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RESUMO 

Este trabalho de doutoramento apresenta, principalmente, uma sistemática de experimentos 

de Ressonância Paramagnética Eletrônica (RPE) e suscpetibilidade magnética para estudos das 

propriedades magnéticas de diversos sistemas com alta correlação eletrônica, tais como: 

I) Supercondutores de alta temperatura critica (HTS) 

2) Sistemas de Férmions pesados (HFS), Materiais tipo Kondo e Compostos de Valência 

Intermediária (IV). 

3) Perovskitas que apresentam o fenômeno de magnetoresistência colossal (CMR). 

Nos HFS de Eu2 .• Pr.Cu04, uma sistemática de experimentos de magnetização para O :s; x :s; 

I em monocristais crescidos em diferentes cadinhos, permitiu-nos estudar o aparecimento de uma 

componente de ferromagnetismo fraco (WF) neste materias. Modos Raman "proibidos" foram 

somente observados em amostras que apresentam WF. Neste trabalho concluiu-se que para 

volumes de célula unitária menores que um volume crítico V c"" 181.1 A3 (próximo ao valor de V 

para Eu2Cu04 crescido em Ah03/Cu0), a estrutura T' destes compostos apresenta distorções locais 

nos planos de Cu02 dando origem a componente WF e aos modos Raman "proibidos". 

Para o caso dos HFS RNhB2C:Gd (R= Y, Lu), os valores obtidos para os parâmetros de 

troca <.lrlq}>112 
, extraídos dos estudos da dependência a com temperatura da largura de linha de 

RPE do Gd+3 e do decréscimo de Te com o aumento da concentração de impurezas magnéticas, 

coincidem dentro do erro experimental. Este resultado indica que os compostos RNi~ 2 C (R= Y, 

Lu) comportam-se como um supercondutor BCS convencional. 

Nestes compostos a interação de troca entre o Gd+3 e os elétrons de condução (e-e) mostrou­

se dependende do vetor de onda q, e o parâmetro de troca J1:(0) foi encotrado positivo para (R= Y, 

Lu) indicando que a interação Gd+3 - c.e. é do tipo atômica. As interações elétron-elétron 

(relacionadas com o fator de Stoner), se mostraram significativas para as análises dos espectros de 

RPE. 

Nos estudo de RPE do Gd+3 nos compostos IV de Ybln~ e no HFS de YbAg~ e seus 

compostos de referência (Y, Lu)(In, Ag)CU4, observamos um aumento do g-shift e da taxa de 

Korringa para os compostos de Yb em relação aos de referência. Este resultado é atribuído ao 

aumento da densidade de estados no nível de Fermi existente para os compostos de Yb. 



Para ambos os sistemas acima, a dependência da interação de troca Gd+3 e os e-e com vetor 

de onda q foi introduzida para analisar os dados de RPE. No entanto, somente para o composto de 

IV, YblnC14, interações elétron-elétron, se mostrou significativa para as análises dos espectros de 

RPE. 

Para o estudo dos compostos LulnN4:Gd e Nd, uma contribuição tipo multibanda foi 

necessária para as análises de RPE. O valor da interação de troca entre a RE e os e-e é negativo 

para a banda-d (lrd) é positivo para a banda-s (Jr,). O valor de Jrs é maior para o Nd3
+ em relação ao 

Gd3
+ para ambos os compostos, provavelmente devido ao maior. contato com os c. e., resultado de 

um maior raio das camadas 4f para o Nd3
•. A banda eletrônica d para o caso do compostos de Ni, é 

provavelmente proveniente das camadas 3d incompletas do íon de Ni. 

No composto YBiPt, o ajuste dos dados de susceptibilidade magnética e estudos de RPE 

nos permitiram obter os parâmetros de campo cristalino cúbico A. e ~ para os compostos 

Yo.9Ndo.tBiPt e Yo.9Ybo.tBiPt. Um limite superior para o parâmetro de campo cristalino lb4l-1 Oe, 

obtido da largura de linha, para o caso Gd, foi estimado. Nossos resultados sugerem que pequenos 

valores lb41 podem ser caracteristicos de semicondutores da gap pequeno ou semimetais com baixa 

densidade de portadores. 

Para as diferentes amostras R1.xAxMn03 ( R = La, Pr; A = Ca, Sr) e também para os cristais 

CMR de Lat.2Srt.sMn201, os "loops" de histerese e os "splittings" de linha de RPE ou linhas FMR 

observados foram associados à inomogeneidades das amostras provenientes de uma distribuição 

não aleatória de vacâncias, defeitos e conteúdo de oxigênio, gerando principalmente uma 

distribuição de Te nas amostras, ou para o caso das "layers" a fases extrínsecas provavelmente 

provenientes de fases de Lao+tMnnÜJn+ t com n * 2. 



ABSTRACT 

ln this PhD work, we have performed systematic Electron Paramagnetic Resonance 

(EPR) and magnetic susceptibility studies in severa! Highly Correlated Electron Systerns, 

such as: i) High-Tc Superconductors (HTS), ii) Heavy Fermions (HFS), Kondo Materiais 

and Intermediate Valence compounds (IV) and iii) Colossal Magnetoresistance Perovskites 

(CMR). 

For the HFS Eu2-xPr.Cu04 (O < x < 1) compounds, our results of magnetization and 

Raman experiments were interpreted in terms of local distortioll5 within the Cu02 planes. 

Two forbidden Raman Modes (/MR) were observed in crystals showing a Weak­

Ferromagnetic (WF) component. 

We conclude that the Pt impurities and/or the reduction of the lattice cell volume, V, 

beyond a criticai value, are the origin of orthorombic distortions which in tum are 

responsible for the jMR and WF observed in these compounds. 

ln the rare-earth nickel borocarbides RNi:zlhC (R = Y, Lu), EPR of Gd3
+ in normal 

state (T>Tc) allowed us to obtain the exchange parameter between the rare-earth localized 

magnetic moment and the conduction electrons. This parameter depends on the conductioll5 

electrons momentum transfer lki"- kr""'l = q, i. e. J&(q). 

The temperature dependence of the EPR linewidth yields a value for one of the 

exchange parameters, < Jr.(q)l:>112
, which is in agreement with that estimated from the slope 

of the inicial linear decrease of Te by the Gd3
+ impurities. These results indicated that the 

Rt-xGdxNhB2C (R= Y, Lu) compounds behave as conventional BCS superconductors. 

ln the EPR of Gd3
+ studies in IV YblnC14 and the HFS YbAgC14 and their 

reference compounds, the larger g-shift and Korringa rate were interpreted in terms of the 

enhancement of the density of states at the Fermi levei for the Yb-based. The extracted 

exchange interaction parameter was found to be q-dependent for ali compounds. From the 

EPR and magnetic susceptibility data the electron-electron exchange enhancement factor 

for the YblnC14 was obtained. For the others compounds, including YbAgC14, the electron­

electron interactions were negligible. 

Forthe intermetallic Lul~ (A= Cu, Ni) compounds, our resuhs ofEPR of diluted 

Gd3
+ and Nd3

+ indicate a density of states at the Fermi levei built up of a single s-band for 

the Cu-based compound and a multiple (s and d) bands for Ni-based system. The 



susceptibilty and specific heat data show negligible electron-electron exchange 

enhancement for both compounds. 

For the Cu-based system the exchange interaction between the rare-earth local 

moment and the conduction electrons depends on the conduction electron wave-vector. 

EPR and magnetic susceptibility experiments in the rare-earth (R= Nd, Yb and Er) 

doped cubic semiconducting YBiPt allow us to estimate the fourth (Â!) and sixth (~) order 

crystal field parameters for this compound. lt is found that these parameters are of the sarne 

order for ali the R studied. On the other hand, no crystal field effects were found for Gd3
+ 

doped single crystal system. Consistent with the small gap semiconducting character ofthe 

YBiPt intermetallic compound, a Dysonian ESR lineshape with no g-shift and Korringa 

broadening was observed. 

For the CMR R, .• A.Mn03 (R = La, Pr; A = Ca, Sr) and La1.2SruMn2<h, the 

hysteresis loops and the resonance line splittings or the FMR lines observed above Te are 

interpreted as inhomogeneities in the samples, probably, originated from a non-random 

distribution of vacancies, defects and oxygen content. The origin of the FMR Iines in the 

layered La1.2SruMD207 compounds was attributed to the presence of extrinsic Ruddlesden 

-Poper phases with n-:/= 2. 
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Caoítulo 1 INTRODUCÃO GERAL 

1) INTRODUÇÃO GERAL 

Neste trabalho de doutoramento, foram desenvolvidos estudos das propriedades 

magnéticas de diversos sistemas com alta correlação eletrônica, tais como: 

I) Supercondutores de alta temperatura critica (HfS) 

2) Sistemas de Férmions pesados (HFS), Materiais tipo Kondo e Compostos de Valência 

Intermediária (IV) 

3) Perovskitas que apresentam o fenômeno de magnetoresistência colossal (CMR). 

As principais técnicas experimentais utilizadas para o estudo dos sistemas acima 

foram: experimentos de Ressonância Paramagnética Eletrônica (RPE) numa ampla faixa de 

temperaturas (0.5 K - 600 K) e frequências de 4.0, 9.0 e 34 GHz; experimentos de 

magnetização de (magnetômetro Squid - Quantum Design) e susceptibilidade ac 

(magnetômetro PPMS- Quantum Design). Experimentos de Espectroscopia de Espalhamento 

Raman e Difração de raios-X, foram realizados por colaboradores na própria Unicamp, e 

foram acompanhadas de perto neste trabalho. No entanto, toda a sistemática de crescimento e 

caracterização das amostras, bem como as medidas de propriedades de transporte, foram 

realizadas pelo grupo do Prof. Dr. John Sarrao, em Los Alamos- NM - USA. 

Por fim, este trabalho de doutoramento resultou em uma sistemática de resultados, 

análises e conclusões a respeito das propriedades magnéticas macroscópicas e microscópicas 

destes sistemas de alta correlação eletrônica que estão dispostos nesta tese de acordo ao que se 

segue. 

Nesta Introdução Geral serão encontrados sub-capítulos que descrevem cada um dos 

sistemas estudados, apresentando um resumo de suas propriedades fisicas, dos estudos mais 

relevantes publicados a respeito e da motivação que nos levou a incluí-los neste trabalho. 

O que se segue, no segundo capítulo, é a parte de resultados e análises que, nesta tese, 

será substituída pelos trabalhos de minha autoria ou co-autoria, publicados e submetidos para 

Tese de Doutorado- 1999 
P.G. Pagliuso 
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Caoítulg l INTRODUCÃO GERAL 

publicação em revistas científicas no idioma exigido pelo veículo de divulgação. Este 

procedimento foi permitido, a critério do orientador, pelo artigo 22 da deliberação da CCPG -

001198. 

O terceiro capítulo, entitulado Conclusão Geral, será composto por um resumo de 

todas as conclusões obtidas nos estudos dos diversos sistemas, além dos possíveis 

desdobramentos futuros que estes estudos podem seguir. 

Na sequência temos a secção de referências e finalmente um apêndice. Neste apêndice 

serão encontrados detalhes das montagem e dos aparatos experimentais utilizados para os 

experimentos de RPE para auxiliar aqueles que não são fàmiliarizados com esta técnica. 

Passamos agora, portanto, aos subcapítulos da Introdução Geral. 

1.1) Supercondutores de alta temperatura critica (BTS) 

Duas classes de supercondutores HTS foram estudados neste trabalho: 

1.1.1) Compostos de Euz... PrxCu04 ( O $ I $ 1) crescidos sob diferentes condições 

(Cadinhos de Pt e AlzÜJ e fluxos de CuO e PbO). 

Após a descoberta, por Bednorz e Muller, 1 de que o composto La2Cu04 quando 

dopado torna-se supercondutor (SC), um grande número de experimentos foram realizados a 

fim de caracterizar suas propriedades físicas e procurar sintetizar novos materiais com 

temperatura critica ainda mais alta.Z Muitos modelos teóricos têm sido propostos para explicar 

o mecanismo da supercondutividade nos HTS.3 Uma dificuldade comum a todos estes 

compostos está associada à necessidade de um alto nível de dopagem para que a 

supercondutividade se faça presente, resultando em amostras que nem sempre são 

homogêneas. Portanto amostras bem caracterizadas são fundamentais para o estudo desses 

HTS. Para minimizar este problema, nós realizaremos, quando possível, medidas em 

monocristais de alta qualidade. 

Tese de Dmitorado- 1999 
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Caoítulo 1 JNTRODUCÃO GERAL 

Já é conhecido que correlações magnéticas em 2D entre os átomos de Cu nos planos de 

Cu-O estão presentes nos compostos precursores dos HTS. Eles experimentam um 

ordenamento antiferromagnético (AF) 3D a T N < 300 K, com os spins dos átomos de Cu 

basicamente alinhados nos planos de Cu-0.4-9 TN diminui nestes cupratos quando estes são 

dopandos com elétrons ou buracos. De acordo com o tipo dopagem, SC tipo-p ou tipo-n 

podem ser obtidas. Portanto qualquer mecanismo de emparelhamento para explicar a SC 

nestes materiais deverá levar em conta a correlação magnética entre os átomos de Cu e os 

portadores de carga. 

Os compostos ortorrômbicos (Lai-x-yAxGdy}2Cu04+6 pertencem aos HTS tipo-p. Nestes 

sistemas o íon de Gd3
+ é a sonda de RPE com y = 0.002- 0.01, e A= Sr, Ba, com x =O- 0.15 

e S (teor de oxigênio) são os elementos dopantes de buracos. Nosso grupo, estudando os 

compostos isolantes precursores dos IITS (La1_x_Gd.)2Cu04+a com x = 0.005, ncontrou que os 

espectros de RPE do Gd3
+ levam a um parâmetro de campo cristalino (CFP) de segunda ordem 

muito grande, ~o (-1600 Oe). Alem disto, foram observados linhas extras (splittings) da 

estrutura fina do espectro do Gd3
+ abaixo de T N -255 K.10 

• Estes "splittings" foram 

analisados em termos de um campo magnético de origem dipolar atuando no sítio da RE e 

associado ao ordenamento AF 3D dos spins dos Cu em T N -255 K. Destes dados, o número de 

magnetons de Bohr associado aos Cu foi determinado. Esse número está de acordo com os 

dados de difração de neutrons, -ü.5j.la/Cu. Amostras dopadas com Sr confirmaram que TN 

diminui conforme aumenta a concentração de Sr. O "splitting" das linhas de RPE apareceram 

a temperaturas mais baixas, de acordo com a diminuição de T N.
10 

Os compostos de (LnJ-x-yAxGdy}2CuO-. com Ln = Pr, Nd, Sm, Eu; A = Ce,Th 

(elementos dopantes de elétrons) e Gd (sonda de RPE) são tetragonais e pertencem aos HTS 

tipo-n. Nosso grupo realizou trabalhos também com os compostos (Eu1-xGdx)2CuO.., 11 

medindo os CFP, encontrando linhas de RPE com "splittings" abaixo de TN, como no caso de 

(Lai-x-Gd.)2Cu04+6· Neste composto também associou-se o "splitting" ao campo interno 

devido ao ordenamento AF criado pelos spins dos Cu. O composto (Eu1-xGdx)2Cu04 tem um 

comportamento magnético muito complicado abaixo de T N- Em cristais crescidos em cadinhos 
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Capítulo 1 INTRODUCÃO GERAL 

de Pt e fluxo de PbO, os espectros de RPE dependem da maneira pela qual se resfriam as 

amostras, ou seja, com ou sem campo magnético aplicado. Este comportamento está associado 

ao ferromagnetismo fraco (WF) observado nestes cristais. Esse efeito não foi encontrado em 

cristais crescidos em cadinhos de alumina e fluxo de Cu0. 12 Não obstante, o "splitting" das 

linhas de RPE do Gd3
+ foi observado para T < T N· 

Portanto, uma sistemática de experimentos de magnetização em Eu2-xPrxCu04 (O s; x s; 

1) crescidos em cadinhos de Pt e de Ah03 com fluxos de CuO e PbO, foi proposta neste 

doutoramento com o objetivo de estudar a aparecimento desta· componente WF (cap. 2.1). 

Modos Raman "proibidos" foram observados somente em amostras que apresentam WF. 

Neste trabalho concluiu-se que para volumes de célula unitária menores que um volume 

critico V c "" 181.1 Á3 (próximo ao valor de volume (V) do composto de Eu2Cu04 crescido em 

AhO)I"CuO) a estrutura T' destes compostos apresentam distorções locais nos planos de Cu~, 

dando origem à componente WF e as modos Raman "proibidos". No entanto para as amostras 

crescidas em Pt, as impurezas de Pt substitucionais ao Cu, favorecem as distorções locais nos 

planos de Cu~ permitindo valores de V c de 183.5 Á3 s; V c s; 185.5 N (cap. 2.1). 

1.1.2) Supercondutores Quaternários lntennetálioos RNizBzC (R= Y,Lu). 

A nova série de supercondutores quaternários intermetálicos RNi:zBlC (R = terra­

rara) 13 tem atraldo grande interesse da comunidade cientifica, devido a estes materias 

apresentarem supercondutividade com temperaturas criticas relativamente altas. (Te = 16.6 K 

para R= Lu e Te = 15.5 K para R= Y).14 Anisotropia magnética e coexistência entre 

supercondutividade (SC) e antiferromagnetismo (AF) associado às terras-raras R (com TN < 

Te ou TN >Te )1s-17 é motivo de grande interesse nos estudo destes materias, alguns deles 

chegando a apresentar inclusive reentrância no estado normal. 

A estrutura magnética modulada, obtida por experimentos de difração de nêutrons, no 

composto HoNhB2C1
5-

17 para temperaturas entre TN"" 5 K e Te ""7.5 K, e a supressão da se 
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Capítulo 1 INTRODUCÃO GERAL 

com a substituição de Dy por Lu em DyNhB2C foram interpretados em termos de um "pair 

breaking "magnético para os compostos RNi~C (R= Er, Dy). 

A estrutura destes compostos é tetragonal (grupo espacial 4/rnrnrn) com camadas de Ni 

perpendiculares ao eixo-c. Esta estrutura é similar à estrutura dos óxidos supercondutores de 

Alta-Te. No entanto, nenhum ordenamento AF ou correlações magnéticas entre os spins de Ni 

foram encontradas nestes compostos. Além disso, cálculos de Estrutura de Banda Eletrônica 

sugerem que os compostos RNi~C são metais 3D "d-band" e que a SC é mediada via 

mecanismo convencional BCS elétron-fónon. Evidências experimentais para isto são dadas 

por experimentos de Espectroscopia de Tunelamento18 e efeito isotópico. 19 

É conhecido que estudos de RPE de terras-raras (Gd+3
) corno impurezas magnéticas 

diluídas, no estado normal de supercondutores tipo BCS, possibilitam determinar parâmetros 

de troca entre o momento localizado da impureza e os elétrons de condução (e-e). E sabe-se 

também que este parâmetro de troca obtido da variação da largura de linha de RPE com a 

temperatura é o mesmo extraido pela variação de Te com a concentração de impurezas 

magnéticas de acordo com a teoria de Abrikosov and Gorkov (AG).20.21 

Tendo isto em mente, planejamos e realizamos estudos de ESR de Gd+3 no estado 

normal dos compostos RI-xGdxNi2B2C (R= Y, Lu). (cap. 2.2) 

1.2) Sistemas de Férmions pesados (HFS) e Compostos de Valência Intermediária (IV). 

Uma classe. de materiais metálicos muito interessante que vem sido estudada há vários 

anos,22 são os férrnions pesados (HFS) ou metais de elétrons pesados. Em alta T seu 

comportamento é indistinguível de outros compostos de terras-raras (RE) ou actinídeos com 

momentos localizados proveníente de camadas eletrônícas parcialmente preenchidas. Quando 

a T diminui eles não se ordenam magneticamente corno usualmente acontece, mas alguns dos 

elétronsftornan-se itinerantes formando uma espécie de estado metálico. 

A problemática teórica sobre corno esse estado aparece a partir dos elétrons f continua 

sendo um problema muito estudado no momento. A questão fundamental é corno urna banda 
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Capítulo 1 INTRODUCÃO GERAL 

de elétrons pesados pode ser descrita. Momentos localizados ativos em RPE, colocados em 

matrizes HFS, podem resultar numa sonda magnética de muita utilidade para esclarecer a 

natureza destes materiais. Apesar do grande esforço teórico e experimental que tem sido 

realizado ainda está em falta o entendimento completo das propriedades dos HFS. 

Em baixas T, os HFS são caraterizados por um comportamento anômalo na 

dependência com a temperatura do calor específico que tem os valores da contrubição 

eletrônica, y, largamente aumentados, o que é normalmente atribuído a um grande aumento na 

densidade de estados eletrônicos no nível de Fermi, ll(EF) . Quando impurezas magnéticas são 

diluídas num metal simples, tal como a Ag, a linha de RPE possui um deslocamento do valor 

de g (g-shift) proporcional a .J.11(EF ), e uma relaxação para os spins dada pela relação de 

Korringa I/yT2 = 1tlh(J.ll(EF))2kaT, onde J é o parâmetro de troca e T](EF) é a densidade de 

estados eletrônicos no nível de Fermi do metal hospedeiro. 

Nos HFS pode haver uma banda eletrônica estreita com largura comparável a kT. Logo 

pode-se esperar que a relação de Korringa não seja mais válida, mas parte da alta densidade de 

estados poderia se manifestar na dependência com a temperatura nos dados de RPE. Não 

obstante pode acontecer que, qualquer que seja o mecanismo que resulte numa dependência 

forte com a temperatura da densidade de estado ll(EF) obtida a partir do calor específico, ela 

não se manifeste na relaxação dos spins dos momentos localizados, como encontrou-se nos 

·casos de UBe13 e UPt3 dopados com Dy3+, E~ e GdH_:u-25 

Pode-se esperar uma grande redução efetiva na densidade de estados no sitio do 

linha nos dados de RPE. Não foi encontrado mudança nem na posição da ressonância nem no 

comportamento de Korringa. Em resumo, parece que os momentos localizados substituindo o 

U em UBe13 e UPt3 simplesmente não estão acoplados ao sistema de férmions pesados. Isto 

contradiz os experimentos de NMR no Be de MacLaughlin, et ai. 26 Isto é surpreendente já que 

a interação de troca entre os momentos localizados e os elétrons de condução possuem atuam 

de manira similar que a interaçlo hiperfina do momento nuclear do Be com os elétrons de 
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relativamente distantes dos momentos, para NMR- 3 A e para RPE- (4-5) A. Não obstante 

para os núcleos leves, como Be, acoplados diretamente via a interação dipolar seria suficiente 

para providenciar uma relaxação suficientemente rápida devido a flutuação dos momentos 4f e 

5f. Ele tem sugerido que o acoplamento dipolar anterior seria suficiente para explicar a 

relaxação em NMR do Be em CeBen e UBen . Pelo contrário, o acoplamento dipolar não 

poderia explicar a relaxação de núcleos pesados, tal como 119Sn em CeSn3, os quais possuem 

uma relaxação muito forte devida ao acoplamento no sítio com os elétrons de condução. 

Também não contribuiria para relaxação do E?+ em UBe13 e UPt3 onde a contribuição 

principal deveria vir do acoplamento RKKY com os elétrons pesados e no sítio, pela interação 

de troca com os elétrons normais. Finalmente os cálculos sugerem que a falta de êxito, até o 

momento, no uso da técnica de RPE para o estudo dos elétrons pesados poderia ser eliminada 

naqueles compostos HFS com ordem magnética. 27 

Simanek e sasallarl(8 tem calculado a relaxação de Korringa para momentos 

localizados em HFS utilizando o modelo de Yoshimori e Kasai.29 

Eles concluíram que a relaxação não seria afetada por férmions pesados 

renormalizados, em acordo com outros resultados. 23-
26 

r<.n1lO r<"'\ li . ' 

uma redução relativamente grande na densidade de estado no sitio da RE foi observado no 

RPE relativo aos compostos análogos de La. O mecanismo físico sugerido para este caso foi a 

hibridização entre os estados localizados de Ce-4f e a banda de condução. A hibridização 

produziria uma delocalização dos estados de Ce-4f e uma repulsão dos estados eletrônicos de 

condução nas vizinhanças dos estados Ce-4f30.3 1 Não obstante não há um acordo total com 

respeito a esta explicação, já que em outros compostos de valência intermediária tais como 

CeBe13,
32 Celr2,

33 e YbCuA1,34 a relaxação de Korringa das impurezas foi encontrada 
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Capítulo 1 INTRODUCÃO GERAL 

inalterada ou ainda um pouco aumentada relativamente aos compostos de referência de 

valência não intermediária. 

Enfim, foi proposto neste doutoramento pesquisar uma série de sistemas novos, 

cuidadosamente escolhidos, para que a técnica de RPE permita uma contribuição relevante ao 

destes sistemas de elétrons pesados. Passamos agora a uma descrição particular de cada um 

deles. 

l.:Z.l) Compostos de Yb com estrutura de AuBes 

A estrutura de AuBes é cubica fcc, conhecida como fases cúbicas de Laves (ClSb, 

F43m) com a formula genérica AB2. Na estrutura ClS, os átomos A ficam numa rede de 

diamante que pode ser pensada como duas redes fcc deslocadas em (114, 114, 114). Na 

estrutura AuBes, diferente da C 15, uma das redes fcc é substituída por um terceiro átomo ( e.g., 

X) para dar a subestrutura de zincoblenda AX com a formula genérica AX84. Propomos 

estudar uma série de compostos de Yb com a formula genérica YbXCll4. para pesquisar as 

idéias acima discutidas. 

Os dois materiais mais estudados neste grupo são YblnCll435 e YbAgCll4.36 O primeiro 

apresenta uma transição de primeira ordem isoestrutural com uma expansão volumétrica a T = 

40 K, o segundo é um composto classificado como rede de Kondo com temperatura 

carateristica de - ISO K. A descoberta da transição de primeira ordem isoestrutural com 

mudança de volume no YblnCu4 foi feita por Felner e Nowik?7 Eles encontraram que a 

transição se dava entre T = 40 K e 80 K na liga de Yb . .Jn.6Cu2, suposta ser Cl5.38 Os átomos 

de Índio substituem um sítio particular para formar o composto AXB4, de tal maneira que 

experimentos podem ser realizados numa rede quimicamente melhor ordenada.35 Felner e 

Nowik mostraram que a transição de fase produz uma expansão volumétrica de 0.45% ao 

esfriar o composto sem mudança estrutural. Simultaneamente, uma grande queda na 

resistividade elétrica e susceptibilidade magnética, x, de uma lei do tipo Curie-Weiss a altas 

temperaturas, com momento magnético perto do esperado para um íon na configuração r3, J = 
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Capítulo 1 INTRODU CÃO GERAL 

7/2, para um paramagnetismo de Pauli a baixas temperaturas. Os valores da suceptibilidade x, 
- 0.005 emulmole-Yb e o calor especifico38 abaixo da transição - 55 mJ/mole-K2

, são 

consistentes com um ion-f de valência intermediária com temperatura carateristica de, T - 400 

K - SOO K. Experimentos de NMR39 também mostram uma abrupta mudança no acoplamento 

hiperfino. Finalmente resultados de absorção de raios-X Lm foram interpretados em termos da 

mudança da valência, dez= 2,9 acima da transição para z = 2,8 embaixo da transicao.38 Por 

outro lado o composto isoestrutural de YbAgC114 é um material tipo rede de Kondo que não 

apresenta a transição de fase de primeira ordem. 36 Sua temperatura carateristica é da ordem de 

ISO K. Foi interessante também estudar este sistema para ver como as propriedades mudam 

quando comparadas com aquelas do YblnC114. 

