to study this system through direct
structural measurements, there are few works
which deal with the transformation, upon anneal-
ing, of the metastable state produced by some rapid
quenching technique. However, the study of the
kinetics of the aforementioned transformations
may provide the necessary understanding of the
physical phenomena that govern the GMR in these
materials.

It is widely known that electrical resistivity is
a very sensitive property of solids, closely related

to structure. Although a significant number of
works have been published on transformations in
many systems (e.g. crystallization or relaxation in
amorphous metals [8,9]), to our knowledge this
property has not been yet used to follow the trans-
formations in granular materials displaying GMR.
In this work we make use of in situ resistivity
measurements during the anneals to determine the
kinetics of the involved transformations, correla-
ting these results to the magnetic and transport
behavior of the samples at different stages of the
transformations. This procedure allows us to ident-
ify the two observed processes as an initial spinodal
decomposition, followed by nucleation and growth
of Co-rich precipitates [10].

2. Theory

The giant magnetoresistance in granular solids
is, as in the case of magnetic multilayers, related to
the spin-dependent scattering of conduction elec-
trons. When H = 0 (and there are no interactions)
the magnetic moments are oriented in such a way
that the macroscopic magnetization is zero and the
resistance of both up- and down-spin channels is
high. The external magnetic field acts to align the
magnetic moments of the individual magnetic clus-
ters, leading to a short-circuit effect in one of the
spin-channels, which results in a reduction of the
total resistance of the system [11].

If one considers an ensemble of non-interacting
magnetic moments with the same magnitude y, the
magnetoresistance ratio (AR/R) is found to be dir-
ectly related to the square of the reduced magneti-
zation (m = M/M,) [12]. However, several studies
revealed a deviation from the predicted parabolic
behavior, and have been interpreted as evidence of
the presence of magnetic interactions among the
clusters [13,14], or as a consequence of the distri-
bution of grain sizes [ 15] (or, equivalently, a distri-
bution of magnetic moments).

As is usual in works about granular GMR, and
assuming that the main cause of the deviation is
basically due to the magnetic correlation among
the grains, it becomes convenient to introduce a re-
duced magnetoresistance ratio MR, [14], because
it is expected that, for high external field values, the
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parabolic regime would be followed, even in the
presence of interactions between neighboring
grains. In this way, the MR, versus m curves would
correspond to flattened parabolas for real systems,
whereas they behave as simple (1 — m?) curves in
the absence of interactions [14].

However, we believe that both the magnetic in-
teractions and the distribution of magnetic mo-
ments must be considered to explain the GMR
behavior. Granular systems are indeed very com-
plex, and it is not easy to take into account all the
factors that could contribute for a strong deviation
from the parabolic behavior. As a first step, Ferrari
et al. [5] have studied the influence of the distribu-
tion of magnetic moments on the magnetoresis-
tance behavior, considering the system composed
just by superparamagnetic particles, without taking
into account the magnetic interactions among
grains. Even with these simplifications the para-
bolic law suffers strong deviations, and some ex-
perimental results on CoCu alloys are easily fitted
with the resulting equations. One important point
of this theory is that, contrary to the explanation
using magnetic interactions, the square law is fol-
lowed in the low field region, whereas it is not for
m — 1. Also, from the theoretical model it is pos-
sible to obtain the magnetic moment (volume) dis-
tribution function, and an additional parameter,
which is related with the relative contribution of
interface scattering to the GMR. The main results
of this theory [5] are reviewed here.

Let F(1) be a general distribution function of
magnetic moments in a system of superparamag-
netic grains. The macroscopic magnetization is
given by

M(H, T) = j uL</Z;I>F(#) d, ()

where L(uH/kT) is the Langevin function. On the
other hand, following the ideas introduced by
Zhang and Levy [15], one finds a general expres-
sion for the magnetoresistance ratio:

MR(H, T)

where N is the number of grains per unit volume of
the sample, A4 is a proportionality constant and o is
a parameter directly related to the ratio between
the interface and bulk scattering cross sections. The
presence of the factor au?’? is fundamental to fit the
magnetization curve and the magnetoresistance
data using exactly the same distribution function.
As a matter of fact, the parameter o turns out to be
a good estimate of the predominance of interface
over bulk scattering in the GMR effect [5].

In order to apply the above equations to explain
experimental data one must first consider an ap-
propriate distribution function, usually a log-nor-
mal function:

_ In(y)

1
F(u) = \;Vz—n u exp[ w]- A3)

According to the above definition, the mean
magnetic moment is given by {u> = uo exp(c?/2).
In this way, the parameters p, and o are deter-
mined by a proper fitting procedure applied to the
magnetization curve, while o is estimated by fitting
the magnetoresistance curve.

Simple expressions for the reduced magnetoresis-
tance can be obtained in the high and low field
limits. After some manipulations, one can find a re-
lationship between GMR, and m given by [5]

1 H
?(1 — g’m?) for 'Z—T« 1,
MR, =41 H
u
J_’{l — [ —f1-mJ* forﬁ» 1,
(4)
where the factor fis given by
T+
= 5
A ) ®
and the factor g is defined as
1+ o) Ky
= (6)

= a?y Ky

For the log-normal distribution function, which
is adequately describes the segregated grains in
CoCu ribbons similar to the samples used in this
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Fig. 1. The reduced magnetoresistance as a function of the
normalized magnetization for constant values of uo = 1000 pg
and o = 100 pj/3. The depression of the dependence of MR, with
m? is clearly seen at the low field end.

work [16], one can easily show that 1 <f<

exp(1/36?) and exp(—1/36%) < g < 1. As g < 1, the
MR, versus m curve turns out to be a broad parab-
ola in the low field region, whereas it has a larger
slope than a parabola in the high field limit (be-
cause f > 1). Also, the intrinsic limits of the factors
f and ¢ give an idea of the range of validity of
the proposed model, and flatness larger than
{3y cannot be attributed only to the
distribution of magnetic moments, so correlation
among them must be introduced.

An example of how differences in the distribution
function can modify the reduced magnetoresist-
ance curves is given in Fig. 1, where we kept
constant the values of uy,=1000p; and o=
100 pg?, but varied the value of ¢, namely ¢ = 0.50,
0.75 and 1.00. Notice how the curve flattens down
as ¢ increases, i.e., as the distribution of magnetic
moments becomes broader. The deviation from the
parabolic law is evident, and resembles qualita-
tively the experimental data obtained in CoCu.
Alternative explanation for the deviation can be
given by means of magnetic interactions [14,17],
but the present knowledge about the relative influ-
ence of both effects does not allow one to decide
which is the dominant mechanism giving rise to
such strong flattening of the MR, versus m curves.

3. Experiment

The samples were produced at the Istituto Elettro-
tecnico Nazionale Galileo Ferraris (Torino, Italy),
using a standard planar flow casting technique in
controlled atmosphere, with quenching rates of the
order of 10° K/s. We have measured the resistivity
of Co;(Cug, ribbons during isochronal anneals at
varying heating rates and final treatment temper-
atures. Heating rates (¢) of the anneals ranged
between 2.5 and 7.9°C/min, and the final temper-
ature (T) of the anneals ranged from 400 to 600°C.
In situ measurements of the resistivity of the sam-
ples were performed as a function of time and
temperature, using a home-made four-probe AC
detection bridge capable of 10 ppm resolution [18].

Both the magnetic behavior of the samples (in an
alternating gradient magnetometer) and its mag-
netoresistance were measured at room temperature.

X-ray diffraction of these samples shows results
that are very similar to those previously seen by
others [6,7], displaying practically invisible Co lines.

4. Results

Fig. 2 displays a plot of the reduced resistivity
changes ((Ap(T)/po = (R(T) — R(300 K))/R(300 K),
where R(T) is the sample resistance at a certain
temperature T) as a function of temperature, for
constant heating rates. As can be seen in Fig. 2, the
isochronal heat treatments show a clear two step
process, associated to clear changes on the deriva-
tive of the curves. Here, the selected samples are
identified relative to the stage of the process where
the annealing was interrupted: (a) is ‘as-quenched’;
(b) is with the first transformation incomplete
(T = 400°C, ¢ = 7.9°C/min); (c) is at the beginning
of the second process (T = 500°C, ¢ = 5.4°C/min);
(d) is towards the end of the transformation
(T = 588°C, ¢ = 5.7°C/min) and (e) corresponds
to the second transformation complete (T, =
600°C, ¢ =2.5°C/min). It is worth noting that
sample e was obtained at a much slower heating
rate, showing lower characteristic temperatures
for the transformations. Also, the cooling curves
show no evidence of reversibility of these trans-
formations.
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200 o 400 600
T(O)

Fig. 2. The reduced resistivity of Co,,Cuy, as a function of
temperature for different heating rates ¢ and final temperatures
Ty Sample b: T; =400°C, ¢ = 7.9°C/min; sample c¢: T; =
500°C, ¢ = 5.4°C/min; sample d: T; = 588°C, ¢ = 5.7°C/min
and sample e: Ty = 600°C, ¢ = 2.5°C/min. The as-quenched
state is labeled sample a. The arrows indicate the heating and
cooling branches.