As transições de fase de primeira ordem isoestruturais encontradas em YblnC114 e no 

Ce metálico são extremamente raras. Seria apropriado perguntar porque isto acontece. Como 

foi proposto para outros HFS, a energia ganha da condensação de Kondo não é suficiente para 

vencer a energia de deformação que aparece na mudança de volume. Os compostos de Yb 

formam uma ampla gama de materiais interessantes que possibilitam o estudo das 

propriedades tisicas longe da transição de fase. Por outro lado estas transições de fase são 

acessíveis em temperatura e composição, além de que monocristais de alta qualidade podem 

ser preparados com relativa facilidade. Estes sistemas são mais simples que o do Ce metálico 

devido a que o Ce possui a fase-B de simetria mais baixa, e também a temperatura de transição 

e bem menor no YblnC114 que no Ce. A concentração de RE é mais diluída nos compostos de 

Yb. Portanto os resultados podem ser comparados com mais confiabilidade com os dos 

compostos de referência. Finalmente os problemas severos de oxidação do Ce não estão 

presentes nos compostos de Yb. 

RPE de Gd3
+ em YbXCIL! com X = ln, Ag e seus compostos de referência YXC114 e 

LuXC114 foram realizados para os estudos acima propostos. Nossos resultados de RPE de 

Gd3+ em RlnC114 (R= Yb, Y, Lu) e RAgC114 (R= Yb, Y, Lu) mostraram um alargamento da 

largura de linha e um deslocamento do valor de g muito maiores para os compostos de Yb, 
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Capítulo I INTRODUCÃO GERAL 

consistente com uma maior densidade de estados eletrônicos no nível de Fermi para estes 

compostos. (cap. 2.3, 2.4). 

Além destes, outros compostos ínterressantes são os isostruturais RlnNi4• ( R = RE). 

Recentemente, medidas de propriedades de transporte, susceptibilidade magnética em função 

da temperatura, pressão e campo, realizadas no composto RlnN4 mostrarm uma fase 

ferromagnética para T < 3 K, com um incremento do calor específico eletrônico a baixa 

temperatura além de fortes efeitos de campo cristalino. 40 Os estudos de calor específico 

eletrônico, magnetização e resistividade apontam um estado fundamental r1, com um 

"splitting" de campo cristalino da ordem de- 110 K.40 

Com o mesmo espírito dos discussões anteriores, medidas de RPE de GdH e Ndl+ 

inicialmente nos compostos de referência LuinNi4 (cap. 2.5) foram realizadas. Os resultados 

de RPE obtidos foram interpretados em termos de uma densidade de estados no nível de 

Fermi constituída por um sistema de multi-banda de s. As medidas de calor específico e 

susceptibilidade magnética mostraram que as interações elétron-elétom podem ser 

desprezadas para este sistema (cap. 2.5). 

1.2.2) Compostos de Yb com estrutura de MgAgAs 

O composto cúbico de YbBiPt possui a estrutura cúbica do MgAgAs (grupo espacial 

F43m), chamada ligas de Heusler.41 Esta estrutura contém uma fórmula por célula primitiva 

sendo a célula primitiva romboédrica preferida frente à célula unitária fcc.42 Os átomos estão 

localizados em três dos quatro sítios ao longo da diagonal [III] com simetria de grupo pontual 

tetraédrico e o quarto sítio pode ser pensado como uma vacância ordenada. Canfield e seus 

colaboradores4
3-16 estudaram YbBiPt detalhadamente. Eles o chamaram "super-heavy 

fermion", devido a que possui o maior coeficiente linear conhecido no calor especifico, y = 8 

J/mol K2
, o qual e' uma ordem de grandeza maior que os férmions pesados tipicos47 e três 

ordens de grandeza maior que os metais convencionais. 
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Devido ao composto de Yb, toda a série RBiPt ( R= RE) foi recentemente muito 

estudada. 4
3-46 A maioria destes materias são semicondutores de gap pequeno (A= O. I -0.01 

eV) que uma evolução de para um comportamento métalico quando R é variado através das 

RE. Esta sistemática mudança de um comportamente semicondutor para as RE leves, para um 

comportamento metálico as RE pesadas é atribuído à diminuição do parâmetro de rede quando 

R é variado na sequência da série das RE. Portanto, é provável que os efeitos de campo 

cristalino sejam importantes para o entendimento das propriedades tisicas deste materias. 

Experimentos de RPE das terras raras R = Gd3+, Er+, e Nd3+ diluídos nos compostos 

Y, .• R.BiPt foram realizados durante este doutorado. Sabendo-se que o quarteto rs(Jl e' o 

estado fundamental do Er+ em YBiPt, 48 enquanto para Nd3+ e Yb3+ os estados fundamentais 

obtidos foram um r6 e um r1, respectivamente. (cap.2.4) Além destes estados fundamentais, 

medidas conjuntas de EPR e susceptibilidade magnética para YBiPt: Gd, Nd, Er permitiu-nos 

obter os parâmetros de campo cristalino cúbico A4 e~ para YBiPt. (cap. 2.6) Estranhamente 

nenhum efeito de campo cristalino foi observado nos espectros do Gd3+ em YBiPt. Neste 

trabalho sugerimos que, aparentemente, algum mecanismo de blindagem se faz presente para o 

caso do Gd3+ em presença de um campo cristalino .cúbico em uma matriz de caracteristicas 

semicondutoras de gap-pequeno, onde é baixa a densisdade de portadores.49
• 

50 Os estudos de 

RPE para Nd+3 e Gd3+ em YBiPt não mostraram nenhuma variação da largura de linha com a 

temperatura e nenhum g-shift, consistente com o caráter semicondutor (gap pequeno) do 

composto. (cap. 2.6). 

É válido afirmar que nenhuma ressonância do Yb3+ foi obervado no composto Y ,_ 

x YbxBiPt ( x = O. 5, I, 5 e 1 O %), tampouco ressonâncias do Nd3+ no compostos composto Yb,_ 

.Nd.BiPt ( x = 0.2 e 0.5 o/o ). Possíveis explicações para isto são dadas no capítulo 2.4. 

1.3) Perovskitas que apresentam o fenômeno de magnetoresistência colossal (CMR). 

Recentemente um renovado interesse recaiu sobre as manganitas com estrutura das 

perovskitas R1.xBxMn03..a onde R = La, Pr, Nd, e B = Ca, Sr, Ba, Pb devido a estas 
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apresentarem uma resposta gigante magnetoresistiva, chamada magnetoresistência colossal 

(CMR) que pode ser de grande interesse tecnólogico. 51 Experimentos realizados com filmes 

finos do composto Lao.67 C11o.33Mn0352 registraram um efeito de magnetoresistência (MVRH) 

de até 3 .300"/o . 

O composto estequiométrico de LaMn03 é um semicondutor que se ordena 

antiferromagneticamente (AF) e muda para um metal ferromagnético (FM) na faixa de 

composições de 0.2 < x < 0.5. 53 Foi sugerido há muitos anos que o FM nestes compostos pode 

ser explicado na base do modelo de Zener de dupla troca (double exchange (DE)) entre os 

pares de Mn3
+ and Mn4

+.
54 Muitos trabalhos recentes afirmam que somente o mecanisno DE 

não é suficinte para explicar as propriedades tisicas deste materiais. 

A J. Millis et ai. 55 propuseram um forte acoplamento elétron-fónon proveniente de um 

"splitting Jahn-Teller" do nível d do átomo de Mn +l , em adição ao modelo de dupla-troca para 

explicar o comportamento da resistividade dos compostos La,.xSrxMnOJ. 

H. Y. Hwang et ai. 56 realizaram experimentos com estes compostos substituindo o 

átomo de La por outras terras raras, encontrando uma relação direta entre o raio atômico da 

terra rara , a temperatura de ordenamento (T c), e a intensidade do efeito magnetoresistivo. 

Este resultado mostra que a noção de interação dupla-troca deve ser generalizada para incluir 

efeitos de rede, que causam mudanças nos parâmetros de "saltos" dos elétrons entre os 

átomos de Mn como resultado das mudanças no ângulo da ligação Mn-0-Mn. 

A Asamitsu et ai. 57 mostraram que transições estruturais podem ser inclusive 

induzidas através da aplicação do campo magnético externo e, recentemente, outros autores 

acreditam que ordenamento de carga que ocorrem acima de Te são importantes para o 

entendimento das propriedades fisicas destes materias. 

Experimentalmente a relação de Mn3+/ Mn4+ pode ser modificada mudando, através do 

nível da dopagem, x, ou do teor de oxigênio, li, produzindo portanto uma variável muito 

interessante para o entendimento das propriedades físicas deste materias. No entanto, em 

alguns casos estas variáveis podem gerar amostras bastantes inomogêneas, com distribuição 

inomogênea de oxigênio, vacâncias no sítio da terra-rara, entre outros defeitos. Muitas vezes 
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efeitos extrínsecos devido a presença de inomogeneidades podem ser erroneamente atribuídas 

a propriedades intrinsicas do material. RPE pode ser um método muito útil e bastante sensível 

para avaliar a homogeneidade das amostras (caps. 2.7 e 2.8). Dentro deste trabalho, portanto, 

as medidas de RPE serviram apenas com "teste de qualidade" das amostras não nos 

permittindo portanto extrair e estudar parâmetros e propriedades intrinsicas a estes sistemas. 

Ainda de dentro destas classes de materias, passamos a estudar também as perovskitas 

laminares de LauSr1.:zMn2<h. Estes materias possuem estruturas tetragonais semelhantes aos 

supercondutores de alta-T c com octaedros de Mn-0 intercalados com planos de LazOz. 58 

Kimura et. ai. observaram duas transições magnéticas neste material para Te- 125 K e 

T c - 280 K. 59 Estes atribuíram a transição de alta temperatura uma transição magnética 

bidimensional associados aos planos de Mn. Potter at. ai. observando as mesmas transições 

interpretaram a transição de alta temperatura como proveniente de fases extrínsicas 

La.+JMDn03n+l com n * 2.
60 

Como RPE é uma técnica muito sensível para a observação de fases espúrias 

magnéticas realizamos estudos de RPE em dois monocristais crescidos de forma ligeiramente 

diferente de LauSruMfll<h. Estas amostras foram trazidas por mim de Los Alamos e a 

conclusão destes estudos apontam para a existência de fases espúrias com volume de- 0.03% 

do volume total para uma amostra e- 0.25% para a outra (cap. 2.8). 
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2.1) Estudos de l\1ngnetização c ~t:spcctJ·oscopi:.l l{~um.m cm monoc•·istais de •:uz_ 

~l,r 1 CU04. 

I - PHYSICAOO 
l'hysiça n 253 (1998) 296-304 

Weak ferromagnetism and Raman scattering in Eu 2 _,PrxCu04 

P.G. Pagliuso•·•, E. Granado•, J.A. SanjuJjo•, C. Reuori•, L Torriani•, D. Rao•, 
S.D. Oseroff", J. Sarrao', Z. Fisk' 

"ln.flitulo de Fi.fico "ükb lf~ttcwA'i11", UNICAMP. 13083-910, CQIIIt•iJUU-s?, Br-azíl 
.,San Di~.'itak UniHr'$lty, San Diqcn, C..A 91181. USA 

c NGtltHtal lllp Mt~g~trlic FWirll.oboroiO#)', Florida State llnillf!t'.fity, To~lltdtauff, n. 31306, USA 

Rcccivcd 22 January 1998 

Abstracl 

Magncti7.ation and Raman expcrimcnt!l pcrfonncd in singlc crystals of Eu 1 ,.l'r ,.Cu04 (O.:::; x ;$ I) are intcrprctctl in 
tcrms oflocal distortions within thc Cu01 planes. Wc find that samplcs gmwn in l't cruciblcs conlain l,t impuritics, that 
are partially responsible ror these distortions. Wc olncrved: (i) lhe appcaranc.:c of two forbidden Raman modes (fRM) and 
(ii) a wcak-fcrromagnctic (WF) eomponcnt whcn thc crystals are facld coolcd in thc ab-planc. Thc WJ·· componcnl, lhe 
onsct tcmpcralure whcrc 3D long-range WF is firsl obscrvcd, T .,..., the cocrcivc fteld,II0 and thc intcnsity or lhe/KM 
dccrcasc as thc PI contcnt decrcascs. For crystals with a similar Pt contcnt, thc abovc quantitics are largcr ror samplcs 
with smaUcr latticc unit adi volume, V. Thc crystal with thc bighcst Pt conlcnt and smallcst V (x =O) shows, ror T-O, 
an lU1eragt eanted Cu momcnl or 5.5(3) X r o· 31t.fCu. The intcnsity or thc fRM docrcasc wilh T~ suggcsting that lhe 
numher or distortions docrease as V expanda. Tbis is consistcnt with rcccnl ncutran dilfraction results in Eu lcuo., whcrc 
a tctragonal to orthorhombic phasc transition was observcd at T :6200 K. Wc concludcd that thc PI ímpuritics and/or 
thc rcduction or V bcyond a criticai value, V eo are lhe origin or thcsc orthorhombic distortions which in turn are 
rcsponsiblc ror thc fRM and WF obsCrved in tbcsc compounds. @ 1.998 Elscvicr Scicnce B. V. Ali rights rcscrvcd. 

PAC& 63.20.-e; 75.60.-d; 75.30.Gw; 74.72.11 

Kqwords: Ferromaanctism; Raman scauerins; Eu 1 -xPr,.CuO. 

1. lnlrocluction 

Among lhe antifcrromagnctic (Al•1 rarc-carth 
(RE) cuprilcs, RE,Cu04 (RE = l'r, Nd, Sm, Eu and 
Gd) ofT'-(14mmm) lclragonal structurc, Eu,cuo. 
ís particularly interesting bccausc ii is a! lhe bound-

•carrcspt'lndins authar. Fu: +55 197882427; e-mail: 
sanjurjo@ifLunicamp.br. 

ary bctwccn supcrconduclivily (SC) and wcak-fcr­
romagnelism (WF) [1,2]. Thc líght RE compounds 
do not show WF, and bccomc supcrconductors 
whcn approprialc clcctron doping íons are incorp­
oratcd into thc laUioc (RE 1 -,~~M .. Cu0,. wilh 
M """Ce4

"', Th4 + and x ~O.lS) and trcatcd in rc­
ducing almosphcrcs [3.]. llowcvcr, for Gd and 
hcavicr RE COnlpounds, se cannol bc índuccd 
[1,4,5]. lns!cad, WF is obscrvcd ín thcm )6-8). 

0921-4526/98/S- sce tront mauer ifJ 1998 lilscvicr Sciena:: O. V. Ali rights rcscrved. 
PJJ: 80921-4526(98)00362-7 
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P. (i. Pagliu.fo et ai. / Plry,,;r.a 11 :! 53 ( 1998) .?96 · 304 2!!7 

Eu 2Cu04 grown in alumina crudblcs and CuO 
nux shows no WF, and se can bc induccd on ill91. 
But, Eu 2Cu04 grown in Pt crucihlcs and PhO Aux 
shuws WF whcn liclõ coolcd (FC) in lhe ab-planc, 
and Se is not ohscrvcd 121- Another propcrty of 
thcsc scric~~; is that for thc hcavicr ltE (from 
lU~= Th to Tm, and V) lhe contpnunds can only 
bc Rynthc.•il.cd under high prcosurc 16 81. Thcsc 
rcsults show that thcrc is a subtlc instahility of thc 
T -typc structure ai lhe middlc ofthe RE scries. ln 
ali lhe RE2Cu04 compounds, thc Cu mnmcnts 
ordcr A F in the ab-plaac ut ·r N "' 240 290 K 151. 
Thc prcscncc of WF lms hccn allrihutcc.lto a cant­
ing of thc Cu momcnts in thc ab-planc, awny from 
thcir pcrlcct AF alignmcnl. ln thc T'-(14mmm) 
strw.:turc WF ordcr is forhiddcn. and latticc dislor­
IÍilllS in lhl~ Cu0 1 planes wcrc invokcd to H1Xmllll 

lo r 11 j2,1U l- A displaccmcnt of thc 0{1) oxyg.cn 
ions, perpendicular tu lhe Cu O honds in lhe 
Cu0 2 plane~. nccur~ in tlu.-sc compnunds 111. 
·n ,.. -1 ;.,,, '! ';, • ,, ·····:" 1t ; .• . t.. ' · 

l)tyah~shtnsky l\.t,mya cx~hangc lnlcrarl11111 hc­
twccn adjaccnt Cu momcnts, g.iving risc to thc 
nbscrvcd WF 16.111. 

Jn a prcvious Wl)rk 121 wc showcd that thc oh~ 
scrvcd forbidden Raman modcs 1/RM) and WF 
wcrc rclatcd in thc Eu 2 _..Pr_..Cu04 compuunds. 
Thc.f!C rcsults suggc.'dcd that local distortions in thc 
euo, planes, due to thc 0(1) oxygcn displacc­
mcnts, wcrc thc origin for thc ohscrvcd fRM and 
WF.ln this rcport wc prcscnt additional duta takcn 
in samplcs ~rown in dHTcrcnt cruciblcs (PI and 
AI,O,) and nuxc.•(l'bO and Cu O). Elqctron-micro­
probc analysis was uscd to determine thc PI and Pb 
contenta. Rcsults of microwavc ul»''orrttion cx.pcri· 
1ncnts urc also givcn. Thc annlysis or thcm: rcsults 
lcud us to concludc that l,t impuritics and/or lhe 
rcduction uf thc latticc unit ccll volume hcyond 
a criticai value, Vc, are thc origin of the distortions 
rcsponsiblc for thc/RM and Wl.- obscrved in thcsc 
compounds. 

2. l!:x.perimcntal dctails 

Crystals of Hu2 _.Pr .. Cu04 wcrc gruwn fronl 
nominal stoichiometrie mixturcs or thc rcspcetivc 

Tese eh~ /Joutormlo- /YYY 
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oxides in thc following cruciblcs/Oux.cs: 1,1/PbO, 
1'1/CuO and AI 20,/euo [121. The single crystals 
wcrc t)f platc-likc shupc, with lhe c·axi!'i pcrpcndicu· 
lar tolhe largc fucc. Typical crystal sizcs wcrc 4 x 
3 x 0.3 n~m·'. Elcctron·microprobc analysis shows 
,,, contcnt of 2 Sal% ofCu. and "',traces ,,r Pb for 
crystals p.rown in Pt/PhO. 1-"t,r crystals ~rown in 
PtfCuO lhe l)t contcnt was found to bc les.c; than 
1 at% of Cu. Thc Raman mcasurcmcnts wcrc car­
ricd out in backscattcring geomctry with thc san1· 
pies nwuntcd nn thc cold finger ufa closc..çycle lle 
rcfrigerator::n1c ~14.5nm linc nf an Ar ion laser 
wus uscd to excite lhe spcclra. Thc scutlcred ligiH 
was analyl".cd with a Johin Yvon T64<XKl lriplc 
spcctromctcr equippcd with a cryngcnic chnrg.c­
couplcd dcvicc (CCD) camcra. ln ali lhe mcasurc­
mcnls lhe spcl'lral rcsolutiPn was hcllcr th;m 
4cm 1

• 1\ laSt:r ptlWCr of ahuut 15 mW anda puint 
focus of - 50 J.Un in dia meter wns uscd in nrdcr 
to avoid hcatin~ of thc s:unplcs. Thc s:unplcs 

' ' ' 

ncasmg thc ·r. ·1 h·.~ X-ray ptlwdcr dilfractwn 
cxpcrimcnts werc pcrfurmcd in n Rig.uku IUtXl dif­
fraçlomctcr at room T. Thc lati ice paramclcrs wcrc 
calculatcd using a Rictvcld pwrilc rclincmcnt pw­
gram and thcir valucs are givcn in Tahlc I. Ma~t­
ncti:t.ation mcasurcmcnts wcrc madc in a Quantum 
dcsign I>C SQUll) magnctomctcr. ·rhc microwavc 
ahsorption cxpcrilncnts wcre carrieâ out in a Vari­
an X-Band ESR spcctromclcr using a TE102 roun1 
T cavity and a nitwgcn Hux cooling systcm. 

J, Ru;ulls a•od analysil; 

h•r thc Eu 2 .• Pr_,Cu04 compuunds stud«.:d, 
Fig. 1 shows lhe room T lallicc unit ccll volume. 
V • Cilz À3, as u function of x. For comparison wc 
includcd V for Gd 2Cu04 crystals grown in Pt/Pb() 
1121 and ccrantics of Odz- .. sm .. Cu04 grown in 
AI 20 3/Cu0 1131. As expcetcd from lhe Vegard's 
law, V incrcascs as the substituting Pr ions inercase 
(x > 0). The Eu 2Cu04 samplcs grown in Al 20 3/ 

CuO, 1'1/CuO, and l't/l'hO show, rc.•pcctivcly, 
incrcasing V. 1.-or thcsc san1ples,the rela tive chang.c 
in lhe a and c latticc paramctcrs are abc.lul 0.15% 
and 0.10%, rc.•pcctivcly (scc Table 1). Sincc thc 1'1 

~r& -... ,. 
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Tablc I 
Romn T lauice paramctc:rs (Á) af Eu2 _..l•r ... Cuo. grnwn in AI 20J!Cu0, 1"1/Cu() and Pt/l•hO (sce tcxt). Valuc:s in parcnthescs a~ 
Rictvcld analy5is standard deviations 

X 

• 
c 

... 

0.0 
3.9021(2) 
ll.R948(!i) 

eu. .. Pr.cuo • 
a """"" 

~· 
• ....,uO -... 

1 
• ~O.JCuO 

~112 
9-········ 

.. D>···· 

~ t 

i 110 • 
:;, •.. · ..... ······ 

a··· 

l"t/Cu(} 

0.0 
3.9021(1) 
I 1.9067(4) 

.•. ·· D 

0.0 
3.9034(2) 
11.909.~2) 

-~·· 

·········· ... 
Gd,..am.cuo. 

• PWbO 
• AJ10,JCUO .,..._,. __ ~--..----~--~-~-' ... u OA a.c o.a 1.0 

• 
Fig. I. Rnnrn T latticz unit çeJJ volume, V- CA 2 Ál, as a funç. 
1ion of x for Eu 2 ~ .. Pr.Cuo. gmwn in l"tfltbO, PtfCuO and 
AI20,/Cu0. The V values ror Od2Cuo. ~rystab gmwn in 
Pl/PbO r I 2] anel a:rarnic samplm of Gd2 . a-~m .. Cu04 ~tmwn in 
AI 1 0~/Cu0 {13] are also includcd. 

ionic radíus is largcr than that or Cu, and thc 
clcctron·microprobc analysís slwws that only Pt is 
incorporatcd into thc com pounds d uring thc crys­
ta1 growth, ii is rcasonab1c to assume that l,t substi­
tutcs thc Cu ions in thc Cu02 planc.o;. 

Thc hystcrcsis loops ofthc ab·planc DC-magnct­
i7.ation obtaincd aficr FC in SO kOc, M ,-c(II.,T), at 
T = 100 K are shown in l'ig. 2 ror thc applicd ficld 
intcrval 11. = ± 100 Oe. WF is obscrvcd in ali 
thcsc samplcs. The WF disappcars for x > 0.5 ror 
crystals grown in Pt/PbO, and is not prcscnt ror 
any valuc of x whcn thcy are grown in AlzOJI'CuO. 
Magnclization data ror ~~-c and :r.cro·ficld cooling 
(/.F(;) up to 11. = ± SO kOe were reportcd pre­
viously in Ref. [2]. The values obtained for the 
rcmnant magnetization, M~-dn. and thc cocrcivc 

'l~se e/e Doutorado- /999 
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0.10 
l90RI(4) 
11.9422( 16) 

0.25 
.1.9112(10) 
11.9404(8) 

0.50 
.l91.11(2) 
11.9691(8) 

1.0 
.1.9247(.1) 
12.0522(8) 

Fitt- 2 Jlystere..Us loops of lhe Gb.planc 1:c (SOkOc:) tt•tal 
DC·magneti7.ation, M.,dll.,11. ai T-IOOK betwccn II • .., 
± J(X)Oc, for the samples showing Wl•". ·n.e dala lor thc 

x ... O.!i sample wcre lakea ai T ... 80 K. 

licld,lld11. are conlparablc to thosc round in othcr 
Gd-hascd compounds with similar V valucs 11 3 1. 
Fig. 2 shows thàt MidT) and 1/dT) depcnds on 
thc crystal prcparation conditions. l..argcr valucs of 
Mí,d'TJ and !I d71 are ohtaincd ror crystals with: (i) 
highcr Pt contcnt (x =O} and (ii) smallcr V (x -O, 
and similar J>t contcnt~ 

M 1:c(/1.,100K) shows a ncarly linear incrcasc 
with lhe applicd ficld,/10 , for ll.;ç;JO 0c (scc Fig. 2 
and Rcf. f2]). That rcsulls from thc KEs magnctic 
susccptibilily, dM,-c/dll. "'XRI! (100 K) [14]. 
llcncc, for ll.;ç;JOOc, MFC(IIbT) can bc approx­
imatcd to [131 

MF<{II.,T) = M'í··dT) + X••~T)II.. (I) 

U wc assume that thc rcmnant magncti:~.ation, 

MFc(11, is only thc rcsult or lhe WF componcnt 

11~ 
~I" 
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duc to lhe canting of thc Cu momcnt.~ in lhe ab­
plane, M:;,{n, Eq. (I) can bc rcwritten as 

M.-.{II.,T) = M~T) + Xot~T)II.. (2) 

ln Eq. (2) we have not considercd thc contrihu­
tion from an internal field.li~T). at thc RE sitcs. Jt 
has bccn suggcstcd lha! Mji~T) may lead lo 
li1(T) .. O 113]. ln lha! case lhe remnanl magnetiz­
alion is givcn by M~T) + x •• ~T)I/ 1 (T) and 
MrdTl will bc only an uppcr limil for Mlil'(T). ln 
a mcan-field approximalion 1/JT) = lM'-ri!(n, 
whcre À. involvcs thc effcctivc cxchangc intcraction 
bclwccn lhe Rlls and neighhor Cu spins 16··8,13]. 
For Gd 2 Cu0~ crystals grown in Pt/PbO it was 
found lha! f/J71K) "'900 and "'5000c from 
magneli7.alion and ESR data, rcspcclivcly 16]. 
Jlowever. magncti7.ation and ESR mcasurcmcnts 
on ccramic samples of Gd2 -.sm ... Cu04 grown in 
AI,O,/CuO show lha! for x- I, MrdTl- O and 
fi1(T)- O [13]. ln this system for x- I, 
V - 181.5 Á 3 whieh is closc lo lhe V valuc of lhe 
Eu,Cu04 eompounds(sce Fig. l).llcsides, FC and 
ZFC ESR cxpcrimcnts in lhe ab~planc of Gd3 +in 
Eu2Cu04 crystals grown in Pt/l,bO show no 
mca.•urable shifl of lhe spcelra 1141. Morcovcr, lhe 
Euz_,l,r;cCuO. compounds are Van Vlcck para­
magncts wilh small valucs ror XRJI(n I. IS 1. Thus, wc 
can as.•ume thal x • .<T)IIJT)~<M'ri'(T) for lhe 
Eu 2 -::cPr::cCu04 systcm. " 

For ZFC and ncglccting thc contribution from 
X••!(T)llt(T), thc ab-planc total I>C-magncti7ation 
can bc writtcn as 

M,,.-.:(ll.,T) = M?.'.-.{ll.,T) + Xo 1 ~T)ll.. (3) 

Fig. 3 givcs, for samplcs showing WF, thc ab­
plane ZFC DC-magnetizali!)n of lhe Cu ions, 
M?.'n{li.,T) = Mz,..{ll.,T)- Xo.IT)II., ai T ~ 
100 K bctween 11. = ± SO kOc. For each sample, 
Xae(nu. was obtaincd from thc high ficld or thc 
Mn{ll.,T) data in Fig. 2 We find M~II~T) re­
vcrsiblc and non-lincar depcndcnt on 11 .. Thc data 
shows lhal cryslals, with: (i) higher PI contenl 
(x = 0), and (ii) smaller V (x-O, and similar PI 
contcnt) are easy to magnetize, i.c., show largcr 
M?.'.-.{11 •• T). 

Fig. 4 shows thc T dcpcndcncc or 
M,-c .,,..{ll~T) = M.-.{1/~T)- Mz,..{ll.,T) for 
li. E; 1 kOc. For thc.c;c II. valucs, ~"t.·(ll.,n is 
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Fig. J. Cu inns ZFC ~anc DC-magncti7.ation. Af<=7k{II.,T). 
ai T- IOOK bccwccn 11.- ± SOkOc..Wr lhesamplc!l showing 
WE Thc data for lhe x - 0..5 sam('fk: wc:re laken ai T - 80 K. 

negligible [21 (scc Fig. 3) and MFC-ztdii.,T). ac­
cording lo Eqs. (2) and (31 give an uppcr li mil for 
lhe WF component of lhe Cu momcnls, Mj'~T) 

M t-e- zn{ II~ T) = M'ri'(T) - ~;.{/I~ T) 

"'~T). (4) 

ln ali cases it was pos.';ible to lit lhe experimental 
data lo 

MFC··7J~{ll~ T)"' M',ic(T) = M::::-11 - T/T w•l'. 
(5) 

wherc M~~· is thc saturation orthe WF componcnt 
at T =O, T wr-· is thc T whcrc 3D I ong-range FM 
corrclations first appear, and p lhe cxponcnt whieh 
was found lo bc "'0.54(2). This suggcsllhal mean­
licld thcory accounts for thc 3D long-rangc WF 
ordcring of the Cu momcnts. From M~· wc csti­
matc thc aueraoe numbcr or Bohr magnctons per 
Cu ions lo bc 5.5(3) x 10· 'l'o!Cu and 1.3(2) x 
w-'llofCu for lhe cryslals wilh X= o grown in 
1'1/PbO and 1'1/CuO, rcspcclivcly. Thcsc valucs are 
or thc ordcr of thosc found for other hcavicr 
RE,Cu04 compounds [7,8,13]. H is known lha! 
T" is "'265 and "'284 K for Eu,Cu04 and 
Pr,Cu04 , rcspcclivcly [16]. Allhough lower valucs 
for T N wcrc rcported for crystals grown in Pt/l,bO 
[15,17], our rcsults suggcst that T w.- < T N for ou r 
compounds. llowcvcr, thls sh~uld bc takcn with 
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fo'ig. 4. T dcpcndenc;:c or tbe Cu ians Gb-planc DC-magnc:tiz­
ation. MFc-udii .. T), ror "· =L!t I k.Oe, ror sampla showing 
WF. Tbc solid lina are lhe bcst 6Uing lo F,q. (5) (sce tcat). 

care since wc have not measurcd T Ninou r crystals. 
It is intcresting to mcntion that magnctization 
mcasuremenls in Y 1Cu0,, by Rouco et al [8.1, 
suggestcd the existcnoc or strong 20 short ran@c 
AFM corrclations above T" and thc pcraiatcncc or 
31) lons ranae l'M corrclallon• abovc r., llonoo, 
for lhcsc materiais it may bc cxpectcd that 3D long 
range FM corrclations can appcar at T diffcrcnt 
than T N· Fig. 4 shows that M~ is smallcr and 
T wF lower ror crystals with: (i) lowcr l't contcnt 
(x = 0), which is consistcnt with the abscncc of 
WF in samplcs grown in AI10,/Cu0 (Mi1:?' .... O; 
T wF -+ 0), and (ii) larger V (x = 0.25, 0.50, and 
similar J>t content). Noticc that thc crystal with 
lhe largcst V (x = 1), shows no WF (Mi1:?' .... O; 
Twy- 0) [21. 

For lhe tctragonal T-(14/mmm) structurc of 
Eu2Cu04 it is cxpcctcd rour Raman~aclivc modcs: 
A11 + B11 + 2E1• ln our prcvious papcr (Rcr. 2) wc 
havc discusscd thc polarization sclcction rulcs or 

're""sed;;iJoutorado- l99Y 
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lhe obscrved peaks. That lcad us to the following 

results at 12 K: Y(ZZ)Y (A 1,, 229em· 1
), Y(ZX)Y 

(E,, 499cm 1
) and Z(XX)Z or Z(X'Y)Z 

(X'= j;(l,l), Y' = j;(l,- I)) (11 1,, 324cm 1). 

·n1c spcctra also showcd lhe additional pcaks at 
413 and 388cm 1 in lhe XX- and XY-polariza­
tions, respectivcly. We havc rcspectivcly labcllcd 
thcm as Bt1 and B;.fRM duc lo thcir polari1.ation 
sclcction rufes in lhe 0 411 point symmctry. dcspitc 
thc fact lhat thc nt. modc is forbiddcn in thc 
T' -(14/minm) symmctry. Two anomalous pcaks 
wcrc also obscrvcd in Od 2Cu04 at 422cm -t 
(XX-polari7.alion) by Laguna ct ai. 1181 and at 
380cm-• (XY-polari7.ation) by Udagawa el ai. 
f19_1. Moreovcr. ncutron scattcring cxperiments in 
singlc crystals of Gd 2Cu04 havc shown lhe prcs~ 
cncc or a supcrstruclurc bclow 658 K in thc T'~ 
phasc 1'20.21'!. This supcrstructure, or an ortho­
rhombic symmctry and space.group Acam (D~:) • 
was attributcd to squares of 0(1) oxygcn atoms 
surrounding lhe Cu sitcs in thc Cu02 planes. ro­
tatcd around thc c-axis by -s.r at room T. Sim­
ilar results wcre found in Eu,cuo. atlow r. ln this 
case lhe angle of rotation mcasurcd ai 9 K was 
about 2.2" [21]. This orthorhombic phasc has 2 
formula units per primitivc ccll. with thc ortho­
rhombic • and b axcs rotated 45° rcspc;:ct to the 
lctragonal unit ccll. Factor group analysis for thc 
Raman-activc modcs yiclds to: 
4AJX X, YY,ZZ) + 5111JX Y) + 4111JXZ) + 58,, 
(YZ~ where in parenthcsis wc indicatc lhe allowcd 
Raman tensor componcnts foreach modc. Corrcla­
tinn anal)'ais and l~llioo dynamical calculation 122) 
give thc following corrcspondcncc bctwccn thc tct­
ragonal 7.onc centcr modcs (r-point) and thc or~ 
thorhombic modcs; A,.-+ A1 (229cm -•. strctching 
of Eu~ 11,, -11,, (324cm- 1

, z-bcnding of 0(2) oxy­
gcns); E,-.Ih1 + llJto (499cm-•. in-planc vibra­
tion of 012)~ The expectcd splitting of lhe E, mode 
was not obscrvcd. This rcsull is consistcnt with 
ncutron scattcringcxpcrimcnts whcrc the mcasurcd 
• and b latticc paramctcrs wcrc cqual wilhin thc 
cxpcrimcntnl crror f211. As thc orthorhomhic unit 
ccll volume doublcd that of thc tctragonal onc. ncw 
modcs appcar as a conscqucncc of lhe rolding of lhe 
first Drillouin zonc. Thcsc modcs are originaling at 
thc X-points zonc bordcr modcs or lhe tctragonal 
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Fig. S. XX-polarizcd Raman spcctra at T -12K ror the 
f:u2-aPraCuO,. eryst.als studic:d in this W('trk. 

a:ll [22 j. Thc anomalous 413 cm ·• pcak ~ahcllcd 
BT, in Ref. 2) bclong., to this class and has 
8 11 symmctry (XY-polari7.ation, in~planc vibra· 
lions or lhe 0(1) atoms) in lhe orlhorhombic phasc 
[22]. This modc that appcars in X X -polari7.ation 
in thc tctragonal axcs (scc Fig. 1 in Ref. 2), corres­
ponds to XY-polari7.ation in thc orthorhombic 
axes, confirming its 8 11 charactcr. Thc 324cm- 1 

anomalous pcak ~ahcllcd Bt, in Ref. 2), that ap­
pcars in X Y -polarization in thc tctragonal axcs 
corrcsponds, to an A1 symmctry modc in thc or­
thorhombic axcs. 

Fig. S shows lhe X X -polarize<! Raman spcctra 
at T = 12 K ror lhe samples studied. The allowed 
Raman mode, 8 11 , ror lhe T-slructurc [2] is ob­
scrved ai -324cm·• in ali our crystals. The rela­
tive intensity ofthefRM at -413cm- 1

, BT,. to 
lha! orthe allowed B11 pcak, l(Bf,)/1(81,). slrongly 
dependa on lhe compound and lhe erystal prcpara­
lion eonditions [2]. Largcr I(Bf,)fl(B11) ratios are 
found ror crystals with: <n higber PI contcnl (x =O) 
and (ü) smOller V (x-O, and similar PI eonlent (sce 
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Fig.•. 2 S). For Gd1Cu<>. grown in Al 20,/Cu0 
and 1'1/PbO (179.2A3 :5 V :>119.9Á3). whcrc high­
ly corrclatcd ordcrcd orthorhombic distortions in 
thc Cu02 p1anc.o; havc bccn found po 1. cvcn 1argcr 
1{11!,)/1(11,,) ratios r 18] were obscrved. llowevcr, 
for Eu2Cu04 crystals grown in AhOJCuO 
(V"' 181.1 Á') a vcry small l(ll!,)/1(11 1,) ralio is 
round (see Fig. S and Rcr. 2). 

The fRM and WF featurcs (Mí-·dT). llc;(n, 
M~":·dll.,T), M~~ and T wt·) obscrvcd in thcsc T'­
structurcs wcrc associatcd to thc orthorhombic lat­
ticc distortions discusscd ahovc, involving thc dís­
placcmcnt of lhe 0(1) oxygcns away from thcir 
cquilibrium positions f2]. Thcn, thc abovc rcsulls 
ofourfRM and WF mcasurcmcntssuggestlhatlhe 
Pt impuritics and/or thc rcduction of V bcyond 
a criticai valuc, V,= V(Eu2Cu04)"' 181.1 Á' {scc 
Flg. _1). are lhe origin of lhcsc distortions. llcncc. 
lhe diiTercnl fRM inlensilies and WF rcaturcs 
found in thcsc compounds may bc causcd by thc 
prc.or,cncc of a difTcrcnt n1unber of tbcsc distortions in 
lhe various crystals. ln Gd1CuO. thc orthorhom· 
bic to lctragonal phasc transition occurs around 
658 K. and lhe T dcpcndcncc or lhe lallia: para­
mctcrs yicld avalue or 181.9 Á' ror lhe lallia: unil 
ccn volume atthis phasc transition [21 ]. This is in 
good agrccmcnt with thc criticai valuc. 
Yc ~ 181.1 Á3 found for Eu2Cuo •. 

Fig. 6 prcscnts lhe T depcndena: of the 
l(IIf,)/1(1111) ratio ror lhe crystals grown in 1'1/l'bO 
(Tw,,.237K) and 1'1/CuO (Twv"'ISlK) with 
x =O, and grown in l'lfPbO (T wF"' 107 K) with 
X • O.S. Thc data ShOWS that thc nuntber Of disiOf• 

tions, rcsponsible ror lhe BT, pcak, dccrcascs as 
T incrcascs and only a small numbcr or distortions 
remain abovc T wF• 'rhcrcforc. only a small contri­
bution to thc magncti7.alion is cxpccted rrom thc 
canting of thc Cu momcnts at· T > T wF. in thc AF 
phasc. This is consistent with lhe rcsults shown in 
Fig. 7 for MFC-z.dll.,n ai high fie1ds and high 
T obtaincd for two of thc crystals shown in Fig. 6. 
Within thc accuracy of the mcasurcmcnts we find 
Mie<n- M~u •• n .. o ror T > Tw,-- Thesc rc­
sults suggest that 3l) long-rangc FM corrclations 
are obscrvcd only abovc a critiaJl number of distor­
tions. Also, noticc thal Fig. )I and Fig. 6 show lha! 
lhe 3D FM ordering appcar ai I(Bf,)/I(B11) "' I. 
This ratio may corrcsponds to that criticai number. 
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a x=OPIJPbO T.,.•237K 
a

0 
A x=OPUCuO T.,.•161K 

4 
'bao x•O.&PIIPbOT.,.•107K 

~ 
"ID 2 = A 

D D 

D 

D 
D 

D 
D D 

D 

D 

l'ig. 6. T dcpcnclcncc nf lhe l(Uf,l/1(11 1,.1 raiÍO for lhe 
"u,. ,Pr,CuO. cryslals grnwn in 1'1/PhO (T.,. "'237 Kl and 
1'1/CuO,(T..,. "'ISI Klwilh x- ''•nd 1'1/I'I>O(T .. ,."' 107KI 
wilh "- o.s. 

lt is intcrcsting to mcntion that the T depcndcm:c 
ofl(Bf1)/1(81J in EuzCuO ... is similar to the T de­
pcndcncc or thc orthorhontbic supcrstructurc rc­
ncction (2.5 1.5 2) mcasurcd in ncutron scattcring 
cxpcriments [21]. "fltcy dccrcasc rapidly abovc 
80 K and vanish at about 200 K. Thcsc rcsults sug­
gcst that thc distortions, rcsponsiblc for lhe /RM 
and WF, may be also highly corrclatcd at low T. 

Microwavc absorption expcrimcnts in our sam­
pies showcd the zero-ficld absorption (6] only for 
the Eu2Cu04 crystal grown in 1,./PbO whcn FC, 
and no absorption for ZFC. "fllis signal is observcd 
at T =E; T wF = 237 K. Within lhe scnsitivily of our 
cxpcriment, lhe mid-field rcsonancc was not found 
(6] in any of our samples showing WF. Thc 
F.u2C\IO .. cryslal grown in Pt/l'bO is thc samplc 
with the largcst hystcresis loop (scc Fig. 2). Thus, il 
is possible that the zero and mid-field absorptions 
may bc associatcd to thc magnctic domains slruc­
turc of the- WF in thesc materiais. 

·reSé de Dc~lilõi-~rdc;-_-)999 

P.G. Pagliuso 

Eu2Cu04 
40 

PtiPbO 
30 

20 

-;-
(J 10 

õ 
~ O 
E aor-------------_, 
•• -· u 
~ 11 

~ 

::& 10 

PUCuO 

• H.•1 kOe 

H.=SkOe 

• H.•SOkOe 

o~o:----r-""~~~ 
O 10 100 110 2DD Z111 300 

Temperatura (K) 

l'ijt. 7. T depcndCI'K:C of the Cu inns ob-planc nC-magncli· 
7.alinn. M,... 7,.,{11MT). fur 11. Ol> 0.3k0c, for Eu,CuO. grown 
in 1'1/l'hO anJ l't/CuO. 

4. · Discus . .o;ion 

"fhc Bf1 and B~ 1 /RM are always found at 
aboul lhe samc cncrgics, 413 cm- 1 (422 cm- 1 for 
GdzCu04) and 398 cm- 1 (380 cm · 1 for 
GdzCu04), rcspcctivcly [2,18,19]. This indicatcs 
lhat thcir origin is the samc, rcgardlcss the 
compounds and T whcrc thcy are obscrvcd. Bc­
sidcs, our rcsults show that thcre is a corrclation 
bctwccn the inlcnsity of the fRM and thc magni­
tude of thc WF fcaturcs (scc Figs. 2-5, and Refs. 
6 and 8). Thus, thc origin of thc fRM and WF 
should be the same in thcsc compounds, and it may 
be aUributcd to the prcsence of orthorhombic dis­
tortions caused by thc 0(1) oxygcn displaccments 
within thc Cu02 planes rt.2J. As mentioncd 
abovc, wc associatc thcsc dislortions to lhe prcs­
cncc of Pt impuritics and/or the rcduction of V 
bcyond a criticai valuc v.~ 181.1 Á3

• This rcduc­
tion may bc induccd by changing thc RE in 
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the T'-structurc across the RE serics or by lowcring 
thc T. 

Thc incrcasc of lhe BT1 pcak intcnsity at low 
T (scc Fig. 6) may hc assoclatcd to thc thcrmal 
contraction of thc ·r -structurc unH ccll volume, 
V(n, hcyond V,. A dccrcasc or aboul 0.6% in V(T) 
was rcportcd in Pr2Cu04 bctwccn 10 and 300K 
[23]. Noticc that the diffcrcncc in Vat room T bc· 
twccn Eu 2Cu04 and Gd 2Cu04 is of thc sarne or­
dcr, 0.5··1% (scc Fig. 1). 

S. Conclusions 

Thc T -structurc compound.~ with a unit ccll vol­
ume smallcr than a criticai value V c~ 181.1 Á1 

(closc to thc V valuc of EuzCuO" grown in 
AI 20,1Cu0) prcscnt local distortions within thc 
Cu02 planes, allowing ror WF andfRM [1,6,18[. 
llowcvcr, if Cu ions are substitutcd by l't impu­
ritics from thc cruciblc. favoring thc formation of 
local distortions in the Cu02 planes, a slightly 
highcr valuc for Vc is thcn found. For our 
Eu 2 .,.PrxCu04 crystals grown in Pt/PbO wc find 
183.5Á' :S V,;S185.5Á3, ror 0.5 < x < 1 (scc 
Fig. 1). 

Thc rcsults of this work and that of our prcvious 
rcport 1.2], as wcll as thosc rrom othcrs in 
Gd2-.SmzCuO,., Gd2CuO. and Eu2Cu04' com­
pounds [6,13,20,2l],lcad us to concludc that thcrc 
i., a dclicatc instability or thc T'-structurc at thc 
middle or thc RE scrie>. Our data on Eu2Cu0, 
crystals grown by diffcrcnt tcchnique> show that 
tbis instability nppca.rs ata criticrd lntticc unit ccll 
volume closc to that or Eu 2Cu04 grown in 
Al 20,1Cu0 (V,"' 18l.l Á 3 ~ llascd on thc X-ray 
111 and ncutron diffraction [20,21] rcsults, wcasso­
ciatc this instability wilh orthorhombic distortions 
involving a displaccmcnt or thc 0(1) oxygcn atoms 
within thc Cu02 plane>. Thcrcrorc, wc c1aim that 
thesc distortions are rcRponsiblc for thc obscrvcd 
WF andfRM. Morcovcr, lhe T dcpcndence or thc 
intcnsities of thc ncutron dilTraction claslic pcak 
f21] and /RM obscrvcd hclow T "' 250 K, sugge>t 
that a sccond ordcr tctragonal to orthorhombic 
phasc transition may take placc at V(T)"' V,. 

ln summary, our Raman and magncti7.ation 
mcasurcmcnts havc shown that thc distortions in 
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thc T'·structurc are causcd by: (i) lhe rcduction or 
lhe laUicc unit ccll volume bcyond a criticai valuc. 
v ll;t and (ii) thc substitution o r Cu ions by J>t impu· 
rilics incorporatcd rrom the t>t cruciblc during thc 
crystal growth. 
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Seção 2.2 

# 

~1 2.2 Estudos de RPE de G~3+.ne> 
~1~ estado normal dos su~el'~C1>vrêJJ:u~ot:es 

RNi2B2C (R=Y, Lu). 



~C,awnwítl.!luwlo"-"'2.,:2'---------------------'-R"'N-'-"'i,fuC (R = Y, Lu) 

2.2) Estudos de RI'E de GdJ+ no estado normal dos supercondutores RNiziJzC (R= Y, 

Lu). 

I'IIYSIC:AI. IU!VIl!W H VOI.IIMH 57, NliMIJER (, I FEIIRUARY 199H-II 

El<'Ctron spin resonanre or GdJ+ in Ute norrnnl slate or RNi181C (R= Y,Lu) 

P. (i. l'n~liusn. ('. Rctulri. anel S. 11. O~mrr• 
ltUtitumb 1-"Úi.:or "COil'bWollllglrin, ··l/NICAM/', IJOHJ-970, Ctrmpin.u.Sf', Bmt.il 

1'. C. Canficltl 
Amt!s l,ahr~t~llnty rmd l)topurtlfU'IIt tt/ l'hy.tif:s '"'d A."mmmry, tn ... a .o;,,,. fl"iw.rsity, Amn, I11Wn Jl101 1 

E. M. Baggiu-Saitovileh and O. Sanchc1. 
CBI'F, R. Xou.;,., SiRm,J 130, 22290-/IUJ, Rin dto Ja,.rim, Bmt.il 

(Rca:ived 26 AugU!II 1997) 

Elcctron 1pin w.onanc:e (IJ..~R) of GdH in lhe normal slale (7">T~) of R1.,Gd.Ni2H2C (R=Y,IAI) is 
reported. 1ôe n:!!ull!l 1how that lhe eJ.changc coupling bctwcen the rare-earth locaJi7.cd magne6c RMXnenl and 
lhe cunduction elec:tmn!l depenlh nn lhe conductiun cloctmM mamentum lmn!lfer (lk~-k;.""l=q), i.c., JJ>(q). 
The tcmpcn!llwe dcpcndcncc of lhe Itc;R lincwidlb yiclds a valuc for une of lhe cxchange pan~melcn, 
(J},tql)1~. which ill in agroemem with lhat e5timatcd fnnn the 11lopc of lhe initiallinear dccrease of T~ hy thc 
Cid1

' impuritic:..1"hc!le re!IUII!I i1Kiicatc thatlhc R1 .• <tct,Ni2U2C {R ... V,I.u) compound!l hclaavc as conven· 
tinnal HCS superconductar!l, in agreentcnl with pn:viow. rcports. 
I S0163-1829(98)021106-9l 

I. INTRODUC"I10N 

Thc !leric:s of qualemary inlcnnclallic rarc-carth nickcl 
borocarbidc'l RNi2B2C (R = rare earth) comrmmds1 have 
recenlly attraciCd arcat huercAI duo lo lhcir rclalively high 
tmpcrconducting tcmpcratum~ (7',.= 16.6 K fnr R-Lu anel 
1",.= 15.5 K for R= Y).1 Thc magnetic ani!iiOiropy and C()e:t· 

i!l:ting !l:upcrconductivily (SC) with lhe antifermmagncttc 
(AF} onlering ac;!;OCiated to lhe magnetic rare-cnrths R ele· 
mcnts (7'NST,.).1' 5 have strongly motivatcd lhe scicntilic 
communily to study lhc:se matcriaLo;. The inlcrplay bctwccn 
se and magnctism in thc.o;c material!~: re.c;cmhlc:s lha!. of lhe 
temary ErRh 4 8 4 and HoMot>S8 compounds.6 Thc incom­
mensuratc modulated magnctic stmeture shown by ncutnm 
diffraction expcrimcnLc; in HoNi2B2C (Rcf. 7} at lempcra­
turcs hctwcen T N"'"'S K and T ,.-7.5 K, and lhe supprt.o;.<;ion 
of se by lhe substitution nf Oy by ui in DyNi2B1C,11 werc 
interprcted in tcnm of a magnt!fic pair breaking in lhe 
RNi2B:C (R-Br,Dy) compoundA. The slruclurc of lhe 
RNi2B2C cnmponnds is a fillcd varianl of lhe body-ccnlered 
teuagooal (bel} ThCr:Si: (spaec ~up 1•/mmm) wilh Ni 
layers perpendicular to lhe c axi.'i. This $UUCture is qualita­
lively similar to lhat of lhe layercd eupratc high-Tc 5Uper­
oonductors. Howcvcr, no local magnetic moment or AF spin 
correlations on thc Ni sublallice have bcen round. 10 ln addi­
lion. elcctronic band slruelure calculations suggc.o;t that lhe 
RNi 2B2C compc:nmds are 3D d-band metais and that lhe se 
is mcdialcd br the convcntional elcctron-phonon BCS 
mcchanism. 11 -I Experimental sttpport for this is givcn by 
tunncling spectmscopy14 and bomn isotopc effcct15 mcasurc­
mcnts in lhc:se materiais. 

ll is kno~ that by mcans of clcctron spin rc:sonancc 
(ESR) of di lute rarc-canh magnctie impurilic.o; (i.c.. Gd1 •) in 
lhe nonnal statc of BCS-typc supcrcondueting cnmpounds. it 
is pos.c;ible to dclerminc lhe cxchange paramctcrs bctwccn 
lhe 1ocali7.cd magnclic impurity and thc eonc.luction clcctrons 
(CE's).16 1t was aloo shown lhatlhc exchangc paramctcr ob­
taincd bom the thennal bmadcning of lhe ESR lincwidtb 

0161-182919R/57(fil/36fiK(4VSI5.00 
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(Korringa rate). wos comparablc wilh lhal extraclcd fmtn thc 
slope of lhe inilial linear doerea.c;c or Te by lhe magncúc 
itnpuritics. as prcdictcd hy thc Ahrikm;ov Gnrkov (AO) 
thcory.16.11 The pre.~t WOI'k'!i goal isto mca.c;urc. hy means 
of BSR. lho cx.chan~~C paramcacn; hctwccn thc localin:d m&J· 
netic momcnt or GtJ ,,. and tbc CE!' R in thc !'MNmol male or thc 
RNi28 2C (R=Y.Lu) cnmpounds, and to compare lhe value 
ohtaincd fmm the Knrringa rale wilh thc one obtaincd fmm 
lhe rcduction o r 1' .. by the Gd1 • impurities. 

11. fo:XPJo:RIMF..NT 

Singlc crystals or Lu 1 ... a.:t,Ni1B2C (.t-O.OCJ!'l were 
gmwn at the Ames Labmatory by d1e high-tempcrature nux 
gruwlh mcthod dcscribcd ______ --elscwherc.1•111 Tite 
Y1 ,Gd .. Ni2B2C tx-0.005) samplc.c; wcrc madc at the 
CBPF Laboratory in a polycrystalline fonn by thc arc­
melting tcchniquc. 19 The struclute and pha...c purity wcre 
c:hcckcd by x-ray powder dirrraclion and the crystals oricn· 
tation dctcnnincd hy lhe u.omal Laue mcthod. The ESR ex­
pcrimcnL'I wcrc canicd out in a convcntional Vatian ESR 
spcctromcter u.c;ing a TE102 room-tcmpcrature cavity. Thc 
smnple tcmperature was varicd using a hclium ga.o; nux lem­
pcraturc controller. To incrça,..c.the ESR signal to noisc ratio, 
lhe 1empcraturc dcpcndcnccs of the spcctra wcrc takcn in 
powdercd samplcs. Magncti7.81ion mca.wrcmcnLo; have becn 
done in a Quantum Dcsign de: superconducúng intcrrcrcnce 
dcvic:e magnctomcter. The tcmpcraturc dcpcndcnce of the 
magne1ic su...ceptibility in thc nonnal state wu mc&'lllt'Cd in­
crcasing thc tempcraturc., after 1.cro field cooling (ZFC), in a 
field of 5 kOe. Tablc I givc.o; d1c Qd-1 -+. conccnlration c.c;ti­
matcd fmm thc liuing or lhe magnclic susccptibility data to a 
Curie-Wciss law. 