The room temperature magnetization curves,
seen in Fig. 3, show a clear superparamagnetic be-
havior, with a small ferromagnetic contribution
added. The magnetization changes as a function of
annealing conditions, and can be used to obtain the
distribution of moments in the sample, as the mag-
netic grains can be regarded as an ensemble of
magnetic moments. Actual size determination from
this model would require the knowledge of the
magnetization and shape of the individual phases
in the segregated regions.

Fitting of our experimental results to the model
discussed in Section 2 above can be appreciated
in the inset of Fig. 3. In order to understand the
changes produced by the anneals, it is convenient
to analyze the parameters obtained from the fitting
procedure. Table 1 contains the adjusted param-
eters for samples at different stages of the trans-
formation using Eqs. (1)—(3). It can be seen that the
average magnetization of the magnetic particles
increases as the transformation takes place, but
a significant change is seen when the second pro-
cess in the resistivity plots is completed. The num-
ber N of magnetic grains at first increases with the
anneal, up to the end of the first transformation
(with {u) small), then it drops dramatically when
the second process is completed, now with large

10 .
® s -
=
E ol "
8« —e— ]
= —— b
e . .
10} d .
—O0— ¢
-4 2 0 2 4

H (kOe)

Fig. 3. Magnetization of different samples; the superparamag-
netic characteristic of the sample is evident. Inset: Fit of the
theoretical model to our experimental results.

values for (u) (small number of large grains). The
number of magnetically ‘active’ Co atoms in the
samples increases steadily, reaching the limit of all
Co atoms contributing for the magnetization. This
reinforces the notion that, by the end of the second
transformation, virtually no Co is found dissolved
in Cu [19].

The values of the measured magnetoresistance
ratio (MR % = ((R(H) — R(0))/R(0)) x 100) for fields
of up to 0.8 T are also shown in Table 1. As in the
case of isothermal treatments, the magnetoresis-
tance shows a maximum related to an ‘optimal’
nanostructure [6,20]. In our case, this corresponds
to sample d, whose anneal was stopped at the
middle of the second process.

The relation between MR, and m is shown in
Fig. 4, where the depression of the dependence of
the MR, with m? is clearly seen at the low field end.
Notice the close relation between this figure and
Fig. 1, indicating that the observed flattening can
be associated to a distribution of magnetic mo-
ments. In fact, Eq. (2) was used to fit the experi-
mental data using the distribution functions found
from fits to the magnetization curves (see Fig. 4).
This fit provides the value of the parameter o for
each sample. The values obtained for this param-
eter, which would indicate the relative importance
of interface scattering, are very large for these
samples (up to 107 us'?). The fact that « assumes
such large values can be interpreted as an evidence
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Table 1

Calculated parameters obtained from the fits to experimental values. (i) is the mean magnetic moment, M, is the saturation
magnetization, N is the number of grains per unit volume of the sample, MR,% (0.8 T) is the magnetoresistance obtained by Eq. (2),
MR % is the saturation magnetoresistance values of all samples, and u, and ¢ are the log-normal distribution function parameters

determined by the fitting procedure

Stage Ho (1) OX(T) M (emu/g) N (10'7/g) 4 MR;% MR% (0.3 T)
a As made 155 475 3.93 8.90 1.50 —3.27 0.71
b No 2nd 130 406 4.39 11.6 1.51 —4.10 0.73
[¢ Start of 2nd 228 479 14.09 31.7 1.22 —9.13 1.51
d Half of 2nd 1723 2992 16.14 6.20 0.98 —4.56 2.90
e End of 2nd 6820 8760 14.50 1.80 0.71 —2.58 2.36
spinodal decomposition seen in equivalent samples
LO-eeeeee [10,21] under isothermal anneals.
PR SRS @ In studying the transformations in ColQCugo
©o. alloys, Busch et al. [10], using a combination of
. 0.6 o atom probe/field ion microscopy analyses and
-4 “arn transmission electron microscopy, have found that
= 04l Q’e,@ annealing leads to a compositional modulated
"""" parabola microstucture. Their results strongly suggest that
02} 0oc fit a spinodal decomposition occurs at first, forming
o e fit a morphology where alternating Cu-rich regions
0.0 : . : . and areas of a composition up to about 50% Co
0.0 0.2 0.4 0.6 0.8 1.0 . .
M/M appear. At the boundaries of these regions, hetero-

Fig. 4. Fit of MR, experimental data to the theoretical model
for samples ¢ and e.

for the need to extend the theoretical model to
consider also interaction among magnetic grains.
In a previous work [5], the same samples used here
were heat treated by Joule heating, giving values for
o that are closer to the expected values from stan-
dard transport theories for GMR [3]. In the par-
ticular case of Joule heating, by nature capable of
much faster heating rates than conventional an-
nealings, the distribution of the segregated particles
is of a larger number of smaller grains, closer to the
kind of distribution of superparamagnetic particles
required by the theoretical model [5].

5. Discussion

The first transformation, responsible for steep
changes of the resistivity, can be associated to the

geneous nucleation of pure Co particles is ob-
served.

Although the changes in resistivity associated to
this process (below 400°C) are clear from Fig. 2,
neither the appearance, nor the evolution of such
regions can be followed by magnetic measurements
[20]. This is confirmed by our magnetic data, as
seen in Table 1, where no significative changes of
the average magnetic moment are seen up to the
beginning of the second transformation.

Concentrating Co atoms in segregated regions
leads to a decrease of both the resistivity of the
matrix (smaller amount of Co dissolved in it) and of
the random array of Co-rich regions in the matrix.

The second event starts to be noticeable around
420°C. The appearance of this latter transforma-
tion is not due to the structural phase transition for
Co suggested in calculated phase diagrams [19],
where a structural transformation at 422°C (HCP
to FCC) is seen. This conclusion comes from
a number of facts: (a) the temperature of the
transition changes with changes in the heating rate;
(b) no evidence of HCP Co is seen in previous work
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on these samples in the as-quenched state [6]; (c)
HCP Co is not seen in similar samples even for Co
content as high as 50% [22].

We identify this second process, as also seen by
Busch et al. [10], as nucleation and growth. This is
clear from our magnetic data. In fact, the average
magnetic moment obtained from the proposed
model shows, at first, a great number of new Co
magnetic clusters (see the value of the density N
of sample ¢ in Table 1), subsequently becoming
a smaller number of grains with much larger
magnetic moment. This agrees with previous elec-
tronic microscopy results mentioned above.

The analysis of this second process using Kissin-
ger’s method [9,23] in another set of samples
treated at different heating rates leads to activation
energies of 1.92 eV/atom, probably related to trans-
formations connected to the Co-rich structures ap-
pearing at the boundaries of the larger CoCu
regions formed in the first process.

Thus, the first step of the transformation can be
identified as the initial spinodal segregation from
supersaturated solution (made possible by the
ultra-fast quenching [7]), and the second to the
appearance of a nearly pure Co phase [10,16,24].

As a general rule, the transformations induce
modifications in the behavior of the magnetization,
which is less affected by the change in the distribu-
tion of the small sizes end of the momenta distribu-
tion (that behave superparamagnetically). As for
the magnetoresistance fits, the main information to
be gained from this procedure is that, in order to
obtain the experimental values, an extreme import-
ance should be given to scattering at the interfaces
(o ~ 107 ua’?). The value of « is related to the ratio
between interface and bulk scattering cross-sec-
tions, and is usually not greater than 100. The
unrealistic values of o needed to fit the mag-
netoresistance curves stems from the fact that mag-
netization is a property reflecting the average
moment of the magnetic particles, whereas mag-
netoresistance is dependent on the details of the
short-range order in the different phases. In our
particular case, as in other conventional anneals, the
sizes of the magnetic grains are larger than those
found for flash annealed samples, and the model for
flattening on account of the distribution of moments
is not able to explain alone all the observed effect.

6. Conclusions

We have observed, through in situ resistivity
measurements, a two-step process in the annealing
of heterogeneous Co;,Cuy, ribbons. Based on the
results of the fitted magnetization and previous
electronic microscopy results for similar samples
[10,21], the first transformation is associated to
spinodal decomposition induced by the anneal, and
the observed second transformation is identified as
nucleation and growth of pure Co or Co-rich CoCu
metastable phases at the boundaries of the regions
formed by the first process.

The theoretical model [5] applied to interpret
the experimental results gives information about
{1y, o and o for these samples, supposing that there
is a distribution of magnetic moments for the
particles without interaction among them. The
unrealistically large values for o indicate that inter-
action among particles should be considered for
a full description of our results. A fuller account of
the proportion of the effects of each of the contribu-
tions is needed, and we are working in that direc-
tion by studying the transformations for various
concentrations of Co as well as measuring other
magnetotransport parameters.
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Melt-spun Cu—Co ribbons are annealed by linearly varying current Joule heating. During the
annealing, the electrical resistance is measured in order to follow the structural transformations
within the samples. The resistance versus current curves show a characteristic behavior for all
samples studied. This fact is used to specify optimum conditions to obtain the best nanostructure
which displays the maximum giant magnetoresistance ratio. © 1998 American Institute of Physics.