III. F..XPJo:RIMENTAJ, R•:..~ULTS 

Figure I shows lhe Gd-1 
' ESR powdcr spccua orn.crvcd in 

thc normal stale at 'I'= 18 K ror R 1 ... Gti,Ni2B2C (R 

3668 
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Capítulo 2.2 RNizB,C (R= Y, Lu) 

Hl..BCTRON SPIN RESONANCH OF Gd1 1
. lN '111E ... 3669 

TAHLB I. Experimental paramcle~ ror Gd:(l.u,Y)Ni2U2C. 

g • b 

Oc Oc/K 

Lu1- .. Gd .. Ni282C 2.035(7) 165(10) 13(1) 

Y 1- .Gd.Ni28 2C 2.03(3) 830(30) 11(2) 

'Soe a.c •. 8,34,38,39. 

=Y, Lu) compounds with x-0.005 for R=Lu(T,-16 K) 
and x-0.02 for R-Y(T,-15 K). The opcctnl ohow lhe 
usual Dysnnian type of tine shapc. 20 charact.crislic of mctal­
lic sample particlc.c; of dimcnsioos much 1argcr than thc Rkin 
dcplh. The d .. hcd linc.• in Fig. I are lhe hcot fit o! the ex­
perimental RJ)CClrl tO 8 Lorentzian admi:lturc of absorplion 
and dispen~ion dcrivatives.21 Fmm thCAC liUings lhe linc­
width Ali and lhe 8 value ore obtained. 

Figure 2 preocnts lhe """fl'nttun> dcpcndcnce of lhe 
Gd" BSR lioewidlh for lhe aampteo ofFig. 1. The obocrved 
linCIIt lhcnnal bmadcning o( Ali indicatco that lhe Od-1+ 
localized maguetie momcnl relax 10 lhe latdcc via an ex­
change coup,ling wilh lhe CB's. known .. lhe Korringa 
mcchaniom. 6 The duhcd linex are lhe hcot fit of lhe data to 
All=a+b~ 1 

Several samples of Gd concenuations in lhe range be­
twccn 05 10 2 % were measured. Wilhin lhe accuntey of lhe 
mca.~Wremerus. lhe b and g valucs werc concenttation indc­
pcndcnt and lhe rosidual lincwidlh a increaoes wilh lhe Gd 
conccntralion. The g value was found to be tcmpcrature in­
dcpcndcnt wilhin lhe experimental error. Table I ohows lhe 
experimental paramc1Crs obtaincd wilh x-0.005 for thc Lu­
bascd oample and x-0.02 for lhe Y-ba..W sample. 

Wc wcrc unablc to mca.~re lhe ESR of Gd1
-+ in thc sn­

pcrcondueting statc (T < T,) of lhe R 1 - ,(ld.Ni, B,C (R 
= Y.Lu) compaunds. This is uxually an extremcly diffieult 
mcasun:ment duo to 0) lhe tarsc ehange in lhe toadcd cavity 
quality factor (Q1) betwecn the nonnal and supereonduedng 

RNI1B1C:Gd 
1.1 2.0 2.1 3.0 3.1 4.0 4.1 1.0 

o) T•18K 

2.5 3.0 3.5 4.0 4.5 ••• 
Magnetlc Fletd (kOe) 

" r /) IJ.T, 

% ml 
Tc 

ml 

moi K2 moiK" KJ% 

0.5(2) 19(2). 2.67(lO)XI0- 4 • -0.65(4). 

2.1(2) 18.7(5). 1.02(10)XIO-'' --0.43. 

ota1C and (ii) thc in1Cntetioo hctwccn lhe vorticco and lhe 
micmwavc magnct.ic licld h,./ in lhe supcrcooducting mate. 
That "'""''" in a largc fn:quency drift and no111"Cl1011811t mi· 
cmwavc absruplion in lhe BSR dciCClOt aystcm. 

IV. ANALYSIS AND DISCUSSION 

Thc cxchnnge intcraction J1.S·• hctwccn a locali7.cd 4/ 
clectron spin (S) on a oolu1C atorn (Gd,.) and lhe frec CB's 
spin (s) of lhe 1tost metal, cauxc 8 llhifi (Knight llhift)n and 
lhcnnalline hroadcning (Koninga rate)" of lhe ESR !II)CCba. 
Condnclion clcctmn-clccuon cxchangc cnhanccmcnt2(.23 and 
lhe q-<lepcndcnt exchangc intcntCdon J1,(q) (Ref. 26) are 
oflcn uocd in lhe analysis of lhe BSR data." J 1,(q) is lhe 
F<M•ntr uansfmn of lhe spatially varying cxchnngc cnu­
pling. ln lhis case. and when .. bottlcncck .. and "dynamic .. 
effccts are not prexcn~ lhe g shift ( Ag) and Korringa rate 
(b) can hc wriucn a.•"' 

A =J (0) 1/(E,) 
g fs 1-a (I) 

and 

_ d(AII) wk 
1 2 

• K( a) 
b-7r= 8JLs (J,,(q)).,'l (li,)( 1-a)' • (2! 

whcre J1,(0) and (J},(q)),, are lhe effcctive exchange pa· 
ramelen hctwccn thc Odl·• local rnmncnt 1md the CE'!i in 
thc prcscncc or CE's momentum transfcr (q=lk~-kF'I 

1500 .. 1. . 
I .. · 

~1200 • . .. .. 
·•····· ·• 

' 
900 

600 :I _. .. • ..• ·· ····· ·•· •···•·· I Lu,.Gd,NI,B,C 

300 

10 20 30 40 50 60 

Temperaturo(K) 

FIG. l. ESR speclm or Gd3 "" in (a) t.u, _ _.Gd_.Ni2B2C for x FIG. 2. Tcmpcrature dcpcndcncc or thc Gd1
+ U.~R linewidth for 

-0.005 and (b) y,_.Gd.Ni.,U .. C forx-0.02 and T= LS K. thc two samolcs shown in Fi2. t. 
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TABI.I! 11. Extraclcd pammelers for Gd:(Lu,Y)Ni2B2C. 

'I(E,) • 110 
states 

eV moi spin K 

l.u1 _ "Gd~Ni 2 8 2 C 2.20(7) - 0.8
1 -345' 

Y1-.Gd.Ni2B2C 2.05(6) -0.9' -489' 

'See Refs. 33,4,35,36. 

=k,{2( l-cos6)]112).'" Under lhese a...,mptions lhe Gd,. g 
shifl measures lhe CB's polarization (q=O), and lhe Kor­
ringa rate lhe CB's momentum transfer (O.;;q.;;2k,) aver­
aged over lhe Fenni surfaee.26 (l-a)' 1 and K(a) are lhe 
Stooer and lhe Koninga enhaneement faciOrs, respectivelt; 
due lO the elcctron..electron cxchange inlCI'aetion.27.29· 
7J(f;F) is lhe '"barc .. dcuity of staiCS (or ooe spin direction 
at lhe Fcnni sutfacc. k is thc Bol&zmann constant. P.s is thc 
Bohr magneton, and g is lhe Gd,. g value. 

Equalions (I) and (2) are appropriated for the analysis of 
ESR data of diluled rare eanhs in metallic hooL• wilh apprc­
ciable CE's spin-Oip scauering, i.e .. lhe unbollleneck regime. 
We found in lhis wor1t lhat lhe g value and b parametcr do 
nOl depend on the Gd3

+ concentration. Hence, h is cxpccled 
lhal lhe following relation would hold:27

-"' 

d(lill) "k (J},(q))., 2 
b= ---;n:-= 2 (lig) K(a). (3) 

81's 11,(0) 

ln our analysis lhe amtribution rrom diffcrcnt CE's bands 
will he ncglected, because lhe mcasured lhermal hreadening 
of lhe lincwidths are much smallcr lhan thosc cxpcctcd from 
lhe mcasured g shifo;.l' 

ln a supcrconductor lhe clcclton·phonon intcraction cn· 
hance.c; lhe CE's effcctive mas.~ and in tum tbc dcnsity of 
~;tatcs at lhe Fcnni levei. Thus, lhe Sommcrficld's paramctcr 
is usually writtcn as y=(2/3)w2k2(1 +).)q(EF), whcrc). is 
lhe clcctron·phonon coupling conslanL32 The RNi282C (R 

= Y ,Lu) c<Hnpounds have becn classified a• inlermediate 
eoupled clectron-phonon-mediate superconduclors. wilh ).y 

-0.9 (Ref. 33) and ).,.-o.s." The electmnie eontribution 
10 lhe heal capaeily y for lhe Lu- and Y -hased eompounds. 
wcrc mcasurcd and tbeir valucs are shown in Tablc I. Now, 
using lhe y and À values, lhe dcnsity of slalCS at lhe Fenni 
levei 'I( E,) ean he estimated for lhe Y- and Lu-hased com­
pounds (see Table fi). The extraeled values for 1/(E,) are in 
good agreemenl wilh lhe lheoretical ones oblaincd from bond 
ealculations. ,_,. ln addition, electron-clectron exehange en­
hanccment is imponant in 1hcsc systein."!; and ha."' bccn evalu­
aled by NMR measuremenls" for lhe Y -ba.ed compound 
and from lheoretical caleulations for lhe Lu-based 
compound. 36 The values of a, from lhe Stoncr cnhanccmcnt 
fae10t (l-a)· 1 and K(a) are given in Table 11. 

Using in Eq. (3) lhe g value of Gd3 
+ in insulators a~t a 

reference, 1.993(2),17 wklgp,8 =2.34X to' Oe/K, and lhe 
values of lig, b, 1/(E,), a, and K(a) fmm Tables I and 11, 
lhe cxchange parametcn; bctwecn lhe Gd3 

+ local m01ncnt 

and lhe CE's in the.~~;C two comoounds were C."!;timatcd. Tablc 

ies~ de-DÕutmVdc~-~-~99') 

P.G. l'agliuso 

IJSR se 
a K(a) J ,,(0) {Jj .. (q))~~ (Jj .. <q>>:; 

me V me V me V 

-0.2' -o.s• 15(2) 10(4) 11(3) 

-0.3' -0.7' 13(2) 9(3) 10(2) 

II summarizes lhcsc parameters for GdH in RNi2B2C (R 

=Y,Lu). Notiec lhat lhe ratios (J},(q))~';JI 1 ,(0), are aboul 

lhe sarne for both systemr;. This suggc."U similar wavc-vcctor 
depcndcncc of lhe cxchangc ini.CJ'aCtion for isomorphic com­
pounds. 

11 is inleresting to eampare lhe cxc:bonge parametcr 
(1;,(q)~~oh18ined in ourESR experiments and lhalobtained 

from lhe dccreasc of T, by adding Gd'• magnetic impuri­
lies, liT,IIic. Fmm lhe Abrikosov-Goll<ov (AG) lheory17 

we have that 

l
lir,l 2 2 2 lic =(" 18k8 )(J1,(q)),,11(E,)(grl) J(J+l). 

(4) 

The values of liT,IIic, Cor bolh eompounds. were taken 
from lhe litcralure3&.

11 and are given in Table I. Thc values for 
(J},(q))~~ ealeulated using lhcse dala are in agreement wilh 

lhooe oblained in lhis work (see Table ll). 

V. CONCLUSIONS 

Wc havc shown lhat R1- ... Gd ... NhBzC (R=Y.Lu) dilutc 
magnctic alloys bchavc as c:onvcntional lhrcc-dimcminnal 
supcrconductors &'i (ar as lhe BSR and supcrcanducting rc­
sults are conccmcd. Taking into account thc CE mass cn­
haneemenl due 10 lhe eleelroll-ploooon eoupling ). and lhe 
clccuon..clcclnm cxchangc cnhancemcnt tr wc found compa­

rable cffective exchange paramclers (J},(q))~~ fmm lhe 

lhermal bmadening of lhe Gd,. ESR lincwidlh (Korringa 
rate) and lhe dccrca~~õe-Of Te- by lhe GdHmagnctic impurilics 
(AG). This shows that lhe cxchangc coupling bctwccn lhe 
Gdl+ local momcnt and lhe CE's govems lhe impurity rc­
laxalion and pair-braking processes. 

Our ESR resuiL• (g-shifi and Koninga rate) show lhallhe 
cxchangc intcraction bctwcen lhe localizcd magnctic mo­
mcnL~~t and lhe CE's involves only a singlc clcclmnic conclue· 
lioo hand. Thc cxehangc intcraclion is found to he strongly 
dcpcndenl on lhe CB's momentum transfer Clk~-kf!"J=q) 
and is of aiOmiclike [11,(0)>0]. 
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2.3) Estudos de RPE de Gd3
+ no comJlosto de Valência lnte•·mediária YblnCu4 e seus 

CORIJ>Ostos de referência (Y, Lu)lnCu •. 
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ll;SR of Gd·H in lhe inlennediale-valence YblnCu 4 and its reference compound YlnCu 4 

C. Rcttnri. S. O. O~crorr. anel D. Rao 
.~m 1Jhr1o Stare Univll!rsity, Smr /Jie&o. Calijf'trlia 92182 

P. G. PagliuRO and G. E. Rarhcri::; 
lrmilldo d,. I''Úir'll "Cileh Wataghi'l. '' l/NIC:AMI', IJOIIJ-Yl(l, C:Um1rinru·SI'. Hnttil 

J. Sarrao and Z. Fisk 
Natitmrrllli~h MtJgtu"'ir. f'ield IAhnratnry, Florida State lln~w.rsity, Taildl.au,.,., noridd 3U06 

M. Hundlcy 
l.tM Almnns NlllinHdiiAbt"attJrit::s, l.ns Alamns, Nr.w Mexír:o 87$4$ 

(Rcccived li April 1996) 

Hlcc:tnm-spin-resunanc:e (l~'iR) cxpcrimcnlll on Gd' I in lhe intcrmcdialc-valcncc phasc: (7'<T.,) nr 
YhlnCu,. anel in it!l ~rcrcncc compound YlnCu• are intcrprclcd in tcrms or an cnhanccd dcnsity or statcs at lhe 
Fcnni levei ror lhe Yh-bascd comround. 1'hc Koninga rate and x 1hirl mcasurcd in ESR and lhe lttsccpeihility 
dRta allnwcd u' to cxtf'ICI thc clcc1nln-cb:trun c~~:changc cnhanccment ractur a ror lhe Yb-ha.~ comJK1Utld. 
1'hc cxchnn~c inlcnlcliun betwccn lhe Gd 1 

t locnl mumcnls and lhe cunducUon clcctmm (e-e) is C·' wavc­
vcclor dcpcnclcnt in hnlh compounds.ISOI63-1829(97)00701-7] 

Many rarc-carth intcrmctamc cmn(JOUnda prcACnt iniCial· 
ing phy,ical propcrtics &Rt;OCiatcd with lhe hybridizalion bc· 
twccn localit.cd f -eJcc:tmn Btatc.<~ anel çonduclinn elccliOns 
(c·t). ThiR ha." motivalcd cxpcrimcnlatists and lhcorcticians 
rm lhe la11t RCvcral dccadc.11n 1Uudy stmngly cmrclatcd clcc· 
tron phcnomcna in intermcdiatc•valencc (IV) and heavy· 
fenninn (HF) r;y11tcm11.1 Thc Cc-- end Yb-baiiCd campnund11 
RrC panicularly wcll Ruitcd for thclle Rtudia, !lince lhe 4/ 
t~hell ar Cc and Yb can cantributc. at mmt. nnc clccliOn nr 
hoJe ta lhe conduclion band. rcRpCCtively, llimplirying lhe 
lhcarelical analysiR. The cuhic AuBe 5 (CI5b,F43m)-lypc 
Rlructurc2 ar lhe YblnCu. compound, ÍR panjcularly iniCI'CAl­
ing duc to lhe fint--ordcr iRoRtructural volume cxpanRion 
pha5C lrln.lllition found at 7"11- 50 K.3 Bs.ICMÍVC &1Udics4 or 
Rusceptibility, spcciric hcat. rerristivity, Yb•a MOflllbauer, lat­
licc paramcter. L 111 A-ray ahsorption. and NMR (Rers. 5 and 
6) are consistcnt with a 0.4S'J, volume change1 and a Yb 
valcncc changc from z .. 2.9 at high tempcraiUres lO z .. 2.8 
atlowcr tcmpcrature.4 Thi11 pmpcrty characteri7.CR thi11 cnm­
pound u an intcnncdiate /-ion valcncc II)'Rlcm at low tcm­
peraturc.lll. To Curther 11tudy the elcctronic propcrtics or this 
compouncL wc havc mcat~urcd lhe low-tcmpcrature clcclm"n­
~tpin rcROnance (ESR) af Gd 1 "' in YhlnC'u 4 (7"=sSO K) anel 
in its rererencc compound YlnCu4 (7':S 100 K). Susccptibil­
ity and !tpÇCilic-heat mcasuremcnts wcre also pcrronncd. 

Whilc our work was in pmgrcRS, a paper by Altshulcr 
ti ai. 1 an GdJ+ in YblnCu. was publiftd. Thcy havc ana­
ly7.ed thcir BSR data by focusing on the exchangc coupling 
bctwccn the GdJ+ local momcnt and the "quasilocalizcd 
YbP moment." Thm. thcir analy~is iR mainly concenlrltcd 
on lhe high-tcmperature dala (T> 50 K). Their fC.<çUIL" rc­
scmblc tbosc found for Gd l • impuritics in a 51.ahlc-valcncc 
weak-magnctic mctallicu or insulator10. 11 hnsts. ln such 

O 163-1829197f5S(21110 16CSJIS1 0.00 ss 

cnmpound!l lhe oMcrvcd tcmpcralurc-dcpcndcnt R !!hifis anel 
mpid hnwlcning or the linewidlhs are aMOCialcd. rcspcc­
livcly, with lhe tcmpcralnrc dcpcndcncc of lhe hn5C masnelic 
fiUSCCJ'Itibility and with thc relualion via eAcitcd C:l')'lllal-fteld 
levcls.•-n 11lc magnctic momcnt ot lhe Yh H ion:.. ror lhe 
YblnCu. c:ompnund at ,..T,, ifl well dcfincd. For T""7'u 
lhe cnmpound hchiVCR as a magncbc ha.'lll with wcll Cllla~ 
lillhcd cn'fllal·ficld lcvcbt ror lhe frcc Yb, .. ion amund Mntc 
2p712.•·12 Thm, cxehangc andlor diroct m&JRCI.iC intcrac:tianfl 
rcsult in a Min and brolulcning af lhe Od 3"' rt!IOI'Uinec. 
Thcrcfarc. an anal )'Hill of BSR data in a magnclk ho5t khould 
bc carricd 001 kccping in mind lhal a 1hifl and a broadcning 
of lhe rcmmancc miy havc a varicty ar arigim. Although our 
dali in YblnCu 4 agrcc with thO!IIC of Altr;hulcr ~~ a1.,1 lhe 
aim of our work and analylli!l has bccn rocutõCII on lhe lem­
pcraaurc rcgian whcrc lhe BSR or Gd ' .. actnally )W'Obc." lhe 
1V SUite ar YblnCu 4 (T<T,).Jn thil CI.IIIC it i11 impnnant lO 
ufiC a rcfcrence compound lhat allows lhe cxlrlelian o( lhe 
varimlS inlri1111ic paramcters. For ahi!l rea."on· we havc al110 
mcasurcd lhe ESR and mJSCcptibility of Gd 3"' in YtnCu. 
and spccific heal o( YlnCu 4 • 

U. F..XPERIMENTAI. DETAJJ ... ~ 

Singlc crylllalll of (Yb,Y) 1_1 GdxlnCu. (0.0005 llii.r~ 

0.002 nominal) wcrc grown from a nux or cxcc.u lnCu by 
d~e mclhod dcRcribed el~whcn:. 13 The c:rystals wcrc or 
cubic:like shapc with typical 11i1.a; of 4 X 3 X 1 mm3

• For lhe 
high-1cmperaturc ESR mcasurcmcnLIII, powdcrcd c:rystals 
wcrc u.IIICd in ordcr to increasc lhe ESR r;ignal-to-noisc ral.io. 
Thc ESR experimenlJ wcre carried out in a Varian E-linc 
X-band IIJ'ICCiromctcr,llSing a liquid-hclium tail dc:war (1.7-
4.15 K) anda helium gas nux (7-100 K) adapted to a nXlm­
tempcraturc m 102 c:avity. The suRCeplibility measurcmcniS 

1016 f:l 1997 Thc American Phvsical Socielv 

-·---- --· ---- - --·--·· -----····-·-------- ... 
Tese de Doutorado- /999 29 
P.G. Pagliuso 

•r&. 
~,. 

UHICA.MP 



Canítulo 2.3 YblnCu. e seus compostos de referência 
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I 
f 

... 

a) 
T•t.IK 
v•I.123Ghz 

b) T•7.4K 

jrn 
J 

v•l.280 GHz --
u a.o u 4.0 

Mognetic Fleld (kOo) 
... 

FIG. I. U.."iR powdcr !CpCCI.ra of (a) 0.1 R% of Od li in 
YblnCu 4 and (b) 0.25% o( Gdh in YlnCu 4 • Thc inset shows lhe 
dcfinition of A anel 8 for a Dysonian linc 1hapc. 

wcrc madc in a Quantum Dcmgn de 1mpcrconducling quan~ 
mm intcrfen:nce dcvicc magnctomctcr. Spccific-hcat mca­
surcments wcre pcrfonncd in a r;mall-mu.-; calorimeler sys­
tcon lhat cmploys a quasiadiabatie lhcnnal rclaxation 
leehniquc. 14 Samplcs cmploycd hcre rangcd in mus fmm 45 
to 145 mg. 

III. EXPERIMENTAl, RESUJ,TS 

Figure I shows the ESR powdcr spcctra of Gd 3
"' 

( ... 0.2%) in YblnCu 4 and YinCu 4 mca,urcd al T'IISó 7 K. 
Typical Dysonian linc shapc.s15 wilh AIB- 2.2(2) wcrc ob­
served. This typc of Jine shape is charactcrislic of Iocali7..cd 
tnagnctic momcnL~õ in a lauice with a skin dcpth smallcr than 
the sizc of lhe sample panicles. For YblnCu 4 thc Gd 3 <+ rcso­
nancc shows a dccrcasing A/8 ratio as lhe tcmpcraturc in­
Crc&llõCS, in agrccmcnt wilh lhe incrca.~ of lhe resistivity ob­
scrvcd for this compound.4•16 Thc g valuc and lincwidth 
wcrc obtaincd using lhe mclhod of Petcr et aL 17 Figure 2 
gives lhe tcmpcrnture dcpendcncc or lhe linewidth ror both 
coonpnundR. For lhe Yb-baiiCd oyfllem ror T> 30 K, an in· 
trcasc in lhe bmadcning of lhe Jincwidth and of lhe g valuc 
wcrc obscrvcd. A departure rmm a linear bmadcning is sccn 
in Fig. 2 and is in agrcemcnt wilh rccently publiohcd dala on 

••r-------~~------, I 

"'"' 
! .... ··· 

1.. ..··" 
.. f .. .,., 

~:: ........................................................ .. 
•• 20 40 .. • 111 

Temporoluni(K) 

1-10. 2. Tempe111ture dependence of lhe I!SR linewidth for 
O. IR% of GdH in YhlnCu 4 (cin:les) and 0.2.'i'Jb of OdJ+ in 
YlnCuA (I'QUan:sl. Thc dashed line i!llhe bcst riltu All•a+bT. 

_ .... 
"' 

• 

,.... .... .. ~ 
f.... '· 
~ '~~. 
I Ut~ •••••• 

co ... ~~···---· •••••••• 
o 10110111200--

Tomporoturw(K) 

FIG. 3 .. Magnclic !lusccptibi1ily a!l a function of lcmperalurc, 
mcasurcd al I kOc for O.IRIJJ of GdJ+ in YblnCu4 (circlC!I) and 
0.25% of Od H in YlnCu4 (squarcs). 

Yb I .. ,Gd)nCu,.7 Thc linear dcpcndcnce or lhe Jincwidth 
was fiUcd to lhe cxprau;ion llll•a+bT, with 
a= IS0(20)0c. b = 16( I) Oe/K and a = 42(5) Oc. b 
=0.9(1) Oe/K ror Gd,. in YblnCu, and YlnCu,. =pcc· 
livcly. Wilhin thc accuracy of lhe mcasurcmcnas, lhe R vai­
UC.IIIi wcrc founc.J to hc lcmpcmturc indcpcndcnt fot 7'< 30 K. 
Thc mcasun:d low-tcmpcraturc (T< 7 K) g valuc.• wcrc 
2.073(8) and 2.004{2) ror thc Yb- and Y -baiiCd compound.'l. 
rcspcclivcly. For thc Jow conccnltatkm samplc., <-0.05%) 
wc mca.'rurcd similar valucs. wilhin our experimental error. 
ln single crynlals lhe Gd l+ rc,o;;onance did nol !dlow crystal­
field fcaturcs. i.c., fine structurc andlor aniSOlmpic lincwidth. 

Figure 3 shows lhe magnctic susccptibility, corrcctcd f?r 
lhe compound corc-diamagnetism. for lhe samples uscd m 
our ESR cxpciimcnl,, From thc Jow-lCmpcralurc tail 
(T>45 K) wc cstimate lhe Gd conccntralion to hc 0.18{2)% 
and 0.25(2)% ror thc Yb 1 _,Gd,InCu4 and Y ,_,Gd,InCu, 
compounds. rcspcctivcly. Fmm lhe high~lemperaturc 

(T>SO K) susccptibility of lhe Yb 1 -·xGd ... InCu4 wc oblain 
4.24(10)~t,,Yb. in gond agrccmcnt wilh pn:vious rcport.'l.'-6 

and closc to thc 4.54~t 8 1Yb expcctcd ror Yb"(4/13
•
2F,). 

Fmm lhe low-tcmpcrnturc data (T< 45 KJ a tcmpcrnturc­
indepcndcnt contributioo or 6( I ) x co-' cmtliFU was csti­
mat.cd. in agrc:cmcnt wilh previous mcasurcmcnts.3-6 

ln Fig. 4 wc prcscnL spccific·hcat mca.llliurcmcnts for lhe 
YlnCu 4 compound in lhe tcmpcrnturc range hctwccn 2 K 
< T< 20 K. Thc low·tcmpcrnturc CIT data inc""""' lincarly 
wilh r' as sccn in lhe inset of Fig. 4. The filting paramctcn; 
obtaincd rrom lhcsc data are y= 1.63(6)m1/mol K2 and 
p-0.327(2)m1/mol K4• A Dcbyc tempcraturc 6o=330(5) 
K is also obtaincd. 

ln Tablc I wc summarizc lhe experimental parameiCrS dc­
rivcd in lhe prcscnl work, and by. olher gRlUJlllo ror lhe 
YblnCu 4 and YlnCu, compoundR. 

IV. ANALYSIS AND DISCUSSION 

ln the simplcst trcatmcnt of thc cxchange intcraclion, 
J 1,S·s. bctwccn a localized 4/ clcctron spin (S) on a solutc 
atom (Gd .. ) and lhe rrcc c-e's spin (s) or lhe ltost metal, 
the BSR R shirt (Kni~ht •hirt)11 and lhe thcnnal bmadcnm~ 
of lhe Jincwidth (KorrinRa ratcl.19 whcn "bmtleneck" and 
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... ~:0 .· 
~: 1: ... ·. 
ã • 
E •, •• 
=itoo ~ • 
E •" - .. 
5 1D ••• •• 

~.,.. .. • YlnCu, 

0o too ... ... ... 
T'tK'I 

FIG. 4. Spec:ilic hcat ( CIT) u a func:tion of Tl for YlnCu,.. 1lte 
insct shows the low tcmpcratUR 'f'2 dependcncc of C/T. The solid 
linc is thc hcst fit 10 CIT• y+ p-rZ, with y• t.63(6)mltmo1K2 and 
J1•0.327(2)ml/moiK'. 

"dynamic" effccu; are not pre~~~.Cnt, 20 can bc wriucn 8.'> 

Ag=J1,,(E,), 

and 

d(A//) 7Ti , , . 
-dT •--J,,f/ (li,), 

8P.B 

(I) 

(2) 

whcrc J 1, is lhe ciTcctive cxchangc inlCraction bctwccn lhe 
Gd H local momcnl and lhe e-e in the abscncc of c· e mo­
mcntum transfcr,21 71(EF) is lhe '"bare" dcnsity of statcs for 
onc spin dirccúon at thc Fermi surface. k is thc Boll1man 
constant, p.,8 is lhe Bohr magncton, and g is thc Gd 3

-+ g 
valuc. 

Equalions (I) and (2) are nonnally uscd in thc analysis or 
BSR dala ror highly diluled rarc-earths magnctic momcnlli in 
intennctallic compounds wilh appreciablc residual rc.c;ist.iv­
ity, i.c., largc e-e spin-Oip scaucring. ln our c&~ thc BSR 
paramctcrs are round to bc indcpcndcnt or lhe 
conccn&ration. 20 Hcncc. it ia cxpcctcd tha• lhe following rc· 
lation would hold: 

d(A//) 1rk 
2 -dT =-(Ag). 

8P.B 
(3) 

Using lhe g valuc or Gd >+ in insulatoro as 1.993(2)." 
(1Tk/gp.1 )=2.34X lo' 0e1K, tbc mcasurod g shirlll and lhe 
lhennal broadcning o r lhe linewidtha b ror the Gd >+ rcso­
nonee in Yblncu. and YlnCu •• we round (i) lhat ror 
YblnCu 4 , whcn rcplaeing Ag- 0.08(1) in Eq. (3), a thcnnal 
broadcning or b-150(40) OciK is oblaincd. That valuc is 
much largcr than lhe onc mcasurod, b-16( I) Oe/K, and (ii) 

ror YlnCu,. whcn rcplacing Ag-0.011(4) in Eq. (3). WC 
calculatcd a lhermal broadcning or b-3(2) Oc!K. That 
valuc is also largcr lhan lhe onc mcasurod, b-0.9( I) Oc!K. 
Thcrcrorc. wc conclodc that lhe approximations madc in 
Eqs. (I) and (2) are not valid ror cilher c.,.,.,.,. mel, and con­
duction clecb"'n·clccln'm correlations13.l4 and q..dcpcndcnt 
exchangc inleraction, J/J(q),21 mwn be considcrcd in thc 
analysis or our ESR data J,,(ql is tbc Fouricr transrorm or 
lhe spalially varying cschangc. ln our analysis wc will only 
considcr lhe contriholion rrom a singlc c·e hand, bccausc lhe 
mcasurod lhcnnal bmadcnings or lhe üncwidlhs wcrc round 
to bc much smallcr lhan lhosc cxpcctcd ror lhe mcasurcd g 
shirL,."'.u 

As mcnlioncd abovc lhe clcctronic conlrihution to thc 
hcat capacity ror lhe YlnCu• compound yiclds a 
y= 1.63(6)ml/mol K2

• Assuming a frcc e-e ga.• modcl ror 
YlnCu•, y=(2/3) 'lrk2 1/(E,), wc calculatc a dcnsity of SUites 
at lhe Fcnni levei, f/(F.,)•0.34(2) lii8ICR/cV moi spin. For 
lhis dcnsity of statcs. onc would cxpcct an clectronic--apin 
susccplibility, x,=2p.af/(E,), or -0.03X 10- 3 cmu/FU. 
That is or lhe ordcr or lhe "background'' susccptihility (cor­
rectcd for lhe core diamagnetism) rncasurcd at high tcmpcra­
turcs for lhis compound (scc Fig. 3). Hcncc, onc can a.'\Stlmc 
lhat clcctron..clcctron carrclations are not important in 
YlnCu 4 • Taking into account anly lhe wave--vcctor dcpcn­
dencc of lhe excbangc intcraction. J11(q).21 in Eqs. (I) and 
(2) the cxchangc paramctcrs should bc rcplaccd by J 1,(0) 
and (J},(q)), rcspcctivcly. At lhe GdJ+ sitc lhe g shirt 
pmbes thc cee polarization (q = 0) and thc Korringa rate thc 
e-e moment.um ltal\~fcr (O~qE2iF) avcragcd ovcr thc 

Fcnni surface.21 Using J7(l:.'F)=0.34(2) matcWcV rmlspin. 
Ag=0.011(4), and b=0.9(1) OeiK, wc round lhe cxchange 
paramctcrs bctwccn lhe Odl+ local momcnt and thc e-e in 
YlnCu 4 to bc J1,(0)=32(10) mcV and (J},(ql} 112= 18(5) 
me V. 

For YbJnCu 4 lhe loW·IcmpcraiiUC linear pari or lhe hcat 
capacity givcs an clcclronic contribulion of 
y=SO(S)nú/mol K2

: ..... " For a rrcc C·e gas WC obtaincd 
f/(E,J=IO( I l statcs/cV moi spin, about30 limcslargcr lhan 
thal round ror Y!nCu,. For lhis dcnsity or Slatcs, WC o)>. 

taincd a r.-e !q)ÍD susccptibility, X,.-.2,.,.1J'I1(eF)• or 
-0.7X w-> cmu/FU. This is onc ordcr or magnitodc 
smallcr lhan lhe ICmpcraturc-indcpcndcnt pari or lhe susccp­
tihility mcasurcd in lhis compound for 
T<4S K, 6(1 )X 10- 3 cnru/FU. This suggcolli thata strong 
clectron-clccuon cxchangc cnhanccmcnt conlrihutc.-. to thc 
e-e spin susc:cptibility in YblnCu4 bclow iU1 va&cncc lransi­
tion. IL is known, lhat in lhe prescncc of such an clc::ctmn­
ck:ctron cxchangc cnhanccmcnt. lhe host melai e-e spin liU!i· 

ccptibility can bc ·approximatcd by""' 

TABI.B I. Hxperimental paramelers ror Gd:(Yb,Y)lnCu 4 • 

• b c 1 p 

• Oc Oc/K % mJ mJ 
=r= = 

Yb(Gd)lnCu. 2.073(8) 150(20) 16(1) 0.18(2) 50(5)' 0.33(4)' 

Y(Gd)lnCu, 2.004(2) 42(5) 0.9(1) 0.25(2) 1.63(6) 0.327(2) 
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TABJ.H II. &tmcted paramelen for Gd:(Yb.Y)InCu 4 • 

Yh(Gd)lnCu, 10(1)' 

Y(Gd)InCu .. 0.34(2) 

•see Refll. 4, 6, and 16. 

o. 
K 

330(5) 

(4) 

where a accounlS for lhe elccuon.elcclron int.craction, 
(I -a) -I is lhe SIOncr cnhanccmcnl faciOr, aod 'I( E,) is 
lhe bart dcnsity of Rtatcs fní' ooc spin dircclion at Lhe Fermi 
levei oblained from specific·hcat experimcniS. An upper 
limit for a of - 0.9 is cslimated assuming lhat lhe 
ICmpcrsturc-indcpcndcnt pari of lhe suaccplibility, 
6( I) X 10-' emu/FU, is only due to an cnhanced c-• spin 
su.c;ceplibility. 

ln lhe prcsence of clectroll*Ciectron exchangc cnhancc· 
ment and a q dcpendcnce of lhe cxchangc intcraclion, 
J 1,(q),lhe g shifi [Bq. (I)] and lhe lhcrmal hroadcning of lhe 
lincwidlh [Bq. (2)] may bc rewritlen a.•lD." 

a.od 

'I( E,) 
Ag=J1,(0)-1 -a, (5) 

d(Ail)_ 1Tk 2 2 • K(a) 
dT - gp.

8 
(J,,(q))'l (1:.,-)(1-a)'' (6) 

whcrc K( a) i!õ thc Korrin~a cxchan!!c cnhanccmcnl 
~~'·) . ..," t·. ·li. 

diilll) nk (Jf,iql) 
2 

• 

-;rr-• SP.s J}_,(O) iAg) ~(a). (7) 

Using .l.g=0.08(1), b= 16(1) Oc/K, and a.~•mning that 
lhe wave.vcctor dcpcndcncc of lhe cxchangc iniCracúon in 
YblnCu 4 is lhe sarne a, that of its isomorphic compound 
YlnCu,, i.c., [(J~,(q))/J~,(0)]-0.31(15), wc calculaled 
K(a)-0.36(20) from Eq. (7). From lhe work or Shaw and 
Warrcn29 this valuc corresponda to a- 0.7(2), which is com­
patible wilh thc uppcr limit of - 0.9 cstimated from lhe 
cnhanccmcnt of the e-e spin susceplibility. Thcn, u.,ing 

1 Scc, Volenu Flucrution in Solids, cdited by L.M. Falicov, W. 

llanke, and M.B. ~aplc (North-llolland, Amsterdam, 1981); 
Valmce lnsttJbilities, edited by P. Wachter and 11. Boppart 
(North-llolland, Amsterdam, 1982); Valomce FluctutJtion, cditcd 
by E. Mullcr-llartmann, B. Rodcn, anel O. Wohlleben (North-
11o11and, Amstc:n.lam, 1984); Valence FluctfiQriotU, editcd by 
G.E. 8arberis, M.E. Foglio, J.l!. Crow, and P. Sch1oltmann 

(North-11olland, Amslerdam, 1991). 
2 K. Kojima, Y. Nakai, T. Si1.uki, 11. Asano, F. lzumi, T. Fujila, 
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K(a) a 

2.4(1.5) 1.3(1.0) 0.36(20) 0.7(2) 

32(10) 18(5) -· -o 

l)(f.F)= lO( I) s\alllll/tV moi spin, «'"0.1(2), and Eqs. (5) 
and (6) wc oblain, J1,(0) .. 2.4( 1.5) me V and 
(J},(q))lll,. 1.3( LO) me V for lhe cschange paramelers bc­
twccn GdJ-+ and thc e-e in YblnCu 4 • Thcsc valucs are at 
lca.•t tcn li!'J'CI amallcr tban thcir IC8J)CCÚYC valucs found for 
Gd ,,.. in YlnCu4 , rrus:s:csting a m'uch highcr c-t localizaúon 
for lhe Yb lhan for lhe Y -ba.aed compound. That is consiSICnt 
wilh a Jarge 'I( E,) IIIISOCialed wilh a "narrow" band at lhe 
Fermi lcvcl in IV and HF systcms. Tablc n rnnnmarizcs lhe 
parametcrs obtaincd in the present work for Gel J + in 
(Yb,Y)InCu,. 

V. CONCLUSJONS 

Tbc ESR dala prcscnled for Gd" in lhe IV pha .. of 
YblnCu, (T< T.) show lhallhc largc dcnsity of stales at lhe 
Fcnni levei, charactcrisúc of an IV and HF sysi.Cm. resuiiS in 
a g shift aod a Koninga rs1e Jargcr lhan thosc found in iiS 
rcfcrcncc compound YlnCu,. Our rcsuiiS also indicaiC lhat 
lhe high dcnsity of slales of an TV syslem pcrturb lhe g shift 
and lhe Koninga rate in a diffcrent way. Wc found that thcse 
paramclers are strongly dcpcndcnt on lhe clcctmnic propcr­
tics of lhe cho.cicn compound, such a, clcclron-elcctron cx­
changc inlcraclion,27 wavc-vcctor dcpcndcnce or lhe cx­
rh:mt!r: iniC'r:wlifln . .I, I u) 11 h:nul s1nw1nrr U> :nu I lhr lno·al-

ln summary. our ICsults s1u1w tJ1:u l,.;,l<. c~pcrum::m .... ~·~~~ 

bc ur.ed lO monitor thC high dcnsity Of StalC~ in some O( thc 
highly corrclatcd clcclitm IV and HF systcms. Howevcr, onc 
should bc awarc thatlhis propeny may nnt hc ohservahle for 
othcr stmngly corTclatcd clcctmn syslcm~ whcn using thc 
ESR 1Cchnique.30-JJ 
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(Reuivetl2l May 1997; llf..'f..'t!{'ted 19 J1111e 1997 by C.J;:T..Gtmçuh•t!.'{ tia Siil'tl) 

Eleclron spin rcsonancc CESR) expcrimcnl.s of paramagnctíc ions iu 
metallic compound.s have been U!U:d lo investigatc thc intcractioo bctwecn 
cnnduction-electron (e-e) mui parmnagnctic ion.s. Thc GdH- Korringa rate 
and g-shirt mca.surcd in ESR. lhe susccptibility and .spccific hcat data of 
LulnCu 4, allowed us lo exlract the exchange parameters hetwecn lhe Gd 3+ 
local moments and the e-e in this compound. These panuncten wcrc found 
lo be e-e wave-vector depcndent. © 1997 Publishcd by Elscvier Science 
Ltd 

I.INTRODUCfiON 

Many rare-earth intennetallic cumpounds prescnt intcrest­
ing physieal properties lhal can he studicd by IIIC:ms O( 

Elcctron Spin Resonance (ESR) experimcnts. ln a simple 
metallic host, the exchange parameten; hetween the local 
magnetic moments and the conduclion-electrons (e-e), 
the clectron-elcclron (e-e) cxchange enhancen~ent and 
lhe type of e-e at the Fermi levei can be obtaincd 
from these expcriments. LulnCu 4 is an imerrnclallic 
compound with a cubic AuBe, (CISI,, f"43m)-type of 
structurc fi). ln our previous work 121. the isostructural 
compounds RlnCu 4 (R = Yb, Y) werc also investigatcd 
at low temperatures by means of ESR. The Yb·ha.'red 
compound is an intermediate vaiCIJCC (IV) f·ion !õystcm. 
This system has been intensively studied by a varicty of 
techniques (3-5). ESR in IV compounds require that the 
oblained resull!õ be compared with tho~ of a reference 
compound. ln this work we present low tempcrature ESR 
of Gd 3+ in LulnCu 4• another reference compound of the 
YblnCu 4 IV compound. Also, susceptibility and specific 
heal measurements are given. The results allowed U!õ to 
oonftrm thc •••umptlon •nade h1 o~r prcvlmu; work l'll, 
that the exchange parameter ratio, Vl~(q))IJj,(O). may bc 
the sarne for i!õostructural compounds. 

2. EXPERIMENTAL DETAILS 

Single ctystals of LAI 1 _xOd~lnCu 4 (0.0002 :S x :5 0.002 
nominal) wcre grown from a Oux of exce.~ lnCu by the 

t Current address: Depanmenl of Phy!õics. San Diego 
State University. San Diego, CA 92182. U.S.A. 

mcthod dC!õCrihcd elsewherc 16). TilC cryslals were of 
cubic-likc shapc with typical si1.es or 4 X 3 X I mm·1• 

For the high tcmperalure ESR measuremenls. powdcred 
crystals werc u~ in onJer to incrcar.c thc ESR signa.l lo 
noise ratio. ll.c ESR experiment.~~; werc carried out in a 
Vnrian E-linc X-band spcctromcler. using a liquid­
hclium tail ckwar (1.7-4.15 K) and a hclium ga!õ Oux 
(7-100 K) adapled lo a room-temperalurc TE 102 cavity. 
The susceptibility tnen!lurements were mw.lc in a Quantum 
Dcsign d.c. SQUID m:•gnclomcter. Spccific hcat meD!IiUre• 
ments wcre pcrfonncd in a small-ma.q calorimetcr s~tem 
lhat employs a t)Uasi·adiabatic lhcnnal rclaxalitm technit)UC 
(71. Sample.~~; employcd hcrc rangcd in ma..;s from 45 mg to 
145mg. 

3. EXPERIMENTAL RESULTS 

Figure I shows the ESR powdcr spcctra of Gd~+ 
(=0.03%) in LulnCu 4 measured at T == 1.6 K. Typical 
Dysonian Jineshapes (8] wilh A/8..., 2.2(2) were 
observed. This type of lineshape is characteristic of 
localized magnetic moments in a metallic lattice with a 
likin dcpth smaller than lhe size of lhe samrde particles. 
The g-value and llneWidth were obt•lned usina the 
liuing of thc resonancc tn lhe approprintc admixture of 
absorption and dispersion (9). The solid tine is the best fit 
to the ob.o;erved resonance. 

Figure 2 gives lhe temperature dependence of the 
linewidth for the LulnCu4 compound. The linear depen· 
dence of the linewidth was fitted to the expression 
D.H =a+ bT. Within theaccuracy ofthc measurements. 
the g·valucs were found to be temperature-independent. 
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Lu Gd lnCu 

~ 
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~ • i: • o 
c o e. 
J .. 

3.1 3.2 3.3 3.4 

MognoUc Flold (kGI 

Fig. I. ESR powder speclra of (a) 0.03% of Gd'+ in 
LulnCu4• 1'he aolld llne 11 lhe hcttt Rt to lhe nb~etved 
resonance u~õing the appropriate admixture of absorplion 
and dispersion. 

Thc tl, h and g valucli werc. within our experimental 
error and used concentration, indepcndent of Gd~ 
concentralion. ln single crystals the Gd 3+ resonancc did 
not show crystal ficld featurcs, i.e. line structure andlor 
anisotropic linewidlh. 

Figure 3 shows lhe tempcmtnre dcpendcnce of 
the magnetic susceptibilily, x<n. for Lu_..Od 1_ .. 1nCu,. 
(.r = 0.0002(2)). The Gd concenlration was estimatcd 
from the low tempcrature tail (7' :S 40 K) of x<n. as.o;uming 
a Curie-We.I.,s Jaw for Od, ... From the bigh lernpcrature. 
we have estimated a temperature-intlependenl contribu· 
tion (Pauli susceplibility) of 0.027(3) X 10- 3 emu/FU, 
which is similar lo our previom; mcasurements in 
YlnCu, 12J. 

Vol. 104. No. 4 

Figure 4 prescnts thc spccific-hcat of LulnCu~ 
at tempcrature bctween 2 K !!:5 T !Si: 20 K. The Jow 
lemperalurc (2 :6 T !!:57 K) OT dala increase lincarly 
with r'- (see inset in Fig. 4). The filling parameters 
oblaincd from thcse data are -y = 2.03(3) mJ mol-K -l 

and /3 = 0.41 (2) mJ moi-K -". The Debye tempcrature, 
80 = 305(5) K. is also ohtained. 

Table I summarizes lhe experimenlal paramclcrs 
obtained in the present work for LulnCu •. 

4. ANAL YSIS ANO DISCUSSION 

ln lhe simple.~~õt treatmcnt of the exchange interaction, 
J 1 ~.s. helwccn a localized 4/ eleclron spin (S) on a solute 
atom (Pd)+) and the free c-e's spin (s) ofthe host metal, 
lhe liSR •·•hift (Kni1ht 1hin) (IOJ •nd lhe therm•l 
broadening of the linewidth (Korringa rale) (li), when 
"boHicneck'' and "dynamic" crfecls are not prcsent 
112), can bc wrillcn as 

ll.g = J,~cE,-l. 
and 

d(ll.//) 7rk 2 2 
-dT = -J,,~ (E,). 

KP.R 

(I) 

(2) 

whcrc J h is the effcctive exchange inleraction bctwcen 
lhe GdH·Iocal moment and the e-c in the ab.wncc of e-e 
mmncntum transfcr 1131. JJ(EF} lhe "bare" densily of 
states for one spin direction at lhe Fcnni surface. k lhe 
Boltt.rnan coit..o;tant. JAII lhe Bohr magncton and g lhe 
GdH g-valuc. 

Equations (I) and (2) are uscd in lhe analysis of ESR 
data for highly dilutcd rarc-carths magnelic moments in 

160~----------------------------------, 

120 

•+---~--r-~--~------.-------.-~ 
o 10 20 30 40 

Temperature (K) 

Fig. 2. Temperature dependence of thc ESR linewidth for 0.03% of Gd)+ in LulnCu~. The dashed line is the besl fit to 
ll.H =a+bT. 
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Table I. E"'perimental parametcrs for Gd : LulnCu 4 

g a 
Oe 

Lu(Gd)lnCu, 2.003(2) 41(2) 0.9(1) 

intermetallic compounds with appreciablc residual 
resistivity, i.e. large e-e spin-Oip scallering. ln our ca...e 
the ESR parameters are found tu be independent of 
the concentration [12}. Hence, it is expected that the 
followina nlation would hold: 

d(ó.H) = ~(ó.g)'. 
dT g~ 8 

(3) 

Using the g-value of Gd)+ in im;ulalors as 1.993(2) 
114). (d/g~nl = 2.34 x 104 Oe K -•. lhe mea<ured 
g-~hiftq and lhe thcrmal bmadcning uf lhe linewiddt, b, 
for the Gdl+ resonance in LulnCu,. we found that using 
AR- 0.010(4) ln equatlon (3). a thermal broadening 
b - 2.4(8) Oe K -I js obtained. Thal value is largcr than 
lhe mcasured onc. b - O. 9( I) Oe K -•. Thcreforc, wc 
ennclude that lhe approximations made in equations (I) 
and (2) are not valill ror this cmnpound and conduction 
electron-clectron correlations (15, 161 and q-dependcnt 
exchangc: interaction. J1,(q) 1131. must be considcrcd 
in the analysis of our ESR data. J1J(q) is the Fourier 
transform of lhe spatially varying exchange. ln nur 
analysis we will only considc:r thc contribution fmm 
a single e-e band. because lhe mca~~d thennal 
hro;ulening ofthe linewidth wn!'õ found to hc much smallcr 
than that expected for thc measurc:d g-shil't 117, 18). 

'â 
~ 
E 
.!!. 
• o 
~ .. 
.... 

1 

8 

• 
• 
3 

2 

o 

H= &kOe 

\.. 
IUAIIIWGikD(OWmi;:;;:PJC. 

o 60 100 110 200 260 300 

Temperature (Kl 

Fig. 3. Magnctic susceplibility ••s a function uf 
tc:mperature measured ai 5 kOe for ().02% of Gd-'-4- in 
LulnCu 4• The solid linc: is lhe bc:st tit to x = 
xn+C/(T-8) wilh xo=0.027(3)X 10--'emumol- 1

• 

the Curie cnnstant C= 0.00189 cmu.K mul- 1 and 
8=-0.I(I)K. 
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c 
% 

-o.2 

, 
mJ/moi-K1 

2.03(3) 

(j 
nll/moi-K" 

0.41(2) 

As mcnlioned abc.wc. the electronic contribulion to 
the heat capacity for the LulnCu 4 compound yields lo 
1' = 2.03(6) mJ moi-K -l. Assuming a free e-e gas 
model for LulnCu4• 1' = (213)"1"2k21J(EF)• we cakulate a 
denslly of states at the Pennl levei. IJ(EF) = 
0.42(2) states e v-• moi-spin. For this density of states, 
one would expect an elcctronic spin susceptibilily, 
Xe- = 2p~ll(E 1 ·), of ..,. 0.027 X 10-.1 emun:u. This 
value is of the order of the ''background" susceptibility 
(corrcctetl for the core-diamagnetism) measurcd at high 
tcmperaturcs for this compound (see Fig. 3). llcncc, onc 
can assume that electron-elc:ctron correlations are nnt 
important in LulnCu 4• Taking into account only lhe 
wave-veclor dependcnce of the exchange interaction. 
Jp(q) (13], in equalions (I) and (2) the exchange 
paramelcrs should be rcplaced by J1,(0) and (J~(q)). 
respcctivcly. At thc Gd1+ site the g-shifi probes thc 
e-e polarization (q = 0) and lhe Korringa rate the e-e 
momcntum transfer (0 ~ q ~ 2k,.·) averaged ove r the 
Fermi surfacc (13}. Using 'I(EF) = 0.42(2) states ev-' 
ntol-spin. ó.g = 0.010(4) and b = 0.9(1) Oe K- 1

• 

we found the exchangc parametcrs belween lhe Gd )+ 

local momcnts and the e-c in LulnCu 4 to bc, 
J1,(0) = 24(6) me V and (J~(q)) 1 n = 15(4) me V. Table 2 
givcs lhe cXIractcd paramctcrs for LulnCu 4• 

The cxcl~o1nge pnmmctcr 1,,(0) is fnund lo he (lOSitive. 
llcnce, wc cunctudc that thc exchange interaction with 

... . ----·--- ·---· • ... .... • • 
l • ... . • 1.: • • 

õ zoo 5 .. ·· • • 
~ 

. --.-~---.--.-- .... ... l'pq' • 
§. • • • c 100 • • o • • LulnCu, .. .. 

.~~--,-----,-----~----~ o 100 200 300 400 

T'tK'I 

Fig. 4. Spccilic hcat (Ctn as a function of fl fnr 
LulnCu 4• Thc insct shnws thc low tempcrnturc T1 dcpcn­
dcnce of CJT. The solid linc in the insct i,. the bcst fit to 
Cff = -y + (jT 2, with "Y = 2:03(3) mJ moi-K -l antl 
(j = 0.41(2) mJ moi-K-'. 
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Tahle 2. Extraclcd parameters for Gd : LulnCu 4 

~(li,) 

stalesleV moi-spin 

Lu(Gd)1nCu, 0.42(2) 

Bn 
K 

-305 

the e-e is of atomic-like for Od)+ 113). The values 
or J1,(0) and (1/,(q)) 1ead to the ratio I(J~(q))/ 

Jl(O))- 0.39(18) for LulnCu 4• This value is c:lose to 
those extracted for this ratio in the isostructural 
compounds RlnCu 4 (R = Y, Yb) 12). The sarne behavior 
was found for the ((JÀ(q))/JÀ(0)) ratio in the Kondo 
laltice compound YbAgCu 4 and its reference compound!õ 
RAgCu, (R = Y, Lu) 1191. Thu•. the5e re5ull• 
suggest that this ratio may bc the same for lsostructural 
compounds. 