[S0021-8979(98)04521-6]

Giant magnetoresistance (GMR) has been observed in
granular Cu—Co alloys' ™ and subsequently in a number of
other granular metals, where ferromagnetic particles are em-
bedded in a nonmagnetic matrix.** It is generally accepted
that the mechanism responsible for this effect is the spin-
dependent electron scattering within the grains and at their
boundaries.® In most experiments the samples are annealed
to modify the nanostructure, and a maximum of GMR is
observed in the annealing temperature range of 500—550 °C,
as a consequence of the precipitation, growth, and coarsen-
ing of the magnetic particles.””'! What is still lacking, how-
ever, is an effective procedure to control such structural
transformations during the annealing process.

In Joule heating (JH) techniques, an electrical current is
applied to anneal metallic samples, releasing heat and con-
sequently increasing the temperature of the material. These
techniques have been successfully used to anneal amorphous
metallic materials and granular solids, resulting in better
magnetic and mechanical properties.”!'>~'* Owing to the pos-
sibility of obtaining high heating and cooling rates
(=100 K s~ '), pulses of high current are usually applied
(also known as flash annealing), which allows one to obtain
off-equilibrium phases. However, this ‘‘fast’’ Joule heating
hinders the possibility of monitoring the structural transfor-
mations which take place in the samples. This drawback can
be overcome by slowly increasing the applied current and
following the behavior of the electrical resistance R during
annealing, a technique introduced here and called linearly
varying current Joule heating (LVC-JH).

In this communication, we apply LVC-JH to anneal
Cu 99Coyp 19 and Cuggs;Coq 15 melt-spun ribbons. We assert
that it is possible to control the structural transformations
which occur during annealing by the on-line monitoring of
the sample’s resistance. An accurate control can be per-
formed because the resistance behavior is extremely repro-
ducible in all samples studied, independent of fluctuations on
the sample’s width, thickness and initial resistance. The an-
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nealing current / was interrupted at different points of the
R(I) characteristic curve, and structural, magnetic and trans-
port properties were investigated to achieve an optimum
structure which presents the best GMR ratio.

The experimental setup of the LVC-JH is composed of
two pairs of U-shaped contacts used for clamping the ends of
the sample within a small region in order to minimize ther-
mal losses by conduction. The current I, applied by two of
the contacts, is varied step-by-step (increment A7/=0.1 A,
time interval Af=10 s), from 0 to 15 A. The heating rate
AI/At can be properly adjusted according to the dynamics of
the processes observed during the treatment. The voltage
drop V across the sample is measured through the other two
contacts, giving a direct measurement of the electrical resis-
tance R=V/I. During the annealing, the sample is kept in a
5% 1072 mbar vacuum in order to avoid oxidation and mini-
mize convective thermal losses. The measurement is com-
pletely computer controlled, and therefore the on-line analy-
sis of both R(I) and dR(I)/dI curves allows one to precisely
determine at which point the annealing can be interrupted. It
is also possible to specify the way the annealing current is
decreased to zero: slow decrease or abrupt interruption.

The LVC-JH was applied in 0.1 m long ribbon strips of
pure Cu, Cug99C0p 09, and CuygsCop s (average width [
=5 mm and thickness d =50 um) which were obtained by
planar flow casting in vacuum. Figure 1 shows the charac-
teristic R(I) curves. For pure Cu, the experimental data is
fitted using the JH model for metallic ribbons presented in
Ref. 13. In this model, the Joule power RI? is responsible for
the heating of the sample, while radiation is the main heat
loss mechanism. In alloys which display a positive tempera-
ture coefficient of resistance (TCR), an increase of tempera-
ture gives rise to an increase of resistance, and the expected
curve is a parabola such as the one obtained for pure Cu [see
Fig. 1(c)]."* The same model properly fits the Cu—Co curves
for small currents (/<5 A for Cug¢;Coq 19, and 1<<3.5 A for
Cug5Coq,5, see Fig. 1). For higher values of I, the resis-
tance drops as a consequence of the Co precipitation, and a
clear maximum is observed. As the grain size enlarges, the
interparticle separation increases and structural disorder less-

© 1998 American Institute of Physics
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FIG. 1. Typical resistance R vs electrical current I curves for (a)
Cugg5C0g 15, (b) Cugo9Cog 1o, and (c) pure Cu. Arrows indicate the points
where the largest GMR ratios were found.

ens, resulting in the decrease of resistance, down to a mini-
mum. After this minimum, the samples seem to behave again
like an ordinary metal, until another transformation (for /
>11A), probably related to the coalescence of the
precipitates,' takes place. All samples studied (more than
100) have displayed a similar behavior, independent of their
initial resistance, width, and thickness. Actually, for each
composition, the R(I) curves closely follow a universal be-
havior, if one properly normalizes the current and resistance
axes by the corresponding values at the first maximum
(Imax > Rmax)-

Using the characteristic R(I) curve as a guide, we
abruptly interrupted the LVC-JH at different current values,
in order to follow the structural transformations which occur
in these samples. Besides Cu K, x-ray diffractometry, we
have indirectly determined the structural and magnetic pa-
rameters of the samples through magnetic data. The magne-
tization and magnetoresistance were measured at room tem-
perature, using a vibrating sample magnetometer with the
magnetic field H varying from 0 to 1.4 T.

In the initial stages of Co precipitation, the magnetic
grains are small enough to behave as superparamagnetic par-
ticles, and the magnetization curves are accurately fitted by a
superposition of Langevin functions weighted by a log-
normal distribution function. In these cases it is possible to
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FIG. 2. GMR ratio (circles) and saturation magnetization (triangles) as func-
tions of the current at which the Joule heating was stopped /.4, normalized
by the value of current where the first maximum in the R(/) curves occurs
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obtain the magnetic moment distribution and the fraction of
precipitated Co that contribute to the saturation
magnetization. '®

Figure 2 shows the saturation magnetization M, and
GMR ratio [MR=100X(Ry- 1417~ Ry=91)/Rp=or] for
two sets of samples obtained by stopping the treatment at a
certain current /g [Cugg5Coy ;5. Fig. 2(a) and Cugg9Coy 1o,
Fig. 2(b)]. In both plots I,y is normalized by the values of
the current at a first maximum (/,,,,) of the corresponding
R(I) curve. Before the maximum, the saturation magnetiza-
tion remains almost constant (=9 emu/g for Cug 9,Co ;o and
~ 15 emu/g for Cuy5Coy 5, not shown in Fig. 2). After the
first maximum, M, gradually increases, achieving the limit
value (21.9 emu/g for CuygsCoy;s and 15.1 emu/g for
Cuy,99Cog.19) when all Co present in the sample precipitates.
From an analysis of the magnetic data, we infer that the
evolution of the magnetically active Co fraction probably
starts at the inflection point before the first maximum of the
R(I) curve and continues just until the minimum, at which
practically all the Co contributes to the saturation magneti-
zation. The largest GMR ratio occurs for /.,y close to the
minimum in the characteristic R(I) curve (see the arrows
indicating the corresponding points in Fig. 1). In these
points, the estimated mean Co grain size is 1.8 nm for
Cugg5Cop 15 and 1.1 nm for Cug ¢yCoy 1o. After the minimum
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FIG. 3. X-ray diffraction data of the same samples shown in Fig. 1: (a)
Cuy 85Coy,15 and (b) Cugg9Coy g -

in R(I) curves, the magnetization curves of all annealed
samples cannot be fitted by the superparamagnetic model,
and it is observed that the GMR ratio starts decreasing. This
effect is attributed to the growth and coarsening of blocked
magnetic grains. In fact, for high values of I .4 [after the
second maximum of the R(I) curve] the x-ray diffraction
profiles shown in Fig. 3 reveal the fcc structure of the already
large Co grains. The fcc structure was observed indepen-
dently of the way the electrical current was decreased.

The evolution of the sample’s resistance as a function of
the annealing current is successfully used to monitor the Co
precipitation. Generally speaking, all R(I) curves display a
similar behavior, a fact that can be explored to stop the an-
nealing at a convenient point. The results indicate that the
maximum of the GMR ratio occurs when almost all the Co

da Silva, Ferrari, and Knobel

is magnetically active, but the grains are still
superparamagnetic—more precisely, at I.,q/1,,,=1.62 for
Cuy 99Coy 10 and at I 4/1.x=1.72 for CuysCoy 5. Further-
more, it is worth noting that the experimental procedure is
rapid, feasible and extremely reproducible, enabling a pre-
cise determination of the point where the material will dis-
play the best GMR properties.