5. CONCLUS10NS 

The ESR dntn prcsented for Od·' 1 in l.ulnCu 4 show a 
g-11hlft and a Koninga rate characterl!uic of localized 
magnetic moment diluled in a ~;hnple melallic host. The 
re~;ults allowed u~; lo extract lhe exchange parameters 
belween lhe e-e and Odl+. 1'he exchange interaction is 
round to be wave-vector dependent. TI'e t(Jj(q))!Jt<OH 
ratio ror LulnCu 4 i~; nenrly lhe snme as tho~;C round 
ror thc i!;,omorphou~; c01npounds RlnCu 4 (R= Y, Yb). 
Negligible electron-eleclron exchange inleraclion was 
found in LulnCu.-. 
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Capítulo 2.4 YbAgC!H e seus compostos de referência 

2.4) Estudos de RPE de Gd3+ no eomposto Tipo Rede de Kondo YbAgCu4 e seus 

compostos de referência (Y, Lu)AgCu4• 

I'IIVSICAI. RHVIHW I) VOUJMB 56, NtJMilHR 14 I OC'I"OHER 1997-11 

ESR of Gd3+ ln lhe Knndo-lallice compound YbAgCu4 

ond il• reference compounds RAgCu4 (R=Y,I..u) 
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(Rccclvcd 14 March 1997) 

I.AIW·Icnlrcnture (7'<31J Kl clcctmn-~ln-re~~nnnnce (J!SR) capcrimcn&a ur Ck11' dilutcd ln lhe Kondc,.. 
laui" compound YbAaCu4 anel 11~ rcrcn:ncc compounds YAaCu. anel LuA1C114 are iniCtpiCied ln lenns ar an 
cnt..nccd dcntity or 11a1~ 11 lhe l:ami levei ror lhe Yb·hucd compound. 1'he reJUht ar suiCZplibiliiJ anel USR 
(Konina• r.le 1nd -'''hift) mcasuremen11 ahow nqli&lhle clceLmn•leclmn eachln1e enlulncemcnl ror ali lhe 
llluclietl ccttnronndll. Thc clch•nsc inlcmclinn helwccn lhe Ckl1' lnc:nl mmncnl MM~ lhe c:onduclion clcclntn!l 
(c·c) ill e-c wave vcelar clepentlcnt ln ati threc compounds.IS0163-1829(97)010JI·21 

1. INTKOUUt."TitJN 

Hybridir.ation hctwccn loctll7.cd J·clcctnJn and 
cundnctinn-clccltun (e-c) MaiCII hlvc mnllvaiCd capcrimcn· 
l.lli11t11 and thcnrclicllnl to 1tndy lhe pbcrMNncna lnvnlvlna 
ltmnl electrnnlc: com~lldonll. 1 The c.. lftd Yb-buod coma 
pooond• are wcll toUIICd ror lhcle llludico. 11oc 4! •hcll ol Ce 
Md Yb mi)' contributc wilh an clcclron and a bole, fCiiipet:· 
Livcly. lo thc conductkln band, aimplifying lhe lhcorctical 
analysis. Thc YbAaCu,. compnund or cubic Au8c5 
(CISb.F43mJ.IYJOC "'"""'JC.' lo particul11ly approprialc hc· 
CIIL'IC it hu lhe fnllowin1 Knncfo...l)'pc ,mpcrticl: (I) a rele· 
aivcly largc linear cocfficient nf spcciRc hcal. ')' 
-24CJ mJ/mol K'. '·' (ii) 1 ICmpcrature-<lcpcndcnl clcctri<al 
rc.c;i,;livily characiCriRtic of 1 Kondo-lanicc II)'Rtcm.' anel (iii} 

a lcmpcrnlure-dcpcndcnt •naanelic stt5t.'cplibilily wilh a 
maahnutn ai .. 3S K, J lhat can bc dc.1cribcd by lhe Bclhc· 
anR&tz ~~~nlutkJn nf thc Cnqblfn-Schricffcr llamlltonlan. ~A., 
Thc rclalivcly wcak intcractinn hctwecn lhe Yb mqnclic 
mnmcniRl makCA ctcctnm·l!pin f'CIIIOI'Iancc (P.SM) or diltdcd 
OdJ+ ln YbAICU.. IUIIIble to IIUdy lhe eloctnmic ~niCI 
ol lhl• compooond. For c:mopuilon, lhe ESR ol Od' • ln thc 
rcfcrcnce compaunds or Y AaCu4 and LuAaQt4 wcrc mca­
Rured. Complimcnlary Rusccpl.ibility and 5pCCific·heal ca­
pcrimcnLo; wcrc also pcrronncd. 

ln a rcccnl papcr wc havc Rludtcd lhe BSR nC Od' 1 in tbc 
intcnncc.Ualc valcncc phuc (TCi1·., .. so K) of YblnCu4 1nd 
il!l refcrcncc compound VInCo..' ThOIC rcRtiiiR wcrc intcr· 
prctcd in tcnm nf an cnhanc:ed dcnRity of Rlatcs 11 lhe Fcnni 
levei for lhe Yb-bucd cmapouad. Thc aim ar lhil work is to 
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FIU. t. IAIW tcrnperalurc, 1'-l.fiK, I!SR 
l'fiWdcr !p:elra far (a) 0.9(2}'1o of (Kf11 in 
VhAs:( :u~. (h) 0.22{2)'1> or ( kl' I ln v AI;( :u~. and 
(c) tl.lfi(2)'1> c1r Ud" in t.uAt;CU-t. 11te ~olid 
lincll an: lhe hc!lt fil of lbc te5elnancc 1o a l)yta1n 
linc ~hltpc. 
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sLudy, also via ESR of Gd3+ impuritic.c;. lhe elcclronic prop­
enic,; of lhe Kondo-lauice compound YbAgCu4 and compare 
it with lhe intcnnedialc valcnce compound YblnCu4• 

JJ.EXPERIMENT 

Single ery.,als of R 1 _,Gd,AgCu4 (R= Yb. Y,Lu; 0.0008 
~.r=s:0.009 nominal) wcrc grown from a nux of1 cxccss 
AgCu by lhe mclhod described elsewhcrc.9 The cryslals were 
of cubiclik.c shape wilh typical Rizcs of 4 X 3 X 1 mm1• Thc 
nxmHcmpcraturc latúcc paramcters wcrc mc&Aurcd in x·ray 
powdcr-diffraclion expcriments. The ESR expcriments have 
hccn canied oul in a Varian E-line X -hand spectromcter, 
using a liquid-heliwn Wl dcwar (1.6-4.15 K) anda hclium 
ga.• nux (7 -30 K) adapled 10 a roorn-1empera1urc TE102 cav· 
ily. For lhe high-tempcralurc ESR measurements, powdcrcd 
crystals wcrc used in onlcr 10 inerease lhe ESR signal·to­
noisc ratio. Thc suiiCCptibility I'I'IC88Urcmcnl5 have bccn Llkcn 
in a Quantum Design de supcrconducúng quanrum intcrfer­
cnce dcvice magnctometcr. Spccific-hcal nleaSiuements wcrc 
pcrformcd in a small-masa calorimcter systcm lhal employs a 
quasiadiahalie lhcrmal relaxation tcchniquc.10 Undopcd 
samples have hccn u..OO for lhese measurcments aod lhe 
masses rangcd from 45 10 145 mg. 

III. EXPERIMENTAl. RF.SULTS 

Figure I shows lhe ESR powder speetra of GdH diluled 
in YbAgCu4, Y AgCu.. and LuAgCu4 measurcd ai T 
= 1.6 K. Typical Dysonian Iine •hapes11 wilh ii/B-2.2(2) 
werc observcd. These line shapes are eharac1erislie of local· 
ized magnelie momcnls in a metallic hosl wilh a skin deplh 

35 

smallcr than thc si1..e or lhe sample particlc.c;. Thc g valuc and 
Jincwidth wcrc obtained from the fitting of thc te!õOnanccs to 
lhe appmpriatc admixturc of absorptioo and dispcrsion.l 2 

Thc solid Iinc•. in Fig. I, are lhe hcsl fil lo lhe observcd 
rcsonances. 

Figure 2 givc., lhe tcmpcralurc dcpcndcncc of lhe linc­
widlh for lhe lhrcc eomp<>uods. The linear dcpendcncc ol lhe 
lincwidlh was fiucd lo lhe cxprcssion àll=a+bT. Wilhin 
thc accuracy of lhe mca.~rcmcnL~ thc 8 values bavt. bccn 
found 10 hc lcmpc:raturc indcpcndcnt. Thc a. b, and g pa­
ramctcrs wcrc. within our experimental crmr and used coo­
cenllations, indcpcndent of lhe Gd conccntration. Thcir val­
ucs are shown in Tablc I. ln single cryslals lhe Gd1 ... 

rc!Klllancc did not show crystal-ficld fcaturcs, i.c .• fine struc­
turc amllor anisotropic lincwidlh. 

Figure 3 shows lhe maguetie susceptibilily, COJTOCICd for 
lhe compound carc diamaguetism, for some of lhe samplcs 
U!õCd in our BSR cxpcrimcnlS. Frorn lhe low-tcmpcralUrc tails 
(T<20 K) lhe Gd concentralions wcrc eslimatcd and lheir 
v alues are givcn in Table I. For T> 20 K, lhe tcmperalurc 
dcpendcnce of lhe susceplibility ol lhe Yb,_ ,Gd,AgCu4 

samplcs presents similar fcatures 10 lhal fouod in uodopcd 
YbAgCu4•3 

Figure 4 shows lhe spceifie hcal for lhe R AgCu. (R 
=Yb. Y,Lu) erystals in lhe tcmpcra!urc range ol 2 K<T 
< 20 K. The low-temperaturc CIT data inercase Iinearly 
wilh T2 as secn in lhe insel of Fig. 4. Tbe filling paramctcrs, 
y and {3. oblained Crom these data are givcn in Table I. No­
lice lhal our valucs for y aod f3 in YbAgCu. are siguificanlly 
differenl from lhose found by Olhers.',. This prcbobly has 10 
do wilh lhe high purily of our erystals.9 Thc dcnsity of Slltcs, 

TABLB I. Experimental parameten for Gd: R AgCu4 (R • Yb, Y,Lu). 

• 
Á 

Yb(Gd)AgCu4 7.08(l) 
Y(Gd)AgCu4 7.20(1) 
l.u(Gd)AgCu. 7.10(1) 

Tese de Doutorado- 1999 
P .G. Pagliuso 

• 
' Oe 

2.17(1) 123(15) 
2.10(1) 227(9) 
2.09(1) 180(12) 

b c y fl 
OeiK % mJ/mot K2 m.J/mol K4 

42(3) 0.17(2) 207(6) 0.63(6) 
IS(l) 0.22(2) 11.4(2) 0.46(2) 
11(1) O.l6(2) 10.0(2) 0.68(2) 
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'f/(1-:F). and thc Dcbyc tempcraturcs, Bn. cxtractcd fmm 
thc~ paramcters are givcn in Tahle II. 

Tablc I summari7.CS lhe experimental paramctern obtaincd 
in lhis wnrk for lhe RAgCu4 (R= Yb, Y.LuJ compounds. 

IV. ANAI~YSJS ANJ> ))JSCUSSION 

Thc cxchangc intcraclion, Jr,...-,·s. hctwccn a locali:~.cd 4/ 
clcctron spin (S) on a solute a1om (Gd11

) and lhe frcc e-e's 
spin (s) or lhe host melai, ~'WIL~ in a g Mift (Knight r;hift) 13 

and in a thennaJ Jinc bmadcning (Korringa rclaxationJ14 of 
lhe ESR spcc&ra. Conduction clcclrnn·clcctnm cxehangc 
cnhanccmcnl15·16 and q-dcpcndcnt exchange intcraclion, 
Jr~(q),

17 are ortcn uscd in lhe analysis or lhe ESR data.11 

Jr~(q) is lhe Fourier transronn or lhe spatially varying ex· 
changc coupling. ln this ca.o;c, and whcn .. bouleneck" and 
"dynamic" cffeciS are DOI prt.'ICD~ lhe g shift (âg) aDd 
Korringa rate {b) can bc wriuen as111 

(I) 

400 

and 

FIG. 3. Tcmpemturc dcpcndencc of thc m:l~­
nctic susccptibility, mcasurcd at5 kOc, for 0.17% 
of Gd11 in YhAgCu4 , 0.22% of Gd11 in 
YAgCu4, and 0.16% ofGd31 in l..uAgCu4 • 

d(&l/) 11k 
2 2 

. K(fr) 

b= -d1' =- (J,,(q)) ~ (I:.,) ;-;--::;--r( I ) ' 
RJLR - tr 

(2) 

whcrc Jr~(O) and (Ji~(q)) are lhe cffcctivc cxcbangc par.tm­
eters bctwecn thc Gd.1 1 local moment and lhe e-c in thc 
prcscncc of e-c momcntmn transfer. 17 Undcr lhis a~-rumption 
thc Gd1

.
1 g shift probcs thc e-c polari7.alfon (q=O) and lhe 

Koninga rate lhe e-c momcntum tranr;fcr (O=siiqEõ 211-) aver­
agcd over lhe Fenni surfacc!7 

( 1 -a)- 1 and K( a) are lhe 
Stoncr and lhe Korringa cnhancancnl facaors, rcspcctiveiJ· 
duc to lhe clcctmn-clcctmn (e-c) cxchange inleraction.a.a9 0 

7J(EF) is the "bare" dcnsity of statc., for one $J>in dircction 
at d1c Fcnni levei, lc. is the Boll7.mann constan~ P.s is thc 
Bohr magncton, and g is lhe Gd1 .. g valuc. 

Equations (I) and (2) are appmprialed for lhe analysis of 
ESR dala of highly diluled rare carths iD mctallic hcoiS wilh 
apprcciable e-c spin-Oip scauering, i.c., unboltlenerlc. regime. 
Wc found iD lhis work lhatlhc ESR paramc1ers do DOL de-

800~~======~----------~ 

: í~ ).-:ç~~;; ~ 
600 s-~ .• -.--·· ...... --- ... .. 400 T"(K., •••• 

•• ••• 300 . . __,... •• 
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LuAgCu, 
-100 '--~-~~=----==---=-~~::--' o 100 200 300 400 
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'l'e.1·e de lJorr/orado- IYYY 
I'.G. l'ngliuso 

FIG. 4. Spccific hcal ( C/11 as a function of 
T2 for RAgCu. (R-Yb,Y,I.u) c.:umpuund5. Thc 
inscl shuw!l lhe low-lcrÍlpcro~lurc 1"2 dcpcndcncc 
of CIT. Thc solid linc is lhe bcsl fit lo C/T= y 
+(JT2• yand fJ are givcn in Tablc I . 
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TADI.It 11. l~xtractcd pnramctcrs ror <Jd:RAgCu4 (R= Yh, Y,l.u). 

~(F.,) O o 
statcslcV mi)Jspin K 

Yb((id)AgCu4 44(2) -2M 
Y(Gd)AgCu. 2.42(4) ~294 

l.u(Gd)AgC\4 2.12(4) -257 

pcnd on lhe Gdl+ concentratian. Hcncc, it is cxpcctcd that 
lhe following rclation would hold: 11

•
111 

d(A/1) ?Tk (J~,(ql) 
2 

b= --;r;:-= BfLs J~,(O) (Ag) K(u). (3) 

ln our analysi~ lhe contribution fmm diffcrcnt e-c bandc; 
can bc ncglcctcd. bccause thc mcasurcd thcnnal broadcning 
of lhe linewidlhs is much smallcr than that cxpcctcd fmm lhe 
mcaorurcd R shifL~. 21 • 22 

Thc cleclnmic conlribution to lhe hcat capacity of lh~ 
compound') yicld.'i to lhe y value.~ shown in Tablc I. ln a frcc 
e-c gas model y=(2/3)w2k2 '1(1i,). Thus. lhe dcnsily or 
slalCS allhc Fenni levei. 'I( li,) can hc c.•limalcd ror lhe Y­
and Lu-ba.•cd samplc.• (scc Tablc II). Fmm lhe dcnsily or 
statcs. lhe clcctmnic spin su.~tibility. x" = 2,u.~ q(l:; F)• can 
bc cvaluated. TI•e values calculaled are 0.1 S X m·-l and 
0.13X 10 ' cmu/FU ror lhe Y- and Lu-bascd. rcspcclivcly. 
Thcse rcsuiL'i are in good agrecmcnt with thcir ~msccptibility 
mca.c;urcd at high lemperaturcs (Pauli suRCcpübility), oncc 
currcclcd ror lhe core diamagnetism (scc Fig. 3). llcncc. onc 
can as.crumc lhat e-c exchange enhanccment is nnt import.an.L 
in thesc compound.'i. i.c .• a-o and K(a)- t. 19

•
20 

The cxchangc paramctcrs hctwccn the Gd11 local momenl 
and lhe e-c in RAgCu4 (R= Y.Lu) wcre estimatcd using Eq. 
(3), whcrc we uscd the g valuc of GdH in insulators a.c; a 
rcrcrcncc. 1.993(2)." rrki&JLo=2.34X lo' OciK. and lhe 
valucs of Ag. b. and 'l(li,l listcd in Tablcs I and 11. Table 
H summari1.es lhe obtaincd valuc.c;. Notice thal lhe ratio, 
(J~~(q)) 1 n/Jr~(O), is ncarly thc sarne for thcsc isomorphous 
compoundc;. 

For thc analysis of thc Gd.H ESR data in YhAgCu"" wc 
a..sume lhallhc ra1io. (J1,(q))/J1,(0)-0.056(4). is lhe sarne 
ror YbAgCu, and RAgCu, (R=Y.Lu) compounds. Using ror 
YbAgCu, Ag=O.I8(1l and b=42(2l Oc/K rmm Tablc I. 
WC calculated K(u)-0.9(4) rmm &j. (3). Fmm Rcls. 19 
and 20 this valuc cOI'I'CI;ponds 10 a .. 0.1(4), i.c .• for 
YbAgCt~.t. thc e-e cxchangc enhanccmcnt is also ncgligible. 
Thcrc is still not a model that includcs the e-e cxchange 
intcraction for thc analysis of lhe ESR, magnctic su~tibil~ 
ity, and spccifie-hcal data in Kondo-lauice system.c;.14 Hencc. 
at thc momcnt it is not possiblc to compare lhe Stoner factor 
obtaincd fmm ESR and lhat from t.ran5port mcasnn:mcnK25 

Thus. lhe bc..t wc can do is lO use >J(E,)=43(2) statesl 
cV moi spin, a-0.1(4) (scc Table II). ond Eqs. (I) and (2) 
lo cslimale lhe cxcbange paramctcrs. J ,,(O) and (J ~.( q)) •n, 
hctwcen Gd3+ and lhe e-e in YbAgCu4• Those valucs are 
givcn in Table II. 

Thc excbange parametcrs, J,,(O) and (J~,(ql) 1 n ealcu­
latcd for YbA2Cu... are both about tcn timc.c; smaller than 

'l~~é Je -i>or~i,;j.~"J;, - /99Y 
P.G. l'agliuso 

Jr~(O) (.l~(q))ll2 

me V me V K(a) a 

4.(~J) 0.9(2) 0.9(4) 0.1(4) 

44(5) 11(1) -I -o 
4S(S) lO( I) -I -o 

thcir re.c;pcctive valuc.c; for lhe Y- and Lu-bascd componnds. 
This may suggc.'it a much highcr e-c locali1.ation for the Yh 
than for the Y- and Lu-bascd compounds. That is consistent 
with thc largc density of stat.cs ac;sociatcd with a ''narmw•• 
4/ band allhc Fcnni levei of thc Kondo-lauice compound 
YhAgC~. But a smallcr positive exchangc paramctcr. 
lr5(0), may aloo suggc.c;t a largcr covalcnt (intcrband mixing' 
contribution to thc cxchangc paramctcr in thc Yh-bascd 
compound.17

•
26 Howcvcr, due to lhe oversimplilicd modcl 

used to cxtract thc dcnsity of slateS. '1/{E,..). the values for 
J,,(O) and (J~,(ql)'n obtaincd ror YbAgCu, sbould hc takcn 
with extra caution. Collcctive effccLc; may cnhancc the den­
sity of slatc.c;,27 TJ(.E,..). Thus, our values reprcsent just a 
lowcr Jimit for thc cxchangc paramctcrs. 

V. C.ONCI.IJSIONS 

Thc large density of stut.cs at lhe Fcnni levei for thc 
Kondo-lauicc compound YhAgCu4, characlcristie of highly 
eonclatcd clcctmn sysacm.c;, raruiLc; in a largcr g shifl and 
Knrringa rate of lhe Gd·' ' rcs(lnancc whcn compared wilh 
lhe con'C.<;JXmding valucs of its rcfcrcnc::e compound.c; 
R AgC14 (R= Y .Lu). 1l•c cxchangc inlcrnction hctwccn thc 
locali7.cd magnctic mmncnt of Gd3 1 and thc e-c is wavc­
vcctor dcpcndcnt. Jr~(q), for ali lhrcc isomorphic com­
pounds. Thc cxchangc paramelcr. Jr,(O), is found to hc JX:tSi· 
tive for ali of them. As YbAgCu4 is a Kondo-latticc ~yslcm, 
an antifcrromagnCtic cxchangc intcraclion is cxpcctcd bc­
twccn thc locali7.cd magnctie momcnt of Ytr'"' and lhe e-c. 
Hcncc, wc eoncludc lhat thc cxchangc interaction wilh thc 
e-c is atomiclike for GdH and covalcnllike for Yb·' 1

• 
17 

Thcre is an intercsting obscrvation to bc madc fmm lhe 
rc.crults of our prcvious mcasurcmcnL~ in thc intcnncdiaiC­
vaient compnund YbinCu, (Rer. 8) and lhe pn:scnl mca..ure­
mcnts in lhe Kontlo-latticc compound YbAgCu4• 8oth com­
pounds bclnng to lhe elass or highly corrclalcd elcclmn 
systems wilh relativcly large y valucs, SO(SJ and 207(6) 
mJ/mol K 2 ror YblnCu, and YbAgCu,. rc.•pectively. For 
YblnC~ our re.'rults suggcstcd a large clcctron-clccltOn cx­
ehangc imcraction. Instcad, for YbAgCu4 this intcraction, 
within thc accuracy of our expcrimcnts, sccms to bc ncgli­
giblc. If so Coqhlin..Schricffcr's modcl for magnctic impuri~ 
tic.'i dis."Kllved in a frec e-e mclal.6.7 could bc a g(xxJ dcscrip­
tion for thc magnctic Rusccptibility, x<11. of YbAgCu4. J 

Finally, as in our carlier work. • lhe prcscnl rc..uiL• show 
that ESR expcrimcnts of Gdl+ dilutcd in mctallie hosLc; with 
largc clcctronic effcetivc ma~;SCS may be uscd to probc thc 
high dcnsity of staiC.'i at lhe Fermi levei of thcsc compounds. 
Howcvcr, wc should mcntion that ESR failcd to observe this 

4I 

~~ .,.,,.. 
UltiCA.JAIP 



ç_ªllÍI!tlo .. ~2<.:4,_ _________________ _.Y_,b"'A"g.,•C.&u! e seus compostos de referência 

HSR 01' Gd11 lN TI lU K0Nl:X>-I..A11"1CI! COMI'OlJNl) ... 8937 

pmperty in othcr strongly corrclatcd clcctron 
!>}'!ttcms.28 -

31Thcrcrorc, a modcl that Ulkcs into accoun1 lhe 
largc clcctronic cffcctíve mass, e-c localization, impurity 
pcrturbalion of thc local dcnsity of statc.~ and e-c intcrac­
tions is nccdcd for a rcalistic analysis of lhe ESR rcsniLc;. 
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ESR of Gd3+ and Nd3+ in LulnA4 (A = Cu, Ni) 
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Abstract. 

Law tomperaturo (1.6 K ~ T ~ 60 K) data of Elcctron Spin Reoonance for 

Gd"+ and Nd3+ diluted in LulnA4 (A = Cu, Ni) eompounds are presenled. 

The resulta are intcrpreted in tcrms of a density of statcs at thc Fermi levei 

buill up of a singlc •-band for lhe Cu-bassd systcm and a multiplc (• and 

d) bands for thc Ni-bascd systcm. 'l'hc suscct>tibiliLy and spccific hcat data 

show negligible electron-elcctron cxchange cnhanccmcnt for beth componncls. 

For tbc Cu-based systcm the exchange interaction bet.ween the rar&-earth 

(Gd3+ anci Nd3+) local moment and the conduction clnctrons dcpcnds on thc 

couduction electron wavc--vector. 
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I. INTRODUCTION 

Elcctron spin resonance (ESR) of rare-earths (RE) impuritics in metallic host.s ha.s becn 

widely used to study: i) the CX<".hange interaction between the impurity localizcd magnctic 

moment and the conduction-electrons, i•) band structurcs effcct.s of the host metal, iii) 

crystal field elfcct.s, i11) hypcrfinc intcract.ions, 11) highly <".orrclat.cd clcct.ron syst.e~ns, and IIi) 

superconductivity of the host metal. 1 

The ex<".hange int.eraction cxperienocd by a RE ion impurity in transition metals2•3 and 

intermetallic compounds1•4 varies in sign and magnitude depending on the transition metal 

ion. 1 Because of the stability of the Gd3+ and Nd3+ ions 4/ shell, the negative ex<".hange 

integral is not. associated with a covalent mixing mechanism. 5 Jt ha.s been suggested that a 

negative effective exchange for RE impurities in some d-band compotmds is due to the 1ack 

of orthogonality between the 4/ and d-orbitals of the neighbor sites.M The purpose of this 

work is to show that ESR of Gd3+ and Nd3+ in the LulnA. (A = Cu,Ni) compounds can 

provide a means to probe the band structure of these systems. We showed that the ESR 

data of Gd3+ in LulnCu.' and YlnCu.8 could be explained in terms of a single s electronic 

band contrlbution to the donsity of states at. tbc Fbrmi lovcl. Altcrnatlvcly, wo will sbow 

bere that the ESR data of Gd3+ and Nd3+ in LulnNi4 cannot be explained with a single 

hand. We propose tbat thc contribution of s and d clcctronic hands to tho dcDBit.y of states 

II. EXPERIMENT 

Single crystals of Lu1_.RE,lnA4 (RE = Gd,Nd; A= Cu,Ni; 0.0005 :$ x :$ 0.005 nominal) 

of cnhic AnBe5 (C15b, F43m)-typc structure9 were grown from a fim< of excess InCn by the 

method described elsewhere.'0 The crystals were of cubic-like shape with typical sizes of 

4x3 xl mm3• The ESR experiment.s were carried out in a Varian E-line and a Bruker 

ELEXSYS X-band spectrometers, using a liqnid-helium tail dcwar (1.6 K - 4.15 K) and 

1is"'éde /Jt;;;i~;r~ido- 1999 
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a hclinm gas llux ( 4 K - 60 K) adaptcd to a room temperaturc TE102 cavity. Dysoniau 

lincshapes11 with A/ll""' 2.2(2) wcrc always observcd. Thesc lineshapcs are charactcristic of 

localizcd magnetic momcnts in a metallic host with a skin dcpth smallcr than thc sizc of thc 

samplcs. ln ordcr to iucreasc thc ESR signal to noisc ratio, powdcrcd crystals wcrc nsed in 

most of the ESR measurements. Experimenl.s conducted in single crystals did not show any 

anisotropy which could be attributed to crystal field effects. Snsceptibility measurements 

wcrc made in a Qnantmn Dcsign de SQUID magnctolllCtcr. Spccific heat measnremcnts 

were pcrformcd in a small-mass calorimet.cr system that employs a qnasi-adiabat.ic t.hermal 

relaxat.ion te<,hnique. 12 Samplcs uscd bere range<( from 50 mg to 1.50 mg. 

III. EXPERlMENTAL RESULTS 

Figure 1 shows the specific-hcat for the LulnNi4 compound iu t.hc tcmpcrat.urc range of 

2 K ;S T ;S 20 K. ln the low temperatura region, C/T increascs linearly with T 2 as scen in 

the inset of Figure I. The fitting parameters, "'( and {J, obtained from these data are given 

in Tablc I. The Debye temperatura, 1)0 , is given in Tablc II. 

Figure 2 gives thc magnctic snsccptibility data for some of thc Ln1-zRE.InNi, (RE = 

Gd,Nd) crystals used in ESR experimenta, corrected for the compmmd core-diamagnetism. 

Using tbe effcctive magnetic momcuts, /leff = 7.94 J.'B and 3.62 J.'B for Gd3+ aud Nd3+ 

respectively, the Gd and Nd concentrations were estimatcd and their values are given in 

Table I. Also, the conceutratiou of the Gd3+ natural impurities in LulnNi4 was cstimat.ed 

and is given in Tablc I. 

Figures 3 and 4 show the ESR powder spcctra for ~ 0.2 % of Gd3+ and ~ 0.05 % of Nd3+ 

dilnt.ed in LulnA.(A= Cn,Ni) at T = 1.6 K, respectively. The g-values and linewidths were 

obtained from the fitting of the resonances to the appropriate admixture of absorption and 

dispersion lorentzian derivat.ives. 13 The solid lines are tbe best fit to the observed resonances 

and the extracted ESR parameters are presented in Table I. The inset of Figure 4 shows 

the Nd3+ resonances corresponding to the various Nd isotopes and also the Gd3+ natural 

3 
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impurities resonance. The g-value for the 140Nd (I = O) isotope is close to thc g-valuc of a 

r 6 Kramers doublet ground state (g = 2.667). This indicates that the RE are in a site of 

cubic symmetry. 14 Thble I gives the hyperfine constante 143 A and 146 A corresponding for the 

143Nd (I = 7 /2) and 146Nd (I = 7 /2) isotopes, extractcd from thc measured spcctra using 

the Breit-Rabi formula.14 

Figures 5 8nd 6 show the tcmper8turc depcndcncc of thc lincwidth for thc - 0.2 % 

of Gd3+ and -<>.05 % of Nd3+ diluted in LulnA. (A= Cu,Ni), respectively. The linear 

depcndence of the linewidth was fitted to the expression t.H = a + bT. Within the accuracy 

of the measurcments, the g-values are found to bc tcmperaturc independent. The b and g 

parameters are indepcndent of the Gd 8nd Nd concentr8tion. The values are presented in 

T8ble I. 

IV. ANALYSIS AND DISCUSSION 

Figure 1 shows the eleetronic contribution to the heat C8pacity in LulnNi4 • A Sommerfeld 

coellicient, 'Y = 19(1) mJfmol-K2 , was obtained from it. ln 8 free c~ gas model, this coelli­

cient is given by 'Y = (2/3)7r2k2f/(EF ). Then, for LulnN4, wc calculate the density of states 

8t the Fermi levelf/(Ep) = 3.9(1) st8tes/eV moi-spin. From this dcnsity of states, wc esti­

m8te an eleetronic spin susceptihility, X• = 21l~f1( E F), of "'0.31 x 1 o-• cmu/ moi. This valuc 

is in good agreement with the snsceptibility (correct.ed for the core-diamagnetism) measured 

8t high temperaturas (see daahed line in Figure 2). Thus, as in LnlnCu4 
7 the Stoner'S factor 

is negligible. Therefore, we conclude that eleetron~lectron exchange enhancement is not im­

portant in LulnN4. The exchange interaction, J 1,S.s, betwcen a localized 4/ electron spin 

(S) on the RE ion impurities and the c~'s spin (s) of the host metal causes a g-shift (Knight 

shift)16 8nd 8 linear thermal broadening of the ESR !ines (Korring8 rate).'6 Allowing for 

8 q-dependent exchange interaction, J 1, ( q), 8•17 but in the 8bsence of conduction electron­

electron exchange enhanccment,'8•10 bottlcn.eck, 8nd dyn.amic e!Teets, the g-shift (t.g) and 

Korringa rate ( b) cru1 be written as:20 

4 
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(i) 

and 

b d(tl.H) trk ( 9J -1) 2 
,. ( ) 2(E) = = -- g;-- < Jf• q > f/ F ' 

cJ:I' 9i!JB 9J 
(2) 

where g; is the ionic g-factor measured in insulators (g; = 1.99321 for Gd3+ and g; = 2.6322 

for Nd3+), 9J is the Lande g-factor (g; = 2 for Gd3+ and g; = 8/11 for Nd3+). J1.(0) 

and <Jj.(q)> are the effective exchange parameters between the RE3+ local moment and 

the conduction-electrons in the presence of conduction-electron momentlllll transfcr. 17 Thc 

g-shift measures the conduction-electrons polarization ( q = O) and the Korringa rate the 

conduction-elcctron momentum transfer (O :5 q :5 2kF ), averaged over the Fermi surface.U 

Finally, '1/(EF) is the "bare" density of states for one spin direction at the Fermi surface, k 

is the Doltzman constant, and /JB is thc Bohr magneton. 

ln the analysis of the ESR data for Gd3+ and Nd3+ in LulnC14 the contribution from 

different conduction-elcctron bands r.an bc ncglcctcd bccausc t.bc mcMnrcd Korringa ratrs 

are much smaller than those expected from the mcasured g-shifts (sce Eq. 4 bclow).23
•
24 

Dcsidcs, tl.g nnd b wcrc found to bc conccnt.ration indcpcndcnt í.c., thc RE3+ spin syst.mn 

is unbottleneck in Lu.InC14. Thus, by taking into consideration the q-dependence of the 

exchange interaction only, Eqs. I and 2 may be combined to give:8•19 

b trk < Jj.(q) > 

(tl.g )2 = 9•1-'a Jj.(o) 
(3) 

ln the case of the absence of a q-dependcnce of the cxchangc int.craction, Eq. 3 reduces to 

, 1rk 

(tl.g)2 = 9i/JB 
(4) 

From the experimental values given in Tablc I, we observe that Eq. 4 does not hold for 

LulnCu4• Therefore, a q-dependent exchange intcraction must be included. Using in Eqs. 

1 and 2 the g-factors (g, and g;) for Gd3+ and Nd3+, trk/g;!JB, and the values of tl.g, b, and 

f!(EF) given in Tables I and II, thc exchange parameters bctween the localmoment and the 
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comlttci.ÍOJI-cl«x:t.rous for Gcl3+ n.ncl Nd3+ in Ltti11Cn4 wcrc ffiLinu\l.cd. Tn.l)lc II StiJIUJUt.ri?.JJ!:I 

tbese parameters. Noticc tbat tbe ratio, < Jj,(q) >112 jJ16(0), is different for each RE3+. 

That suggest a dilferent waw-vcctor depcndenec of t.hc cxdanuge intcradion for cada H.E3+ 

in LulnCu4 • 

To attcmpt to cxplain the ESR data of U~e Gd3+ aud Nd3+ iu LulnNi4 wc proposc tbat 

contributions from s and d conduction-e!ectron bands are relevant. The justification ror this 

asscrtion are: i) the measured Korringa rates are mucla !argcr than those expecte<! from the 

mcasured g-shifts (see Eq. 4 and Table 1);24•25 and ii) the g-sbifts are negative for both 

Gd3+ and Nd3+(see Figures 3 and 4). Notice that in the case of a single band model, due 

to the g1 = 8/11 w.!ne ror Nd3+, t.hc g-shifts for Gd3+ and Nd3+ are of oppositc sign (see 

Eq. 1). ln a two, s and d, band framework, Eqs. 1 and 2 crua be re-written as:25 

(5) 

and 

d(t.H) 1rk ( g,-1)
2

( 2 2 2 2( ) b = dT = -- g;-- < J1,(q) > 11, (E.,)+ F.t < J1"(q) > 'ld E.,) , 
9iJlB 9J 

(6) 

t.hc d-haud at. thc Fermi Level.26 ror LulnNi4 bottlencck and dynamic effccts are not. takcn 

int.o a<:cmmt hecausc the g-shift.s w1d Korringa rates are RE conc:cut.rat.ion indcpmadent, 

wad no temperatme depcndencc of t.hc g-shift was mcasurcd. ln t'hc abscncc of a hand 

structurc calcu!ation for LulnNi4 , we argue that its band stntcture will be similar to tbat of 

t.he isomorphous compound LulnCu4• 27 13esides, wc have not. scen any magnetism (ESR and 

Magnctization) that could hc assor.iated to Ni2+ (3d8) in LulnNi4 • Tbcn, wc assume that thc 

contribntion oft.be s-bw1d is thc same in botb compounds. The density of states associat.cd t.o 

the Sommcrfe!d roefficient derived above may be written as 'lt.>t (Ep) = 1J, (Ep) + 1/d (EF ). 

Tbus, we can extract the contribution of the d-electrons to the density of states at the 

Fermi lcvel in LulnNi4 • Using 'I• (Ep) = 0.42(2) statesfcV-1mo!-spin,7 one finds 1/d (E.,)= 

3.48(12) statesfeV-lmol-spin. As fotmd for iso1110rpbous compounds,7
•
8

•28 wc may cxpect 
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thc ratio < J},(q) >112 / J,,(o) t.o be thc samc in the Cu and Ni-bascd compounds. To thc 

bcst. of our knowlcdgc thcrc is no c.alculation that take into considcration thc q-dcpcndcncc 

of cxchange interaction bctwcen localizcd spins and d-conduction electrons. So, wc take 

.J1d to be q-independent ( < .!Mq) >112 = J1d(O) = J1.). If crystal field splitting of the 

tl elcctronic leveis (e9 , t29 ) at. t.hc Fermi levei are not inch1dcd, the Fd factor in Eq. 6 

may bc shown t.o be 1 /5?6 Hnving ma.dc t.hosc assumptions wc <lcrived t.ltc valucs for thc 

paramctcrs, < .!},(q) >112, J1,(o), and J1d, for Gd3+ and Nd3+ in LulnNi4 list.cd in Tablc 

II. Noticc that the Gc!3+ exchange parameters with the s-conduction electrons, .11,(0) and 

< J},(q) >112 , are c.omparablc to thosc found in the. isolllOrphous compoun<ls REinCu4 

(RE = Y,Lu).'•8 Therefore, we fcel confident about thc assmnpt.ion that thc s-conduction 

electrons contribution to the density of states at the Fermi levei are abont the same in these 

is~phous compounds. Nevcrtheless, t.his assumption may underestimates 'I• (Ep ), and in 

turn, overestimates 'I• (Ep ). Therefore, more precisely, the values extracted for the exchange 

parameters in LuinNi4 are an upper limit for the exchange wit.h the s-electrons and a lower 

limit for the exchange with the d-electrons. 

V. CONCLUSIONS 

The ESR data of Gd3+ and Nd3+ in LuinCu4 are reasonably well describcd wit.hin a 

framework of: i) a single s-band model with no elect.ron-clcctron exchange enhanccment, 

and ii) a wave-vector dependcnt exchange interaction bctween the 4/ localizcd magnetic 

moment and the conduction-electrons, J1,( q). On the other hand, for the LulnNi4 compound 

a two band model, s and d, with no ele<:tron-electron exc.hangc enhanc.ement c.an explain 

the ESR resulte. The d-electron band may be thought to be associated with the incomplete 

Ni electronic 3d sheU. 

It is interesting to note that for the Cu-based compounds, our resulte show that the q­

dependence of the exchange interaction, J1,(q), is RE-dependent. The Nd3+ excbange para­

. meters are systematicaUy larger than those of Gd3+. That is probably cansed by the larger 
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Nd3+ 4/ shell radins. Again, the valnes givcn for the exchange paramct.ers < P,.(q) >112 , 

J/;(0), and Jfd for the Ni-based systems should be taken with care. 
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FIGURES 

FIG. 1. Specífic heat (C/T) as a fnnctíon of T2 for LulnNí4• The inset shows the low temper­

ature T2 dependence of C/T. The dashed Jine is thc best fit to C/T = "'/ + {JJ!J. The parameters 

"'! and {3 are given in Table 1. 

FIG. 2. Tcmperature dependcnce of the measured magnetic susceptíbility at 10 kOc, for 0.16(5) 

% of Gd3+ and 0.06(2) % of Nd3+ in LulnNi4, 0.03(2) % of Nd3+ in Lu!nCu. and puro LulnNí,. 

The dasbed line is the calculated Pauli susceptibility xo, with 11(EF) = 3.9(1) states/eV moi-spin 

for LulnNic. 

FIG. 3. ESR powder spectra of ~ 0.2 % Gd3+ in LulnCuc and LulnNic · at T = 1.6 K. The 

solid !ines are the best fit of the resonance to a Dyson lincshape. 

FIG. 4. ESR powdcr spcctra of ~ 0.05 % Nd3+ in LulnCn4 and LulnNi, at T = 1.6 K. The 

solid !ines are the best fit of the resonance to a Dyson lineshapc. The insct shows the rcsonanr.cs 

fbr the varions Nd3+ isotopes and the resonance of natural impnrities of Gd3+. 

FIG. 5. Temperature dependence of the ESR linewidth for ~ 0.2 % of Gd3+ in LulnCuc and 

LulnNi,. Thc dashed !ines are the best fit to 6H = a + bT. V alues of a and b are givcn in Table I. 

FIG. 6. 'Thmperature dependence of the ESR linewidth for ~ 0.05 % of Nd3+ in LuinCu. and 

LuinNi,. The dashed !ines are the best fit to 6H = a + bT. Values of" and b are given in Table I. 
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TABLES 

TABLE I. Expcrimr.ntal parametcrs for (Gd,Nd):LulnA,(A = Cu, Ni) 

g a b 

Oc Oc/K 

Lulu Cu, 

LulnNi, 

Lu(Gd)JnCu, 2.003(3)" 41(2)" 0.9(1) 

Lu(Gd)InNi, 1.980(2) 30(5) 6.0(8) 

c 

% 

0.009(7)0 

.. 0.2 

0.16(5) 

mJ 
mol-k4 

2.03(3)" 0.41(2)" 

19{1) 0.46(2) 

Oe Oc 

Lu(Nd)InCuo 2.582(4) 52(5) 3.5(5) 0.06(5) and- O.Ooo0 215{10) 130(8) 

Lu(Nd)InN4 2.61(2) 93(10) 30(6) 0.03(5) 

•see ref. 7 

bGd3+ natural impurities concentration 

TABLE II. Derived paramctcrs for (Gd,Nd):LulnA,(A = Cu, Ni) 

ti(E,) 

atat.ea 
e V mol-t!Jiin 

LulnCu, 0.42(2)" 

LulnNi4 3.9(1) 

Lu(Gd)InCu, 

Lu(Gd)lnNi4 

Lu(Nd)InCuo 

Lu(Nd)lnN4 

•see ref. 7 
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TABLES 

TABLE I. Experimr.ntal parametcrs for (Gd,Nd):LulnA.(A = Cu, Ni) 

g a b c fJ 143A , .. A 

Oc Oc/K % mJ mJ 
mol-K5 mol-K" Oe Oc 

LulnCu-1 2.03(3)" 0.41(2)" 

LulnNi• 0.009(7)' 19(1) 0.46(2) 

Lu(Gd)lnCu4 2.003(3)" 41(2)" 0.9(1) ""0.2 

Lu(Gd)InNi. 1.980(2) 30(5) 6.0(8) 0.16(5) 

Lu(Nd)InCu. 2.582(4) 52(5) 3.5(5) 0.06(5) and ~ 0.005' 215(10) 130(8) 

Lu(Nd)lnNi. 2.61(2) 93(10) 30(6) 0.03(5) 

•see ref. 7 

bGd3+ natural impurities concentration 

TABLE II. Derived paramctcrs for (Gd,Nd):LulnA•(A = Cu, Ni) 

~ 11(Ep) 

...... 
e V mol-flrin 

LulnCu• 0.42(2)" 

LulnNi• 3.9(1) 

Lu(Gd)InCu4 

Lu(Gd)InNi• 

Lu(Nd)InCu. 

Lu(Nd)InN4 

•see ref. 7 

Te.\·e úe Doutorado- /YYY 

I'.G. l'ngliuso 

O o J,.(o) < .TJ,(q) >1/2 

K me V me V 

:::::::305° 

""295 

24(6)" 15(4)" 

37(10) 23(8) 

115(40) 35(8) 

215(70) 65(20) 

13 

Jfd 

me V 

- 8(3) 

- 20(8) 

55 



.... 
N -" N -

LulnNI•(R = Ni. Cul 

o 

"""' o 
o 

N o o 

w o o 

o 

2 
C/T (mJ/mol K ) 

C1l o 

• • • • • • • • • 

"""' o o 

• • • • 

...... 
~ 

" N -

• • 

"""' C1l o 

o 

~ 

o 

N o 

w 
o 

t 

~ 

"' 

• 
• 
• 

\. 

N 
o 
o 

.. 

N 

"' 

....'!, 

''·· . .,_ 
... 

w 
o 

w 
"' 

'ii! .. 

• 
• 

• • 
• 

•, 
· ..• 

\ 
.... 
··~ ... 

• 
• 

... 
'it.. 

\ 
' 

• 

w 
o 
o 

~~------------------------------------~·~ o 

Tese de Dou/orado - 1999 
I'.G. l'agliuso 

Figura 1 

jl~ .,..,. 
Ult!CAUP 

r 
c: -:::J 
z 

56 



-1 
CD 
3 

"C 
CD .., 
S» .... 
c .., 
CD -::,;: -

Capitulo 2."'-.S __ __________ ___,L""u"'"ln"-'-'NI,~ = Ni. Cul 

-4 x (1 O emu/mol) 
-a. -a. -a. 

o .~:ao cn co o N .~:ao 

'" o 

-a. 
o o 

-a. 

'" o 

N o o 

N 

'" o 

w o o 

-· 

Te:,.e -de iJo;;[oraJo ~ /YYY 

l'.G. l'ngliliSO 

~ 
o 

:I: 
11 
~ 

o 
~ 

o 
CD 

Figura 2 

~~ 
~,. 

UIUCAMP 

r 
c 

I -.. 
I 

~ • o o >< 
I~ I I :::c 

>< )>)> >< -11 11 11 11 :::J 
oOzz }> c -· -· ~ ~ ~ 

:::O ;;o ;;o 
11 11 11 
ZzG> 
~c.. c.. c.. 
>< X X 

11 11 11 
!=>o o o . . 
wOO _0>01 N---I\.) !'I.) --o c;::. -;:R -;:R o o 

57 



w Absorption Derivativa (a.u.) 
~ r----- ~----------~r------------, 
U1 

• 

3:~ 
Q) 

CC 
::J 
(D .... -· n ., 
-· (D -c.w -. 
""~ OU1 
(D -

w 

>< -1 
u 11 
o ~ • • O') o 
o " N 

. - --· ·----. ---- .. -- .. ---------.--------------------. 

)> 
11 
o 
c 

c:c 
11 

)> 
11 
z -· 

< 
11 

CD 
• 
~ co 
~ 

C) 
::J: 
N 

'" ~--~------------~------------~ 
U1 Figura 3 

-· ·-·--· ··-
Tese de Doutorado- /YYY 
P.G. l'agliuso 

r­
c: 

>< 
G) 
c.. 

>< -::s 
}> 

58 



Cani!ulo 2.5 ---------------"'LillulmnN:lli,(R- Ni Cul 

...., Absorption Derivativa {a.u.) 
• w 

...., 
• 
~ CC 

!! s: !'.) 

DJ 
. 
(J) 

CC w 
::::J ...., 
CD • .. UI -· n 
"T1 -· CD -c. ...., 

• 
...--·- .... J . 

;li;" 

o 
CD - ...., 

• 
~ 

> 
11 
o 

.1'1.) c: 
• co 

Te,\·e de /)outorado- /YYY 
P.G. l'agliuso 

> 
11 
z -· 

-1 >< < 
11 n 11 

..a. o U) 
• • 
cn • ..a. o w 

UI 

" UI 
~ o G) 

:E: 
N 

-------·-···-------······ 

~ ( < -1 - z"' )C 

11 11. 11 

I a. - . o ~ ~ 

b I z o :il ;>; o _a. "' Côl 

I I :I: 
N 

I 

I 
r-

~ 
I c 

- I z 
:i 
o 

"' 
c 

00 

w 
G') ;., 
c. 

Figura 4 

r-
c 

..lo. 
I 

>< z c. 
>< -::l 
)> 

59 



-1 
(I) 

3 
"C 
(I) .., 
S» 
r+ 
c .., 
(I) -" -

!&Jlitulo 2.5 

Linewidth (Oe) 

-Q 
Q Q 

Q 

~ 
'.Q<o. -Q • q, • • o 

' 11.) • Q 

• \ 
w 
Q • • 

• ,J:Io. 
Q • 
UI 
Q 

CD 
Q 

...... 
Q 

i;;;..e de- ÚlJt~i;Jrado- I!JY!J 
P.G. l'ngliuso 

11.) 
Q 
Q 

à. 

o·. 

o . 

'O 

• o 

)> )> 
11 11 
o z 
c -· 

Figura 5 

I'& 
~,. 

UlfiCUAP 

LulnNI,IR- Ni. Cu\ 

w ,J:Io. 
Q Q 
Q Q 

>< 
ll 

o 
• o o 
1\) 

r 
c 

-a. 

~ 
G) 
Q. 

>< -::l 
}> 

. ·o 
. 
o. 

·o . 

60 



Ç~piHt)p,_,2'-"--. 5 __ _______ ___,L,.,u...,_,lnN,_,_,I,(R = Ni Cul 

••• 

Linewidth {Oe) 

o 

f----0----l 
· .. / 

••• 

• 
• 
1' .• 

Ó, 

• 
)> 

11 
() 
c: 

o 

)> 

11 

z 

~~------------------------------------~ O') 

7~se de Í)olllorado- /9!/Y 
I'.G. Pagliuso 

Figura 6 

• 
UI 

N 
• 
Q 

N 
• 
UI 

w 
• 
Q 

w 
• 
UI 

,r:.. 
• 
Q 

61 

r-
c .. 

I 

>< z 
a. 

>< -::::::s 
}> 



Seção 2.6 
"' 
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2.6) Estudos de Efeitos de Camt'" CJ·istaliuo 110 com)Josto semico11d11tor de ga)> pequeno 

YBiPt (artigo aceito t>ara Jlllblicaçiio 11a l'hys. Rev. llem 07/04/1999). 

Crystal field study in rare-earth doped semiconducting YBiPt. 

P.G. Paglíuso and C. Rcttori 

Jrutituto de Fúic• "Gle~ Wotoghin",UNJCAMP,J3083-910, Compin.,·SP, Bmzil. 

M. E. Torclli, G.D. Marti11s, and Z. Fisk 

NIIMFL, Florido Stote llnivcnity, Tollaho.acc, FL .1!306, U.S.A. 

J. L. Sarrao and M.F. Hnudlcy 

Lo• Alamo• Nationol Lo~orotories, Los Alamos, New Mexico 81545, U.S.A. 

S.D. Oscrolf 

San Diego State Univcrsity, San Dir.go, CA 92182, CJ.S.A. 

Ahstract 

Elcctron spin resonancc (ESH.) and magnetic susccptibility cxperiments in the 

rarc-carth (R= Nd, gr, Md Yb} dopcd cubic scmkonducting YDiPt, allow 

r.sthnatcs of the rourtb (A•) and sixth (Ao) ordcr crys~l ficld J:ta.rarnr.Lcrs 

for this compound. It is found that thcsc paramctcrs are of Lhe sarne ordcr 

for ali tbe R studicd. On Lhe othcr hand, no crystal ficld clfccts wcrc found 

for Lhe Gd3+ dopcd singlc crystal syalcm. CousisLcnL wlth Lhe sma.ll gap 

scmiconducting character or the YBiPt intcrmcta.llic: compound, a Dysonian 

ESR lincshape with no g..ahirt anU Korringa broadcning was obscrvcd. 

76.30.Kg, 76.30.-v, 71.20.lp, 76.90.+d 
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wítulo2.6 Y 1.,S,BiPt(R = Gd Nd Yb) 

I. INTRODUCTION 

The series of intcrmetallic compounds RBiPt (R = rare carths Nd-Lu) havc reccntly 

attracted great attention due to their interesting properties. 1 Most. of these materiais are 

narrow gap senúconductors (LI. = 0.1 - 0.01 eV) with a gradual evolution towards scmi­

metallic behavior as R is varied t.hrough the rare-earth series.' YbBiPt is thc hcavy fermiou 

system with the largest linear specific heat coefficient, 1 = 8 J /mole K. 2 The RBiPt series 

forms in the cubic AgAsMg stmcture which can be viewed as three face-centered sublattices 

placed at (0, O, 0), {1/4, 1/4, 1/4), and (3/4, 3/4, 3/4). ln this series, thc rare-earths ordcr 

antiferromagneticaly (T N) below 9 K and present negative paramagnetic ternperatures IBI 

.:S 44 K.2•3 The systematic change from semiconducting, for the light R, to metallic com­

pmmds, for the heavier R, is attributed to the decrease in the unit cell vohlllle as the R 

series is traversed.2•3 Hence, it is expected that the strength of the crystal field potential 

plays an important role on t.ltc physical properties of thesc materiais. Thc YBiPt compouud 

bclongs to this family and shows a scmiconducting bchavior with a latt.icc paramcter close 

to that of the Tb-based compomtd, i. e., ncar the middlc of thc R scries.'·3 

This work aims to study thc crystalfield effects (CFE) in thc Y1-.R..BiPt (R= Nd, Gd, 

Er, Yb, and 0.002 .:S x .:S 0.10) compounds. By mcans of ESR and magnct.ic susceptibility 

experinmnts, it was possible to estimat.c the fourth (A4) and sixt.h (Ao) order cubic cryst.al 

field parameters (CFP) in the Y1_.R.,BiPt (R= Nd, Er, Yb, and 0.002 .:S x .:S 0.10) systems. 

We found that the ovcrall ccystal field splitting is of the order of 100 - 200 K, of the samc 

magnitude as the semiconducting gap (.O.) of these materiais. lu a prcvious rcport on ESR of 

Er3+ in YBiPt, we extracted the CFP from the analysis of the ESR spectra of the Er3+ f~ 3
l 

ground state.4 The CFP reported are in agreement with t.he values obtained in this work. 
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Capítulo 2.6 __________________ _ Y 1.xB.Bíl't(R = Gd. Nd Ybl 

II. EXPERlMENT 

Singlecrystallinesamples ofthe Y 1 _.~BiPt (R= Nd, Gd, Er, Yb, and 0.002 ;S x ;S 0.10) 

compounds were grown from thc melt in Di fiux as described prcviously.' Typical crystal sizes 

were 2x2x2 mm3• The stmcture aud phase purity were checked by x-ray powder diffraction 

and the crystals orientation detcrmined by the usual Laue method. The ESR experimenta 

were carried out in convent.ional Varian and Bruker ESR spectrometers using a TE1o2 room 

temperatnre cavity. The sample temperature was varied using a helium gas fiux tempera­

ture controller and a quart.z tail dewar for liquid helium bath experimenta. To increase the 

ESR signal to noise ratio, the temperature dependence of the spectra was taken in pow­

dered samples. ln order to look for anisot.ropic effects, single cryst.alline aamples wcre used. 

Magnetization measurements have been taken in a Quantmn Design de SQUID MPMS-5 

mngnetometer. Specific heat moosnrements were performed in a small-mass calorimeter sys-

tem that employs a qnasi-adiabatic thermal relaxation techniqne.5 Samples employed rangcd 

in mass from 50 mg to 150 mg. 

III. RESULTS AND ANALYSIS 

Figure 1 shows t.he temperat.ure dependence of t.hc specilic hcat. of YBiPt.. A linear lit 

of the data to C/T vs T 2 yields a very small Sommerfeld cocfficient ('y ;S 0.1 mJfmolc K). 

Therefore, the electronic contribution to the heat c.apacity in this compmmd is negligible, 

i. e., the density of states at the Fermi levei is vcry small. 

Figure 2 shows tbe temperatu.re dependence of tbe susceptibility of y,_.Gd.BiPt (x = 

0.002, nominal concentration and x = O) single crystals measured at H = 0.5 T. Tbe data, 

for the Gd-doped aamples, corrcctod for tbc core diamagnctism, was fittcd t.o a Curie-Weiss 

law. Assuming 7.94 J.ls/Gd, the Gd concentration was estimated to be "" 0.21%, dose to 

tbe nominal valne. 