In conclusion, we employed the LVC variation of the
Joule heating technique to follow the structural (precipitation
and growth of Co grains) and magnetic (saturation magneti-
zation and GMR ratio) properties of granular Cu—Co alloys.
The results indicate that it is therefore possible to establish a
precise criterium to perform optimal thermal treatments. The
reproducibility of the experimental results suggests that some
other properties related to the structure of the material, espe-
cially those of technological interest, can be controlled by
the same method.
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We present experimental magnetoresistance, magnetization, and remanence data for CoCu granular
films obtained by electron beam codeposition, subsequently submitted to a thermal treatment. The
magnetization measurements show coexistence of superparamagnetic and ferromagnetic (or blocked
superparamagnetic) Co grains. By modeling the experimental magnetization curves, the distribution
function of the superparamagnetic particle size, the volume fraction of the blocked part of the Co
particles, and their saturation magnetization are obtained. M plots are constructed using the
remanence curves. A correlation between the changes of the dM parameters and those of the giant
magnetoresistance, caused by the annealing, is discussed. © 1998 American Institute of Physics.

[S0021-8979(98)46811-7]

l. INTRODUCTION

The so-called granular ferromagnetics are composites of
two materials, one of which consists of nanosized ferromag-
netic particles (e.g., Fe, Co) dispersed in nonmagnetic metal-
lic matrix (e.g., Ag, Cu, Au). Since the discovery of the
effect of giant magnetoresistance (GMR) in such systems,'
they have been widely investigated due to their potential for
practical applications and because they can be easily pro-
duced (usually sputtering, coevaporation, melt spinning, me-
chanical alloying, or eletrodeposition), and their microstruc-
ture can be modified by suitable thermal treatment. The
GMR in these granular systems is comparable to the ones
found in multilayers. Extensive studies have been made to
link the GMR response to the structural properties (e.g., in-
terface, particle shape, size and density, intergranular dis-
tances, etc.>*

The GMR effect in these systems is believed to be a
manifestation of the conduction electron spin-dependent
scattering on the local magnetic configuration. Qualitatively,
it is assumed that the scattering probability is proportional to
the correlation degree of the moments of adjacent pair of
granules (u; . pu j>.5’6 The resistance of the heterogeneous al-
loys is maximum in the case of random distribution, i.e., low
correlation of magnetic moments at zero field. The applied
field aligns the magnetic moments (high correlation) thus
decreasing the resistance of the system.’

The magnetoresistive behavior of an homogeneous su-
perparamagnetic (SPM) system has a relatively simple inter-
pretation based on a description by the Langevin function. In
this case it is given by [L(uH/kgT)]?, where H is the ap-
plied field, kp the Boltzman’s constant, and 7 the tempera-
ture. All the theories that use this description predict a de-
pendence of the fractional magnetoresistance on the square
of the reduced magnetization. However, this relation fails in
some granular systems.’ Interparticle interactions® and de-
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pendence of the scattering process on cluster size’!! are the

mechanisms that have been introduced to explain this dis-
crepancy.

The effect of interactions on GMR of granular solids has
been investigated,'> using a model that obtain the moment
configuration in the presence of dipolar magnetic fields. The
GMR effect is found to be lowered by these interactions, and
connected to low-range correlation of the magnetic mo-
ments. In this case, a deviation from the parabolic law is also
observed. In the present work, the influence of the thermal
treatment on the microstructure, magnetoresistance, and
magnetic properties of CoCu codeposited films is investi-
gated. The latter, along with the fact that the GMR for our
samples do not saturate for the maximum magnetic field
available, do not allowed us to use the deviations from the
parabolic law to estimate the interaction effects. We used the
technique based on the SM plot, which has been exten-
sively used recently, because it proved to be very sensitive to
small changes in the remanence produced by interaction be-
tween the magnetic regions of the system.

Il. EXPERIMENT

The 5000-A-thick Co—Cu films with different composi-
tions were codeposited by means of electron beam gun on Si
(111) substrate. The nominal compositions are 10%, 20%,
and 30% of cobalt. Thermal treatment was performed in a
rapid annealing furnace under Ar atmosphere between 100
and 350 °C for 1 h. The magnetization and remanence curves
were measured at room temperature using an alternating gra-
dient magnetometer with the field applied parallel to the
sample’s plane. The magnetoresistance curves were mea-
sured in fields up to 6 kOe using the standard four points
method.

lll. RESULTS AND DISCUSSION

The conventional x-ray diffraction shows a pure fcc Cu
structure, no traces of hcp Co are observed. Due to the small

© 1998 American Institute of Physics
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FIG. 1. (a) D™ and (b) s vs. T,,, obtained from the SPM fit of the
experimental magnetization curves for the samples with 10% and 20% Co
concentrations; (c) The ratio between FM component and total magnetiza-
tion; squares: 10% Co, and triangles: 20% Co. The lines are guide to the
eye.

size of the Co particles and the high lattice coherency be-
tween the fcc Co phase and the Cu matrix, this Co phase
cannot be distinguished.

The experimental magnetization curves show hysteresis.
Here, as in our previous work,13 we consider the samples as
consisting of two magnetic Co phases: (i) noninteracting
SPM particles and (ii) ‘‘blocked’” [interacting and/or larger
ferromagnetics (FM)] grains. The sample magnetization can
be written as M (H)=M"™(H)+ M3™(H). The M3™ term
is a weighted superposition of Langevin functions assuming

the following magnetic moment distribution function'*
N 1 In?(/ )
)=——exp| ———=—|, (1)
flu V2a M 20°

where N is the volumetric SPM particle density, u the par-
ticle magnetic moment, and o the width of the distribution
which differs from the log-normal one by the factor 1/u. The
mean value of w is defined as (u)= u, exp(c/2).

In Figs. 1(a) and 1(b) the values of the mean SPM par-
ticle size, D™, and o used to fit the SPM components of
the experimental magnetization curves are displayed as a
function of the annealing temperatures, T',,, for the samples
with 10% and 20% Co concentrations. Due to the low SPM
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contribution to the total magnetization of the 30% Co
sample, it was not possible to fit its SPM component. The
dependence of the FM fraction, defined as M f M/M,,onT,,
is shown in Fig. 1(c) (the method of estimation of M fM is
described elsewhere)."?

When the particles are sufficiently close to each other,
the magnetic interactions can induce correlation between the
adjacent moments, which may be both Ruderman—Kittel—
Kasuya—Yosida (RKKY) and/or dipolar in nature. We tried
to estimate this effect by using the maxima of the SM
plots, defined in our recent works.'*!> The positive ampli-
tude values, SM% vs T,,, are represented in Fig. 2(a) (the
negative ones almost do not change as a function of T,,,
having values of ~0.2). The inset in Fig. 2(a) shows a rep-
resentative SM % plot (10% Co, T,,,=300 °C). The reduced
GMR values, defined as [R(H)—R(H=0)]/R(H=0), ob-
tained for H,,=6 kOe, are shown in Fig. 2(b).

T ;0 =200 °C does not change significantly the morphol-
ogy, magnetic, and magnetotransport properties of the
samples. Figure 1(c) shows that in this T,,, range, the
samples contain mostly SPM particles, with DS?M~2 nm.
M ; values are rather smaller than M 5C° for bulk Co, indicat-
ing that there is a large number of Co atoms dissolved in the
Cu matrix.

Annealing at higher temperatures up to approximately
300 °C, results in a gradual increase of DS™ and a decrease
of g, i.e., the SPM particles become larger and more uniform
in size. Their number increases as well, as the total M val-
ues increase for all samples at the expense of the atomically
diluted Co in the Cu matrix. GMR is enhanced, reaching its
maximum for 7,,,~300°C for all samples (for H g,
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=6 kOe). This increase could be explained, assuming that
the main contribution to the GMR comes from the random
orientation of the SPM Co magnetic moments:> annealing at
higher temperatures increases the number of SPM particles,
changes their size, and the mean distance between them. The
latter would become comparable to the mean free path of the
conduction electrons, and more selective scattering would
occur, thus increasing GMR. Although the FM fraction in-
creases with increasing T,,,, it remains relatively small and
does not influence the GMR, as observed from the magne-
toresistance curves, which do not show rapid response at low
fields and do not saturated at 6 kOe.

GMR of the samples annealed at 7,,,>300°C de-
creases, despite that the DSP™ and o do not change signifi-
cantly. However, a decrease of the total M is observed for
all samples, which can be explained by the decrease of the
number of the SPM particles, as well as the increase of the
distance between them, so the scattering event become infre-
quent and far apart, thus GMR is small. The decrease of M
is not very clear, but we suggest that some Co is redissolved
in the Cu matrix,'® which is expected to be present at high
temperature.

All M plots are characterized by positive peaks in
low fields and a relatively shallow minima in higher fields.
There are two cases to be considered.

(i) the FM particles are mainly fcc Co, and weak positive
(ferromagnetic, magnetizing) interactions present. This sug-
gestion is supported by the similarity of the shape of the
experimental M plots to that calculated for a disordered
system of noninteracting cubic anisotropy particles with four
easy magnetization axes,'> as well as by the statement of
Kimoto e al.'” and Anno,'® that small Co particles have a
fce structure. In this case, the increase of oM flf by increasing
T .., means that the interactions favoring parallel alignment
weaken, and M ‘ff tends to reach the value of ~0.5 of that
calculated for the noninteracting case plot.'* Thus, the maxi-
mum of the GMR, which is in the same T,,, range where
oM ‘}f is maximum, can be associated with the weaker inter-
actions, even that the FM fraction is not very large, having
its maximum of ~20% for 10% and 20% Co.

(ii) The samples consist of hcp (uniaxial) Co. In such
cases, positive deviations from the noninteracting zero line'®
are attributed to strong FM interactions between the adjacent
grains. The increase of 5M‘1° by increasing T,,, suggests
increase of these interactions, and as result, GMR should be
depressed, on the contrary of what is observed here. There-
fore, we believe that the data support the first suggestion—
the Co is mainly in fcc phase.
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The reduction of M Sif for the higher T,,, can be attrib-
uted not to an increase of the negative interactions, but
mainly to an extinction of the FM phase, as indicated in Fig.

1(c).
IV. CONCLUSION

Experimental magnetoresistance and magnetization data
for thermally treated CoCu codeposited films were reported.
It was obtained that the GMR has maximum of ~3% (for
H ,.,x=6 kOe) when the SPM particles have a specific size
range and their size distribution width is relatively narrow.
Assuming that the Co particles are mainly fcc, a correlation
between the changes of the SM parameters and of GMR is
observed. However, as the relative FM fraction is rather low
in our samples, one should not assume that the magnetic
interactions are the main, determining factor for the GMR
changes.
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Abstract

We have measured the bulk and surface magnetisation and magnetoresistance of granular Co, ,Cu,, ribbons treated
with isochronous anneals, from helium to room temperature and at high magnetic fields. The magnetoresistance of these
materials can be larger than 15% at room temperature and at high magnetic fields. We show that interparticle
interactions are needed for a complete description of the experimental results. © 1999 Elsevier Science B.V. All rights

reserved.

Keywords: Granular materials; Giant magnetoresistance; Superparamagnetism; Nanostructures

Many theories have been proposed to explain the
magneto-transport properties of granular solids [1,9].
Most of the models for electronic transport consider
magnetic interactions as the only source for deviations
from the parabolic dependence of the magnetoresistance
on the magnetisation in monodispersed media [2]. The
influence of an arbitrary distribution of magnetic mo-
ments on magneto-transport was shown to explain, in
some cases, the flattened parabolas observed in the re-
duced magnetoresistance (MRg) versus magnetisation
(m) curves without the need of interparticle interactions
[3]. Nevertheless, both effects should be present in actual
samples. Granular Co;,Cug, ribbons showing giant
magnetoresistance (GMR) were studied recently [4] us-
ing in situ resistivity measurements during the anneals to
follow the transformations, correlating these results to

*Corresponding author. Tel.: + 55-51-316-6460; + 55-51-
319-1762; e-mail: mbaibich@ if.ufrgs.br.

the magnetic and transport behaviour of the samples at
different stages of the anneal. As a complementary part of
the investigation, in this work we have studied the same
samples at high magnetic fields in order to establish the
limits of validity for the noninteracting particles model.
The experimental procedure and analysis were similar to
the previously published work by some of us [4]. The
parameters {|1) (the average magnetic moment) and o
(the width of the distribution) are determined by a proper
fitting procedure applied to the magnetisation curve,
while « (related to the ratio of surface to bulk scattering
rates) is estimated by fitting the magnetoresistance curve.
For the log-normal distribution function, which ad-
equately describes the segregated grains in CoCu ribbons
similar to the samples used in this work [5], the MRy
versus m curve turns out to be a broad parabola in the
low field region, while showing a larger slope in the high
field limit. Alternative explanations for the deviation can
be given by means of magnetic interactions [6,7], but the
relative influence of both effects remains an open
question. In this work, we have measured in situ the

0304-8853/99/8 - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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)
Fig. 1. The resistivity of Co;,Cugg as a function of temperature

for different heating rates shows a clear two step process. The
samples are taken at the stages indicated in the plot.

M (emu/g)

H(T)

Fig. 2. Magnetisation of different samples. The continuous lines
are the fits according to the model described in the text.

(low-frequency) resistivity of Co;oCugo ribbons during
isochronous anneals at varying heating rates (®, between
2.5 and 77°C/min) and annealing times. Both the bulk
(Altering Gradient, DC Squid, Vibrating Sample and In-
duction (at high fields) Magnetometers) and surface (Kerr
effect) magnetic behaviour of the samples and its mag-
netoresistance were measured in fields as large as 35 T in
some cases. Fig. 1 displays a plot of the reduced resistivity
changes Ap/p300 = (R(T) — R(300 K))/R(300 K) (where
R(T)is the sample resistance at temperature 7') as a func-
tion of temperature during the anneals, for constant ®.
The samples used in this work are taken at the stage
marked in Fig. 1, and represent different arrays of par-
ticles of varying size distributions [4]. The room temper-
ature magnetisation curves are seen in Fig. 2 (only some
points are plotted for clarity). The results of the Kerr
effect magnetization essentially confirm the bulk results;
these and additional results for samples of other com-
positions and various annealing procedures are to be
published elsewhere. Fitting of our experimental results
to the model discussed above can be appreciated in Fig.
3, and reveals that this model is unable to explain the

o+
sample ¢
v 300 K
-4r 77K
..... DD‘F“D””
< o
; 8k 20
=
%o
(e
-12f %o,
%o
O o o
0 2 4 6 8 10
H (T)

Fig. 3. Fit of the proposed model (continuous line) to our
experimental results (O) for sample c at 300 K. The insert shows
the behaviour of the GMR at different temperatures.

higher fields behaviour of the magnetoresistance plots,
although good fits of the magnetisation are obtained. The
fitting procedure for the MR plots indicates that either
good fits for the low field region are achieved, leaving the
higher fields region unexplained, or else good fit of the
high field region is obtained, with poor accordance at
smaller fields. This indicates that other effects should be
considered, such as interparticle interactions (dipolar or
other), or the relative size for the electronic mean free
paths as compared to granular sizes or intergranular dis-
tances, to account for the size of the MR effect [8]. If this
effect came from size distribution only, the magnetoresis-
tance could never reach the observed ~ 15% at room
temperatures (a maximum ~ 11% is calculated, both
values for 10 T). It should be noted that, as expected for
GMR materials, the value of the magnetoresistance drasti-
cally increases on lowering the temperature, as seen in the
insert of Fig. 3. Also, GMR in excess of 30% can be
obtained at 4.2 K, and over 25% at 77 K. A proper deter-
mination of the relative influence of each of the effects
should come from a better understanding of the processes
leading to GMR, translated into a theory including all
effects (size distribution, relative distances and interac-
tions), as well as from careful measurements as a function
of frequency to adequately take into account the different
size distributions induced by the different anneals.

Work partially supported by CNPq, FINEP, PADCT,
FAPESP (Brazil). The authors are much indebted to F.
Vinai, P. Tiberto and A. Stantero, from Instituto Galileo
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In granular solids, the magnetoresistance is directly related to the macroscopic magnetization, but this
relationship is extremelly complex due to the distribution of grain sizes and the intergranular magnetic inter-
actions. The dependence of the magnetoresistance on the magnetization is here investigated by means of a
theoretical model that is developed taking explicitly into account the magnetic moment distribution and the
spin-dependent electron-impurity scattering within magnetic grains and at the interface between the grains and
the metallic matrix. Using this model, one can explain large experimental deviations from the parabolic
behavior of the magnetoresistance vs magnetization curves that are typically expected for equal noninteracting
superparamagnetic grains. The expressions for the magnetization and magnetoresistance, obtained for general
distribution funtions, are tested considering a log-normal-type distribution function by fitting on data obtained
from melt-spun CugyCo ;( ribbons after annealing by dc Joule heating. The experimental data are well traced
using just three parameters that determine the particle size distribution, the particle density, and the ratio of the
scattering cross section at the boundaries of the grains to the scattering cross section within the grains.

[S0163-1829(97)06134-1]

I. INTRODUCTION

Since the discovery of giant magnetoresistance (GMR) in
granular solids,'? it was established that the best representa-
tion of the resistance data must be as a function of the ma-
terial magnetization, and not as a function of the applied
field. In fact, magnetoresistance data displaying large hyster-
esis when represented against the applied field seem to lie in
a single curve that resembles an inverted parabola when plot-
ted as a function of the relative magnetization M/M . In-
deed, using simple arguments about a random distribution of
noninteracting magnetic moments of the same magnitude,
one easily arrives at the result that the magnetoresistance
ratio must display a quadratic dependence on the relative
magnetization.” However, numerous research groups have
found that the quadratic law was not followed in several
granular systems. Some experimental results were shown to
follow a parabola in the low-field region, but a discrepancy
appeared when M/M ;~1.2* Other results followed a para-
bolic law in the high-field region, but a clear deviation from
a parabola was evidenced at M/M ;~0 (flat-top parabola).’
A wide variety of arguments have been employed to explain
the deviations from the expected quadratic behavior of an
assembly of superparamagnetic particles, some taking into
account magnetic interactions, others considering some spe-
cific particle distibutions or even the presence of different
magnetic phases.>™!? There are discrepancies concerning the
region where the main alteration of the form of the GMR vs
M/M curve occurs,z’s’lo’I3 and the existing models are still
far from a complete explanation of the observed phenomena.

As a matter of fact, the vast diversity of theoretical and
experimental results concerning the dependence of the mag-
netoresistance on magnetization indicates that, if properly
understood, this kind of plot can reveal important informa-

0163-1829/97/56(10)/6086(8)/$10.00 56

tion about the basic mechanisms of spin-dependent transport
in granular solids. However, due to the inherent complexity
of these systems, this goal must be achieved in a step-by-step
procedure. The first approach to the problem, which we will
deal with in this work, is to consider that the system is com-
posed only of superparamagnetic particles, without taking
into account the magnetic interactions that may be present,
neither of dipolar nor RKKY origin. In the model, we de-
velop in further detail some ideas expressed by Zhang and
Levy.® We introduce the magnetic moment distribution func-
tion and the effect on magnetoresistance of the selective
electronic scattering within the magnetic grains and at the
magnetic-nonmagnetic interface. From the general expres-
sions of the magnetization and magnetoresistance, we obtain,
in the low- and high-field limits, the magnetoresistance as a
function of the relative magnetization and calculate the pa-
rameters that characterize the flatness of the normalized
GMR vs M/M  curve relative to the square parabola.

The theoretical model is tested for heat-treated Cu-Co
melt-spun ribbons, using a log-normal-type distribution func-
tion. The magnetization curves are fitted using two param-
eters, the mean magnetic moment and the geometric standard
deviation of the distribution function. Only one additional
parameter is necessary to fit the magnetoresistance curves,
and it gives an estimate of the relative importance of bound-
ary to bulk scattering in the giant magnetoresistance phe-
nomenon. Some experimental data displaying a distorted pa-
rabola are very well described using this model, indicating
that the distribution of magnetic moments (or particle vol-
umes) has a strong influence on the magnetotransport behav-
ior. However, there is a theoretical limit up to which the
distribution of grain sizes can explain the flatness of the ob-
served curves, and beyond this limit it is not possible to
explain the data using a simple superparamagnetic model. In

6086 © 1997 The American Physical Society
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this case, magnetic interactions must be introduced, consist-
ing of a natural development of the model that will be con-
sidered in future works. For the moment, one can already
extract important information from the magnetization and
magnetoresistance curves, including the particle size distri-
bution and the degree of predominance of interface scattering
over the scattering inside the magnetic grains. From these
results, one can affirm that the distribution of magnetic mo-
ments must always be taken into account in theories that
describe the magnetoresistance in granular solids, although
introducing further complexity into the already complicated
mechanisms that give rise to GMR in these systems.

II. THEORETICAL MODEL
A. Magnetization

Let f(n) be the distribution function of magnetic mo-
ments in a system of superparamagnetic grains. The number
of grains per unit volume of the sample with magnetic mo-
ment between w and p+dup is given by f(u)du.

The magnetization of a system of superparamagnetic
grains in the magnetic field H is described by

) /‘LH
M(H,T)=f pL| == |f(p)du, (1)
0 kT
where L(pH/kT) is the Langevin function:
uH MH\ kT
L(k—T>—COth<k—T _,LL_H. 2)
The saturation magnetization is given by
MFL uf(p)du=N(p), 3)

where (u) is the mean magnetic moment per grain and N is
the number of grains per unit volume of the sample,

N= fxf(.u)du. 4)
0

At this initial point, we would like to stress the difference
between f(u) and the particle volume distribution function
f(v) usually introduced by means of the definition of the
relative magnetization, namely,

M_wa
M, Jo

where I is the grain magnetization, /,= u/v.
From Egs. (1) and (5), we obtain the following relation-
ship between the distribution functions:

I.vH
T )f(v)dv, (5)

fv)dv= Misf(ﬂ)du. (6)

Therefore, f(v)dv is not obained from f(u)dw through a
change of variables like u=17v and should not be simply
interpreted as the density of particles with volume between
v and v +dv, but as the relative contribution from particles
of volume v and magnetic moment u to the saturation mag-
netization. Generally speaking, one does not encounter a

clear distinction between both distribution functions in the
literature and sometimes their meanings are confused, which
may be the cause of rough misinterpretations.

B. Magnetoresistance

The giant magnetoresistance in granular systems is an ad-
ditional resistance due to electron scattering from nonaligned
magnetic grains.*!* The experimental setup is quite simple,
and the electrical resistance R is measured as a function of
the applied field H in a fixed temperature 7. The magnetore-
sistance ratio is usually defined by

R(H,T)—R(0,T)

MR(H,T)= RO

™

It is well established that the basic mechanism giving rise
to GMR is the spin-dependent scattering within the magnetic
grains and at the interface between the magnetic grains and
the metallic matrix. Extensive experimental data have shown
that the scattering at the interface predominates over the scat-
tering within the grain."*!31% A simple relationship between
the GMR ratio and the magnetization can be found if one
considers a system of noninteracting superparamagentic par-
ticles. In this way, assuming that (i) the grains have the same
size and (ii) the field-dependent part of electron scattering is
proportional to the degree of correlation of the moments of
neighboring grains averaged over all configurations, the
magnetoresistance results in being proportional to the square
of the magnetization, MR — (M /M )* (Ref. 3).

In order to introduce the distribution of magnetic mo-
ments, we start with the model proposed by Zhang and
Levy,® in which an expression for the magnetoresistance is
derived using the formalism developed for layered structures
with currents perpendicular to the plane of the layers, and so
we also take into account both scattering mechanisms that
contribute to the magnetoresistance. From Egs. (6), (7), and
(11) of Ref. 6, we obtain the magnetoresistance in the fol-
lowing form:

2

__Al(T g [
MR(H,T)——W{ JO (n+ap )L(k_T)f(M)dM ,
®)
where A and « are proportionality coeficients that do not

depend on H.

Both scattering mechanisms contribute to the magnetore-
sistance expression by means of the factor u+ au®>. The
parameter « is directly proportional to the ratio between the
interface and bulk scattering cross sections and is given by

a=ao(367r)l/3px—)\mly3, 9)
p b)\s
where a is the lattice constant of the grains, p, and p, are
the ratios of the spin-dependent potentials to the spin-
independent potentials, and A; and \,, are the mean free
paths that characterize interface roughness and impurity scat-
tering in grains.®
The saturation magnetoresistance is given by

MR = —A({ )+ af{u??))?, (10)
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where for any number ¢ the mean value of u? is defined by

1 )
<,U«q>=ﬁfo wif(p)dp. (11)

In the next section, we will apply Egs. (1) and (8) to
experimental data obtained from Cuy,Co ;, ribbons. Then, it
will be clear that a~10(u)'"?, a result that supports the pro-
posed mechanisms about the origin of giant magnetoresi-
tance. Our simulations reveal that if we neglect the factor
w+au®3, we cannot trace the experimental data with Eqs.
(1) and (8) using the same distribution function. Also, if one
neglects scattering within the grains and retains only the con-
tribution from scattering at the interface, i.e., if one assumes
that au?3> u, then once more Egs. (1) and (8) cannot be
fitted on experimental data with the same distribution func-
tion. In fact, the calculation of particle sizes from magneti-
zation and magnetoresistance curves was done by von Hel-
molt et al. under a similar assumption (i.e., neglecting the
scattering within the magnetic grains) and they obtained a
difference between the calculated mean particle radii
(rmag=1.2 nm from the magnetization curve and r,=1.0
nm from the magnetoresistance curve) that corresponds to a
large difference of 73% between the mean magnetic
moments.'” By introducing the factor u+ au>?, no such dif-
ference appears between the distribution functions, and the
parameter « can be evaluated as a measure of the predomi-
nance of scattering at the interface over scattering within the
grains.

C. Magnetoresistance vs magnetization

In order to compare the GMR vs M/M curve with the
parabola expected for an assembly of noninteracting super-
paramagnetic particles of the same size, let us now determine
the relationship between magnetization and magnetoresis-
tance in the two limiting cases when the magnetic field is
small and when the magnetic field is high. For small fields,
uH/kT<<1 and thus L(uH/kT)~ puH/3kT. Consequently,
Egs. (1) and (8) reduce to

M=——=N 2 12
3kT () (12)
and

st | rea3)

Taking into account Egs. (3), (12), and (13), we obtain a
quadratic dependence of magnetoresistance on magnetiza-
tion:

(13)

2
<M5/3> M 2
MR=—A{u)?| 1+« — . (14)
(u?y | \M;
For  high fields, MH/KT>1 and therefore

L(uH/kT)~1—kT/uH. In this case, Egs. (1) and (8) ac-
quire the following forms:

M=N{u) - AT (15)
( (m)H
and
203
MR=—A{u)? 1+a<€L >>)

kT 14+ a{u™ 3
(WH 1+ a n¥3)/{ )

x| 1— (16)

Taking into account Egs. (3), (15), and (16), we express
the dependence of magnetoresistance on magnetization in the

following form:
I+a ) 1-f I_Z\TS , (17)

where the factor f is defined by

MR=—A(u)?

_ 1+ a1
L+ ey ()

When the magnetic moment distribution is narrow [in the
limit, f(u)=N3S(u—{u))], both Egs. (14) and (17) have the
same parabolic form, namely,

(18)

2
MR= _A(<M>+Q<M>2/3)2(%) : (19)

However, when the distribution is broad, Eq. (17) differs
from Eq. (14) in the dependence on the relative magnetiza-
tion and also in the proportionality factor, and for high fields
the magnetoresistance curve is not any more a parabola, but
tends to a straight line with the slope 2f X MR;.

Summarizing, we express the normalized magnetoresis-
tance (ranging from —1 to 0) as

M\? H
—g — ~ <1/,
MR M, kT
MR”__MRS_ M 2 (uH |
—1=fl1-— —>
f M, kT
(20)
where the factor g is defined by
1+ a(u)/{(u?
_ T a(u)(w?) @

1+ a(u?)(p)

We can easily show that, for any magnetic moment dis-
tribution and for any value of @>0, the characteristic param-
eters f and g satisfy the following conditions:

P L Vo |V
T s T

Owing to these conditions, the MR, vs M/M curve re-
sults in being a broad parabola in the low-magnetic-field
region (due to the fact that g<<1), but saturates slower than a
square parabola when the field is high (since f>1) [see Fig.
1(a)].
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FIG. 1. (a) Normalized magnetoresistance vs relative magneti-
zation curve calculated for a boxlike distribution function with
w1 =100up, mr=5000uy, and a=80u)"> (dots). Curve (a) was
calculated in the low-field limit and curve (b) in the high-field limit;
the normalized parabola (c) was drawn for comparison. (b) Reduced
magnetoresistance vs relative magnetization curve calculated with
the same parameters. The flatness of both magnetoresistance curves

is characterized by the parameters f=1.39 and g=0.87.

Recently, Allia et al. have introduced the so-called re-
duced magnetoresistance, in order to compare the deviation
from the quadratic law of the experimental data obtained
from different samples.'® The reduced magnetoresistance
(here called MR,) varies between zero (for complete satura-
tion) and one (for a demagnetized sample). Defined in terms
of Eq. (20), the reduced GMR is simply given by
MR,=1/f(1+MR,). The deviation from the reduced pa-
rabola 1 —(M/M)? close to M/M,=0 is larger for larger
values of the parameter f which is a measure of the curve
flatness [see Fig. 1(b)].

We emphasize that, due to the upper limit of f, a flatness
larger than (u ™ "3){u)/(u*?) cannot be attributed only to
the distribution of magnetic moments. Such a large deviation
is sometimes observed, as will be discussed in Sec. IV.

D. Distribution function

In order to clarify the above developed ideas, let us now
consider a boxlike particle volume distribution function
f(v) or, according to Eq. (6), an equivalent magnetic mo-
ment distribution function f(u)=N/In(u,/u,)u defined be-
tween w; and w,. For this distribution, the magnetization
and saturation magnetization given by Egs. (1) and (3) have
an exact solution,lg’19 namely,

kT In(x,sinhx, /x,sinhx )

H In(x, /x;)
a M=NL TN 23
an STUUH In(xo/xy)’ (23)

where x;= u;H/kT (i=1,2).

Unfortunately, there is not such a simple solution for the
magnetoresistance given by Eq. (8), and we shall do the in-
tegration numerically. Figure 1(a) shows the MR, vs
M/M  curves calculated with a boxlike distribution function,
and Fig. 1(b) shows the corresponding MR, vs M/M ; curves
calculated with the same distribution function. The solid line
represents calculations performed with the exact equations
(8) and (23). The dotted line (a) and the dashed line (b) were,
respectively, drawn in the lower and upper limits of the mag-
netic field using Eq. (20), and the inverted square parabola
(c) was drawn for comparison. The approximate curves fit on
the calculated data when M/M,<0.35 [curve (a)] and
M/M ;>0.95 [curve (b)].

We would like to call attention to a detail: Although
MR,, and MR, are equivalent forms to represent the magne-
toresistance, the angle between curves (b) and (c) at the limit
of high fields is larger in Fig. 1(a) than in Fig. 1(b). In other
words, the nonparabolic behavior of the magnetoresistance
curve at high fields is more clearly seen in the normalized
plot than in the reduced plot.

For practical applications, a log-normal particle volume
distribution function f(v) is often assumed. Hence, to con-
form with Eq. (6), we adopt the following magnetic moment
distribution function:

f(pw)= , (24)

which differs from a log-normal distribution function by the
factor 1/u.

According to the definition of (u?) given by Eq. (11), we
have (u?)= ,u,geqz”z/z; in particular, {u)= ,u,oe"z/z. Conse-
quently, we obtain the following expressions for the param-
eters f and g:

— 2
1+ aug 1/361/18 o

= _ _ 7, 8= - _ 7.
1 0 1/3e 5/18 o 1 aug 1/36 5/18 o
(25)

Besides, according to Eq. (22), we can easily show that
I<f<e and e 37 <g=<1.

In the next section, we will fit the magnetization and mag-
netoresistance curves on experimental data using the distri-
bution function given by Eq. (24). The parameters u, and
o will be determined by fitting the magnetization curve and
the parameter «, by fitting the magnetoresistance curve.

— _ 2
l_'_aluo l/Se 11/18 o

III. TEST OF THE THEORETICAL MODEL

The theoretical model developed in the previous section is
tested by fitting Eqs. (1) and (8) on experimental data ob-
tained from melt-spun Cu¢,Co ;, alloys. Continuous ribbons
of CugyCo, were obtained by planar flow casting in a He
atmosphere on a CuZr wheel and then were submitted to dc
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FIG. 2. Magnetization curves for Cu¢,Co ;( samples annealed by 2.0 T T T
Joule heating under a current / during 60 s. (a) /=6 A, fit param-
eters: uo=500up and o=1.16. (b) I=6.5 A, fit parameters: Ho = 3900
=3900u; and =093 ~ 157 ° 7
Mo 127 I ’. o=0.93
Joule heating in a vacuum to induce the precipitation of Co 2 sample b
grains. Magnetization and magnetoresistance curves were z 1.0F iy
obtained at room temperature. Magnetoresistance was mea- g
sured by means of the conventional four-contact technique in
. . . . 0.5H b
the transverse configuration, with the magnetic field applied
in the plane of ribbons, perpendicular to the bias current, up
to H= %20 kOe. Magnetization curves were measured using 0.0
a vibrating-sample magnetometer (VSM) (LDJ, model 0 5000 10000 15000 20000
9500), with the applied field varying between = 10 kOe (see () Wig

details in Ref. 10). It is important to stress that they have
used a unique measurement method to explore the anyster-
etic magnetization and magnetoresistance curves.”’ In this
way, it was possible to exclude the small hysteresis present
in all samples, retaining only the superparamagnetic contri-
bution.

Figure 2 shows the experimental anhysteretic magnetiza-
tion data obtained on two samples after annealing by dc
Joule heating with electric currents of /=6 A (sample a) and
I=6.5 A (sample b) during 60 s. The fitting is shown by the
solid lines calculated using Eq. (1) with the magnetic mo-
ment distribution function given by Eq. (24). As shown in
curve (a), good agreement between experimental data and
calculations is achieved for the sample annealed under /=06
A with the parameters u,=500up and o=1.16. For the
sample annealed under /=6.5 A, the best fitting is achieved
with the parameters u,=3900up and 0=0.93 as shown in

FIG. 3. Magnetic moment distribution functions used to fit the
magnetization curves in Fig. 2. (a) uy=500up and o=1.16, (b)
Mo=3900up and o=0.93.

same samples are shown in Fig. 4, together with the corre-
sponding best fitting curves obtained through Eq. (8) by nu-
merical integration. In order to perform the fitting, we used
the distribution function given by Eq. (24) with exactly the
same parameters obtained from the fitting of the magnetiza-
tion curves and just determined the values of the parameter
a, which resulted in being a= 110,u119/3 for curve (a) and
a= SOM};/ 3 for curve (b).

It is interesting to note that the pure number a'u, 113 ap-
pearing in Eq. (25) is equal to 13.9 for sample a and 5.1 for

sample b. This is the expected behavior, indeed, because,

curve (b). The mean magnetic moments are {u),=980up ol }

and (u),=6010up, which correspond to the mean particle

radii r,=1.15 nm and r;,=2.1 nm, respectively, if /,=1450

emu/cm?® is assumed for bulk fcc Co.!” These results are in 2r i

good agreement with data on granular Cu ¢5Co ;, found in the

literature.'”?%?! Using Eq. (3), we can calculate from the S 4t ®) -

extrapolated values of the specific saturation magnetization

the particle specific densities N,=1.7x10"%g and s (a) i

N,=2.7x10"/g. I o
Figures 3(a) and 3(b) show the magnetic moment distri- 8 . . . . .

bution functions for the two cases described above. Notice -20 -10 0 10 20

the large difference in the abscissa scales, clearly indicating H (kOe)

that as a rule particles in sample » are much bigger than
particles in sample a. As a consequence, the magnetization
and the magnetoresistance tend to saturation for lower mag-
netic fields in sample b than in sample a.

The anhysteretic magnetoresistance data measured on the

FIG. 4. Magnetoresistance curves for the same samples as in
Fig. 2. (a) I=6 A, fit parameters: uy=500uz, o=1.16, and
a=110uy?. (b) I=6.5 A, fit parameters: wy=3900uy, o=0.93,

and a=80u ).
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FIG. 5. (a) Normalized MR, vs M/M, curve for the sample
annealed by Joule heating under an electric current of 6 A during 60
s. Characteristic parameters: f=1.51 and g=0.67. The square pa-
rabola was drawn for comparison (dashed line). (b) Corresponding
reduced MR, vs M/M curve.

according to Eq. (9), the parameter au, 13 is inversely pro-
portional to the particle radius. Presently, we are performing
systematic studies on Cu-Co samples in order to confirm this
interesting trend.

Figure 5(a) shows the normalized magnetoresistance MR,
data plotted as a function of the relative magnetization
M/M  for sample a (circles). The solid line corresponds to
the best fitting obtained through Egs. (1) and (8) by numeri-
cal integration using the distribution function of Fig. 3(a).
The normalized parabola that is expected for equal super-
paramagnetic particles is drawn for comparison (dashed
line). In Fig. 5(b), we show the corresponding reduced MR,
vs M/M, curves. A large flatness is observed around
M/M ;=0 and a large deviation from the initial quadratic
tendency is observed at the saturation point M/M =1. The
flatness parameters f=1.51 and g =0.67, calculated through
Eq. (25), effectively satisfy the conditions given by Eq. (22),
since 1<f<1.56 and 0.64<<g<1.

The MR,, vs M/M ; and MR, vs M/M ; curves for sample
b are shown in Figs. 6(a) and 6(b), respectively. As before,
the flatness parameters f=1.27 and g=0.80 are calculated
by means of Eq. (25) and satisfy the conditions expressed by
Eq. (22), since 1<f<1.33 and 0.75<g<1.

These results are in good agreement with early observa-
tions of Xiao et al.>* revealing a deviation from the qua-
dratic law at high fields.

c -0.4 sample b 7
o
= o6} Ho = 3900 ng T
6=0.93 )
-0.8 + o =80 HBUS h
-1.0F ~
0.0 0.2 0.4 0.6 0.8 1.0
@) M/M
1.0 .
0.8 .
. 06 i
% sample b
0.4
Ho = 3900 pg
0.2 c=0.93
0.0f B -
0.0 0.2 0.4 0.6 0.8 1.0
(b) M/M

S

FIG. 6. (a) Normalized MR, vs M/M curve for the sample
annealed by Joule heating under an electric current of 6.5 A during
60 s. Characteristic parameters: f=1.27 and g=0.80. The square
parabola was drawn for comparison (dashed line). (b) Correspond-
ing reduced MR, vs M/M curve.

IV. DISCUSSION

The agreement of the model with the experimental results
as expressed in the previous section supports the theory of
Zhang and Levy about the predominance of boundary scat-
tering over scattering within the grains and settles the need
for always taking into account the particle distribution. Not-
withstanding, the experimental evidence is not sufficient to
establish the parameter & dependence on the mean magnetic
moment.

Let us now consider the model in contrast to an alterna-
tive explanation of GMR in granular solids found in the lit-
erature. Assuming that the model proposed by Gittleman
et al.? is valid when there are no interactions between mag-
netic particles, the deviation from the quadratic behavior ob-
served at low fields is attributed to the particle interactions
and the independent behavior described by the parabolic law
at high fields is attributed to the high-external-field domi-
nance over the particle interactions. The reduced GMR is
plotted against M/M  in such a way that MR, must behave
as the reduced parabola 1 —(M/M,)? in the absence of in-
teractions and, otherwise, MR, must flatten down close to
M/M ;=0 due to magnetic moment correlations arising from
local fields experienced by the interacting particles (see Ref.
10).

Some experimental results are in fact explained by the
existence of correlations between magnetic moments, and
the presence of strong magnetic interactions is confirmed by
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numerous experimental techniques.ﬂ’25 Furthermore, theo-
retical calculations demonstrate that interactions have a large
influence on the GMR response in granular systems.!%2

Hence, both models, one considering particle interactions
and the other considering magnetic moment distributions,
may describe the observed flatness of the reduced GMR.
However, experiments do not give further support to the out-
lined interaction model. In fact, if the quadratic behavior
were manifested at high fields, the flatness would be inde-
pendent of the MR, adjustment to the reduced square pa-
rabola close to M/M =1. It has been experimentaly ob-
served, however, that the resultant flatness is more
pronounced when the achieved magnetization is larger (for
larger available magnetic fields), and hence the dependence
of GMR on the relative magnetization at high fields is not
quadratic.”® This result is clearly in agreement with the mag-
netic moment distribution model.

In spite of the lack of general validity of the quadratic law
at high fields, the assumption about the existence of correla-
tions between interacting magnetic moments at low fields is
not disproved by experience. On the contrary, the developed
model strongly suggests that interactions may be crucial to
explain the flatness of the GMR curve when the conditions
expressed by Eq. (22) are not satisfied. As a matter of fact,
we applied succesfully Eq. (1) to the magnetization data
measured on a Cuq¢y,Co ;, sample annealed by dc Joule heat-
ing under an electric current of 12 A during 4 s and obtained
the fitting parameters puy=4100up and 0=0.915, with the
distribution function given by Eq. (24). Therefore, this mag-
netic moment distribution function is almost equal to the
distribution function of Fig. 3(b). However, we failed in our
attempt to fit Eq. (8), since the flatness of the observed mag-
netoresistance curve f=2.58 was far beyond the upper the-

oretical limit of ¢”=1.32. From the value of M s deter-
mined by extrapolation, we calculated the particle density
N=8.6X10"/g using Eq. (3). Hence, the concentration of
magnetic grains in this sample is 3.2 times larger than the
concentration in sample b annealed under /=6.5 A, and cor-
respondingly the mean distance between particles is approxi-
mately 1/3 shorter. Beyond any doubt, shorter distances con-
tribute to strengthen magnetic interactions.

Recently, Wiser developed a phenomenological theory of
GMR in granular systems according to which the relative
magnetoresistance varies almost linearly with the magnetiza-
tion due to correlations between superparamagnetic and
blocked particles.”” In our model, all grains are supposed
superparamagnetic (either because they are above the block-
ing temperature or because the effect of blocked grains is
excluded by the measuring technique), but even so we pre-
dict a large deviation from the quadratic dependence. As a
matter of fact, the magnetization curves of granular systems
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display a small hysteresis which may be attributed to blocked
particles even at room temperature or to strong interactions
between the magnetic grains. The granular structure is ex-
tremely complex, indeed, with coexistence of superparamag-
netic and ferromagnetic particles interacting among them.
We believe that complete understanding of GMR in granular
solids will be achieved only when all these factors will be
taken into account.

V. CONCLUSION

A simple theoretical model that takes explicitly into ac-
count the general distribution of magnetic moments was in-
troduced in order to explain the nonparabolic behavior of the
magnetoresistance as a function of the magnetization in
granular systems. The model also considers two different
electronic scattering mechanisms, one within the magnetic
grains and the other at the interface between the grains and
the nonmagnetic matrix, from which it is possible to extract
valuable information about the origin of the dominant scat-
tering events. Introducing a log-normal-type distribution
function, it was possible to test the theoretical model in
Cu ¢Co ;o samples with different grain size distributions. The
results indicate that, for the studied samples, the distribution
of magnetic moments may explain the noncompliance with
the square law of the magnetoresistance as a function of the
magnetization as expected for an assembly of equal super-
paramagnetic particles. Furthermore, the fitting parameters
of the model give relevant hints about the involved physics
behind the giant magnetoresistance phenomenon, including
information about the structure of the granular systems and
the basic scattering mechanisms that occur at the boundaries
and within the grains. However, it is important to notice that
not all experimental data may be explained using the pre-
sented model, because it has inherent limits. In some cases,
strong magnetic interactions appear, and they must be intro-
duced in the model. Systematic studies of samples with con-
tinuously growing grain sizes that are currently being per-
formed will allow us to confirm the ideas expressed in this
paper and to introduce the effect of magnetic interactions
upon the dependence of GMR on magnetization.
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