Figure 3sbows tbc Gd3+ ESR powdcrspcctraobscrvcd in Y1-.Gd.BiPt at T = 280 K anel 

3 
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CaJlilulo 2.6 Y 1 .~,BiPtíR- Gd Nd. Ybl 

T = 7 K for x "" 0.002. The re<ronance shows the usual Dysonian-lineshape, 6 characterist.ic 

of mct.allic particlcs of dimcnsions largcr than t.he skin dcpt.h. Thc cont.inuous !ines in Figure 

3 are the bcst fit of the experimental spcctra to a lorcntzian adnúxture of absorption and 

dispcrsion derivativcs.' From thcsc fits, the linewidth AH, and !l'value of thc rcsonanccs 

are obt.ained. Severa! samples of Gd conr.cntrations, bct.wccn 0.2% to 0.5%, werc measurcd. 

The t.emperature dependence of thc Gd3+ ESR lincwidth was fittcd to tbc formula, AH = 

a + b T. Wit.lün the accuracy of the measurements, b and thc !l'value were fomtd to bc 

concent.ration indcpendent.. The residual linewidt.h, a, incrca.•cs with the conccntrat.ion of 

Gd. The !f'VBlue was found to be t.emperature independent in ali cases. Table I gives the 

experimental paramet.ers obtained for the most diluted samples. 

The very small value found for b ;S 0.05 Oe/K and a !l'vaiue dose to those in insulators 

(g = 1.993(5)) indicates t.hat t.he Gd3+ localized magnet.ic moment is basically not coupled 

to the conduction electrons.8 Tllis is expected because i) electronic structure calculat.ions 

for YBiPt show a gap of about. 0.08 e V at the Fermi Jeve13 and ii) from t.he specific beat 

measurements (see Figure 1) a very·small density of states at t.he Fermi levei is derived 

(I"J(EF) ;S 0.02 states/eV moi spin). 

ESR experimenta in single crystals of Y1_,Gd,BiPt did not show CFE at any tempera­

t.ure, neither a splitting of the Jine nor a lincwidth anisotropy. Since the measured linewidth 

at 1.6 K was f01md to bc AH ""40 Oe, an upper limit for the fourth-order CFP, lb4 l, can 

bc estimated, ;S 1 Oe. That is consistent with the trends already obs.erved in low carrier 

density metallic pnictides9 ~d narrow gap semiconductors, 10 where the b and b4 parameters 

are small. 

Figure 4 presenta the Nd3+ ESR powder spectra obscrvcd in Y1_,Nd,BiPt at T = 4.2 K 

for x "" 0.002. The spectra show a main Jine corresponding t.o the 140Nd3+ (I = O) isotope 

and the hyperfine Unes due to the 143Nd3+ (I =7 /2) and 145Nd3+ (I =7 /2) isotopes. The 

amai! Jine seen at 3400 Oe is associated to natural impmities of Gd3+, problaby present 

in Y. The positions of the byperfines aatellites were determined experimentally by taking 

the second derivative of tbe spectra. Table I gives tbe hyperfine constante A( 143Nd) and 
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A( 145Nd) corresponding to tbe 143Nd and 145Nd isotopes as extracted. from the observed 

spcctra using the Dreit-Rabi formula. 11 The g-valuc and hyperfinc constants givcn in Tablc 

I iudiC'.ntc that thc Nd3+ ion is in a cuhic sitc cnviromncnt anfl that its ground state is 

a r 6 Kramcrs doublct.12 Thcsc resulta wcrc found to be conccntration indcpcndcnt in thc 

range 0.002 ;S x ;S 0.10. Thus, we may ncglcct the exchangc coupling between the rare­

earths in the analysis of the susceptibility data. Within the accuracy of our measurcments 

the linewidth and g-value were temperature independent. That is consistent with the ESR 

results obtained for Gd3+ in YDiPt. 

lt is reasonable to assume that thc cubic CFP, A4 ~d A6 , at. the R sit.e in Y1_%R,BiPt 

(R = Yb, Nd, Er) would not be strongly affcctcd by the R impurit.ics. Thercforc1 thc ratio 

~/As should remaiu basically the same for all R. The analysis of ESR data for the Er3+ 

in YBiPt1
4 show a r~ 3 > ground state with Lea1 Leask1 and Wolf (LLW)13 parameters1 x = 

0.271 and W = - 0.17 K. Takiug into account the ratios < r 4 > f < r 6 > for Er3+, Yb3+ 

and Nd3+ 14, valucs of x ~ 0.69 for Yli1+ and x ~ 0.30 for Nd3+ iu YDiPt are obtaincd. 

From whkh a r 6 for Nd3+ and a r 7 for Yb3+ as ground states lt.l'e predicted. The r 6 ground 

state for Nd3+ is consistent wit.h ESR data reported hcrc (sec Figure 4). 

Figures 5 and 6 show tbc tcmperaturc aud ficld dcpcnâcncc of thc invcrsc magnctic 

susccptibilityl x-l (TI H = 1 TI 5 T) - x~·, for thc Yo.9 Yl>cu DiPt. all(l Yo.gNdo.t BiPt sittglc 

crystals. x~ is the frce ion valuc of thc invcrsc susceptibility sbowu iu tbc inscts of t.hcsc 

figures. Assumiug thc nominal conccntration for the Yb3+ and Nd3+ doped sa.mplcs, the 

oxpectcd high tempcrature Ümit of thc Curie law is obtaint->d, /J.e/1 = 4.5(2) J.'D and /Lelf = 

3.65(20) JLs for Yb3+ aud Nd3+, respcctivcly. Thc solid Jincs are tbe best fit to t.hc dat.a. 

using the Hamiltoniau 

(1) 

that includes the cubic crystal field and Zeeman terms. The Bn and 0;:' are the fourth and 

sixth ordet: CFP and Stevens equivalent operators, respectively. Bn = Ara < r" > 8"' 9J is 

the La.ndé factor a.nd J.'s is the Bohr ma.gneton. 13 Dia.gona.lizh1g munerically the Hatniltonian 
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wc gel. thc eigenvalues E. and corresponding eigcnfunctions that can bc writtcn as 

J 

lr.bn) = L c;dJ M) (2) 
M=-J 

wherc the IJ M) cxpand the manifold of angular momeutum J. Hencc, the magnct.ie 

susccpt.ihilit.y is given hy 

J 2 
9J/LBL.;cxp(-f1') L.: IC:itl M 

n M=-J 
X= ---:::---:=---F--'-~---

H. L.: mcp ( -f1') 
(3) 

" 
Ddining t.hn LLW paramnt.ers x mui W by t.hc L'fjnat.ioim 

/J.I-'(4) = W:r. ('1) 

IJ"F(6) = W (I - lxl) (5) 

wherc F(4) and 1"(6) are scaling paramet.ers appropriate for each J value, we J><>rform a least 

squares litting of the susceptibility leaving x and W as adjustable paramet.ers. The littings 

for Yl>3+ in Yl3iPt lcad t.o thc LLW paramet.ers, x = - 0.61(5) and W = - 3.9(4). Thcsc 

paramctcrs predict a r 7 ground st.ate, a r 8 first cxcit.ed state at 6(2) K, and a r 6 SC<:ond 

cxdt.cd st.atc at 88(10) K(scc Figure 5). Wc did not obscrvcd thc ESR linc cxpcctc~l for thn 

Kramcr doublct. r 7 ground st.at.c for Yl>3+. A possiblc explanation for it is that. t.hat thc 

Yh13iPt. is a hcavy fcnnion wit.h a scmi-mctallic eondnctivity, t.lms thc largc eonpling wit.h 

eonduction bandshonld indm:c a large Korring-likerelaxation, even for rather low dcnsity of 

st.ates in the Yb-dopcd Yl3iPt sample. Also, the proximity of the anisotropic r 8 first, cxcited 

state at 6(2) K may contribnte to a strong broadening of the resonance line. Fbr Nd3+ in 

YBiPt, the fits lead to the LLW parameters, x = 0.15(5) and W = 2.0(5). From whidt a 

r6 gronnd state, a r. first exited state at 53(10) K, anda r8 second exited state at 190(30) 

K are expected (see Figure 6). The A., and As CFP and crystal field overall splitting, Doa, 

for YIJ3+, Nd3+ and Er3+ in YBiPt., are given in Table II. For comparison, the A• and AG 

CFP est.imated from the levei scheme for PrBiPt16 aud YbBiPt17 are also given. 

Tese de /Joutorado- /YYY 

P.G. I,Hgliuso 

6 

67 

~~ .,._,. 
UI11CA.MP 



Capitulo 2.6 ______ -~-- _____ y,_,B,,Bil't(R = Gd Nd Ybl 

IV. DISCUSSION 

The fine structure in the ESR spectrum of thc S-stste ion Gd3+ is believed to be associ­

ated with the admixture of excited crystal-ficld-split configurational states h1to the ground 

S-state mainiy via spin-orbit coupling. 9 Aithough it is not a general mie, in many mate­

riais it has been found that t.he Gd3+ fourth-ordcr CFP b4 is negative in insulators11 and 

semiconductors of appreciable gap, 15 but positive in metais.• Whereas, for mat.erials of low 

carriers dcnsity this parametcr was found to bc very small.0 Thercfore, it couid bc cxpectcd 

that in the narrow gap scmir.onductor YDiPt lb•l would he small and t.he CFE of Gd3+ in 

YDiPt couid be masked by l.he resonance residual linewidt.h. But, we showcd above, that 

thc A. a.nd A6 CFP obtained for the non S-state ions, Er+, Nd3+, and Yb3+ in YBiPt are 

of the sarne order of magnitude as those reported for rare-earths in other cubic materiais, 

where CFE were observed in the ESR spectra. of Gd3+. 18--21 It suggests that CFE shouid 

be present in the ESR of Gd3+ dopcd YBiPt, spccialiy when considering the rclative sma.Il 

Gd3+ ESR residuailinewidth ("=' 40 Oc). Thus, the abscnce of CFE in thc ESR spcctnun 

of Gd3+ in YBiPt is yet not understood. Thus, a mechanism that ma.y explain the observed 

"quenching " of CFE for the S-state ion Gd3+ in smali gap senúconductors and semhnct.als 

with low carrier density is stillmissing. 

Thc A4 and A6 CFP found hcrc for YBiPt are consistent with t.hosc obtained from specific 

heat and susceptibilit.y measnremcnt.s in PrBiPt16 and ncnt.ron diffraction cxpcrimcnts in 

YhBiPt. (soo Ta.hlc II). 17 Not.icc t.hat. t.ltc levei sd1cme shown in Figure 6 is very dose to 

that obtained for YbBiPt .. 17 Thc small diffcrenccs are probably associated to thc different 

lattice parameter and to the met.allic character of YbBiPt. Notice that the split.th1g of the 

quartet, claim in ref. 17, wa.s not observed in any of our compounds. The sign and order 

of magnitude of the A4 CFP is in agreement with t.hat. obtained from a point charge modei 

(PCM) assuming a tetrahedron of -e charges sited at. the Pt first near neighbors (sec Table 

II). But, the Ao CFP turns out to be positive, contrary to the experimental. value given in 

Table II. Besides, the addition of an octshcdron of negative charges at the position of the 
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Bi 11ext near neighbors, i11crcascs the positive valuc of A.. a11d A6 • Jt is gc11erally acccptcd 

that for cubic crystal fields, due to the abscnce of seco11d ordcr tcrms, thc first 11carcst 

neighbors coustitute tl1e main contribution to the CFP. Thercfore, corrections to t.he PCM 

as, screening, size effects, and covalency, are nceded to he included to improve thc mlculatcd 

values of the CFP using a simple PCM. 

V. CONCLUSIONS 

The CFP A4 and Ao in Y1-.R.DiPt, for t.he 11011 S-st.at.c ions, R = Nd3+, Er'+, and 

Yb3+, were determined from ESR a11d magnetic susceptibility experimenta. The obtained 

values were found to be in reaso11able agrcemcnt with tbosc measured by others in PrDiPt 16 

and YbBiPt.'7 However, the PCM only accounts for the sign aud value of tbe A.. CFP. 

Surprisi11gly, CFE wcre not observed i11 t.ltc ESR spcct.rum of Gd>+ in YDiPt. A11 uppcr 

limit of about 1 Oe for thc lb• I paramct.cr is cstimatc<l from t.hc residual ESR lincwidth. 

That res1tlt a11d those from otbers9 suggests that a small I h4 I value is charactcri•tic for 

narrow gap scmiconductors and scmimctals of low carricr densitics. 
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FIGURES 

FIG. 1. Specific heat (G/T) as a function ofT2 for YBiPt. The inset shows the !ow temJ>erature 

T2 dependence o( CfT. Thc solid line is thc best fit to C/T = 'Y + f3T', with 'Y .$ 0.1 mJ/moi-I<' 

and {J = 0.79(7) mJfmol-K4 • 

FIG. 2. Temperature dependence of the susceptibility of Y1_.Gd. BiPt (x"" 0.002 , nominal 

concentration and x =O) single crystals measured at H = 0.5 T. 

FIG. 3. ESR spectra of Gd3+ in Y1-.Gd.BiPt (x ""0.0021) at T = 7 K and T = 280 K. The 

thermal broadening of the linewidth was found to be b .$ 0.05 Oe/K and g = 1.993( 4). 

FIG. 4. ESR spectra of Nd3+ in Y 1_.Gd.BiPt (x ""0.0020) at T = 4.2 K. The resonance Gd3+ 

natural impurities is also indicated. The verticallines show thc positions of the various hyperfines 

satellites appropriate for the 143Nd and 145Nd isotopes. 

FIG. 5. Temperature and ficld dependence of the inverse magnetic susceptibility, x-1(T, H= 

1 T, 5 T)- x;,1 for thc Yo.oYbo.1BiPt single crystal. x;,1 is the frce Yb3+ ion value of the inverse 

susceptibility shown in the inset. The solid !ines are the best fit to the data of thc calculated 

susceptihi!ity including the Zeeman and LLW cubic crystal ficld terms in the Hamiltonian. The 

Yb3+ crystal field splitted ground statc multip!ct (J = 7 /2) is shown. 

FIG. 6. Temperature and ficld dcpendencc of thc inverso magnctic susccptihi!ity, x-'(T, H= 

1 T, 5 T) - x;,1 for the Y0.9Nd0.1BiPt single crystal. x;,1 is frec Nd3+ ion value of the invcrse 

susceptibility shown in the insct. The solid !ines are the bcst fit to thc data of thc calculated 

susceptibility including the Zeeman and LLW cubic crystal field terms in the Hamiltonian. The 

Nd3+ crystal field splitted ground state multiplet (J = 9/2) is shown. 

fe.,edef)outm~rdo- 1999 
I'.G. l'ag!iuso 

11 

72 



l=C!!iap~Íc!!luillo~2~.6c_ ________________ __._y_,_Jl,,BiPtiR = Gd Nd. Ybl 

TABLES 

TABLE I. Experimental parameters for R:YBiPt 

g a 

Oe 

Gd:YBiPt 1.993(4) 40(3) 

Nd:YDiPt 2.63(1) 70(5) 

Yb:YBiPt 

Er:YDiPt 

PrDiPt 

YbBiPt 

•soe rcfs. 4, 16, 17. 

b 

Oe/K 

:s 0.05 

:s O. I 

Oc Oc 

213(5) 133(5) 

w 

K 

2.0(5) 

-3.9(7) 

""-0.17. 

""-1.79° 

""-3.5. 

TABLE II. Extractcd paramcters for R:YBiPt 

A• 

K per ..,-• 

PrBiPt ""- 3. 

Nd:YDiPt - 7(4) 

Er:YDiPt ""- 15 

Yb:YDiPt -24(8) 

YbBiPt ""- 21. 

•soe rcfs. 4, 16, 17. 

Tes;; de Do11toradu ---1"999 ... 
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As 

K per ..,-• 

""-1.2 • 

- 1.4(8) 

""- I 

-2.6(9) 

""-2.4. 

12 

A4 (PCM) 

K per ..,-• 

-11.60 

-11.93 

-13.24 

-13.50 

-13.50 

•r& 
~~ 

UltiCUIP 

Ao(PCM) 

K per ..,-s 
0.11 

0.11 

0.13 

0.13 

0.13 

0.15(5) 

- 0.61(8) 

""0.271. 

""-0.20. 

... o.oo• 

t.. .. 

K 

""210. 

190(30) 

85(20) • 

88(10) 
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Seção 2.7 

,~ 2. 7 Efeitos de Inomogeneidade 
~:;:; 

., nas Propriedades Magnéticas dos 
I compostos R1_xAxMn03 (R- La, 

Pr; A = Ca, Sr) 



"C"'al!D!iÍ!u"-l"'o'-'2"' . .!..7 __________________ R,_,t.,MnOJ (R- La. Pr· A- Ca. Srl 

2. 7) Efeitos de lnomogeneidoule nas l'•·opriedndes Magnéticas dos compostos R1• 

,A,MnOJ (R= La, l'r; A = Ca, Sr). 
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EFFECT OF INHOMOGENEITIES lN THE MAGNETIC 
PROPERTIES OF R 1_.A,Mu03 (R= Ln,Pr; A= Cn,Sr) 

1~. Grnnndu, I'.G. PRgliWio, J.A. Sanjurju, O. RcU.ori, nnd S.IJ. Oscrulf* 
ln.,tituto de Fi&ka "Gleb IJ'aloghin", l1NJG'AAIP,I3083~910, 

Campiruu .. SP, l1razil 

M.'l'. CnnRa, A. UuLcrn, A. Caneiro, nnct M. 'Thvnr 
(Jentro Atomico llorilor.hc and lrutituto /lal.seit'0;840lJ S.(;. /Jariloche, Af)1cnt.iua 

J .. J. Neumeicr nnd K .• J. Mr.Cir.llan 
I~os Alan&o.'l Nati«mal. /.abomtory, /,os Alamos, NC".w Mcxic:o 875./.'i, USA 

S.-W. Cheong 
A 'I' f~ 1' Uell/.abomtories, Murmy /Iili, Neou Jr.rscyll797,j, liSA 

Y. 'l'okurn 
/Jepartmcnt of l'hysics, llniuet-sity of 1hl.:yo 11.1, .Japan 

H.. Sandtcz and J. mvns 
lh~pattamento de F!<Jif:a Aplic::~.,da, UnitJCrsidad de Santiugo, 1?15706, 

Santiago de Compostclla, 1-.J:rparia 

S. Sdmlt.z 
llumcrstity of (}altfonaia ,C..'an /Jirgo, <:A !J'J()!r.J, liSA 

w(' )Jr~nt. A fiytiL('Itut.Lic ·~~ltrl.run Spinll«muni'UU:(' (F ... 'm) auclmagnr.tir.aLiou filndy 
urt.hl.! Ha-2 A,.Mn03 (H;;: l.a,Pr; A=. Ga,Sr) Jlt!WVAkiW~t, 1111 Lo 1100 K. Spr.dal 
CN'C wa.. taken in the dal.a ubLn.inccl iu thr. rcginn u( •r inurwcliat.cly abuvc t.l1c 

fr.rromagnetic ordering temperature (Te~ 1' ~ 1.2'rc)· ln LhiH interval of'f, fcw 
mufiL ~~ample~~, t.be reRUuance linc broodena, dilltprla, and RJMii.H int.u aeveral linc•· 
ln cnnjnnd.iun wit.h ir., small byt~l.t!rct~~iA luu)JS, and n Mlllll."«l)Jt.ibilit.y wllic:h j,. Jid,l 
and T d"peudent.•Mr rnensured. Tbr. origin uf Llreec 6urlinp arr. auociated Lo uou­
etoic:hiomet.ric eamplea dueto inbomogeDeit.iea, probahly, ree11lt. ui a oon~random 
diatribut.ion of vacancies, deJecta, aad oxygea cont.ent. lt ia shuwn Lbat. tboee 
fca.Lurt>a are eully ohat.orved by ESR. We alao diacu88 t.he pouible origla of Lbt> T 
dependence of Lbe Esn linewidth for nU the rcgion of •r lnt'Unred. 

1 Iutroductlon 

Aletal·insulator (MI) aud rerromagnetic-paramagnctic (J'M-PM) transitions or 
lhe La,_.A.MnOa (A= Ca,Sr,Pb,Da; 0.15 ~:o:~ 0.5) pcrovskltes are known 
sinr.c 1950.1 Thcir propcrties are, at lcast <illnlltativcly, explaincd by a modcl or 
cxchaugc intcrncl.iou, tcrmcd dcmble cxc:lun~gc (Dg).2 J.,argc: nmgnctora~istnnN:, 
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aud rcccntly ''colossal magnctorcsisl.ancc" (CMil) clfccts, wcrc rcporl.cd in a 
vnriet.y of t.hin films and hulk snmplcs of thcsc mnt(~rials. 3 'l'hat. makcs t ht~m ex­
t.rcmely attractive for polcntial ("..Oilllllercial magnctic sensing applicalions:' As 
a result, rcncwcd exJ>crhncnlaland thcorcli<-.al attcution ha.o; bccn paid to tha;;c 
compounds. lt has bccn nrgncd lhat 01;; alonc c.an not r:xplain lhe largc rcsis­
livity drop hctwccn l.hc Pl\.·1 and FM phasc~ Polaron cffocts, cithcr lallire~· 6 

cnhanccd by strong Jahn-Tcllcr clcdron-phouOu ('oupliug, or magnetii wcre 
iuvokcd lo allow for carricrs loC'.alizAtiou at lhe MI transition. Evidr.nC'CS for 
lat.tirl. anel magnet.i1 polarons at. the MI transition luwe hcen reportcd iu 
mmlron diffraction CXJ>erinlcnl.s and t.ransport nJcnsurcnlf:UI.s. 

ln this '"-ork wr. prffiCnt. g)cct.rnn Spin n.~~ounüec~ (ESH..) nud mngm!ti-
7.nl.iou (M) measurcmcnts UJl lo 1 HXl 1(. Mcd1anisms t.hnt. may r.xplnin lhe 
T dcpcudcnce of lhe ESil linewidth are di.c;r.uRS(!d. f>cl.nilcd lmv-Hcld mag­
nelk mcasuremcnt.s Rnd l~ll ncnr lhe MI lrnnsit.ion for Lno.i8Ca0.22l\1u(h, 
Lno.JJ:JSro.t;MnO:J, ].no. ;uSro.aoMnOa and l,ro.G:z5Sro.J75~1n03 singlc r.Q·stalc;, 
and lhcir powdcrs arr IJft)SCUI.cd. Also, a C'.crnmir. :.;amplc of Ln2/3C.a1/:JMu03 
wa..c; sludicd iu grcal dctail. \Vc will shuw tlull E..'ilt is an cxtremcly sensith·<! 
and mu!ful tcdmique to study lhe samplc~ <1ualil.y of tha;;c rompouncLc;. ll will 
hCC'.omc dear t.hat extreme care necd to he t.aken hcforc onc can associatc lhe 
dal.a lo part.ienlar modciR, or to Mcrihe a particular fC'..nl.ure l.o cnlitic:s :mch as 
spin-rlusters? magnctir-.<Spin polarons,1 lat.tice polaron.SP·6•8 etc. 

2 Expcrhnental Dctnlls 

Single crystals of Lao.18C80.22MnO,, Lao.o3Sro.17MnO,, and Lao.roSro.30MnO, 
W(!Te grown hy lhe oplical noatiug zune mcthod. Typicnl rotalion rales for 
both, lhe seed crystal anel lhe feed rod, wcrc rv r,o fJ>Ill. 'l'he crystal~ wcrc 
gruwn at a rate of ~ 6 mm/h. 'l'hc Pro.&25Sro.a;sMn03 singlc crystal was 
also grown by thc floRting zune melhod, nsing n lnmr>-imagc furnRcc.10 Thc 
ccramic Mlll)>le of La2/3Ca,,aMn03 wa.q prcparcd as describcd in Ref. 9. Thc 
slructnre and phase purity were checkcd by x-ray powdcr diffraction and lhe 
crystals orientatjon determincd by lhe conveulional Laue method. These mca­
surcmcntft do uol indiC'.alcd lhe prcsencc of RJ>Urious pha.c;r5 or any cvidcm~c 
t.hat. would suggest. tbat lhe samples were inhomogcnoous. ESR measuremcnls 
wcre pcrformcd in very small crystals, lcss t.han lmg, or })()Wders of small and 
wcll dispcrscd particlcs, 1"'-J lO pm. Special carc ~AR l.akcn lo avoid ovcrloadiug 
lhe cavity, a current prohlcm wheu working with fCrrÕÚlftgnctic mat..erials! 1 M 
mcasurements have bccn done in a Quantum Dcsigu de SQUID maguclomc­
Ler. To minimize pOBRihle T drifts,12•13 the M mmsurcmcntM at constanl. 'I' wcrc~ 
t.aken only after 3-8 hrs, of being stablc at the l.argct T. Thc T dependence of 
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f\1 wnK l.nlmn incrc'!Afling T nftcr ~wro ncid c·.noling (ZI•'C). 

3 no"nlts 111111 Dlscnsslous 

'l'htl trAmtport. prc,.mrticll' uf t.Jac Hinp;ln cryMtniH nnd C'.(:fi-UIIirH Mhuw Um gcmr:rnl 
IJc:l1m'h1r c~XJIL't~l.t!d fc1r R ( !~1 n. HYHI.c111. 'l'hc~ higla 'I' SIIMf.:ClJII.il•ilit.y clntn, X 1 fi'), 
ftll' IHt'J./l(!n1JaMn<>a iH sl1uW11 iu Fig. 1. A clcpnrLun: from a siutplc Cu•·ic:-­
\\'dss lnw is olmcrvod IK:low 'I'~ 2'1\:. Similnr hc:havior wns fmmd for Lhe ollu:r 
N,\'Nlt:ms st.udic:tl. M umnsurc:uumh; iu n Lnn.rMCnu.:.~.:lf\.lnOa Hinglc: c:rytd.n], uf' • 
J(J 111p;, (frorn whcrc HuaaliJ,ÍC<'J:ltl wcrc tnkma Lo pcrfurn1 lhe I~ H. UJcasurciiUmLs) 

nrc: Khowu in l•'ig. 2. Fur T ~ 2·15 1\ Lhe: syslcrn is pnl'~tolllnguctic: with a 
fic~lcl ÍIIClt!JICUdmd. SIIHC:c!))l.il,ilit.y, x·· 1{'1'). AK."'llllling ll (:uri(:-WdMB IK:hnvior, W(! 

La,.,ca,MnO, 
2 

'I' (K) 

1-'itLUrcl I: :%" .. I (T), RH B rmu:tiun ur '1' rur " t:c!ramk Rl\1n111c ur l,a:I/3GRif:IMn0a ('l'r :::::: 270 
1\). 'l'lw 11ulid lim• n'}ttc'I«'IIL Lbtl hcmL Jit Lu 1\ Gm·it)-WC!iMA lnw rur 'I' ~ 7CKI K. 

cxtrBCl - 7.3 l'n rnr 2•15 1\: ~ T ;S 270 J(, in agrecmcnt wit.h publiahcd datn,14 

hnt largcr than lhe valuc u( a. 781tu cxpcx:t.cd Cor~ l=d 0.22. J•br 'r~ 'l'c: , and in 
thc'l' intcrval bctwccn2!0 11: and 2•15 11:, M i• lound to bc H and 'I' dc(>cndcnl, 
~: 1 (11,'1'). 'l'hc tramHit.iou t.c!mpc!rntm·c, 'l'c: = HJr.(5) 1\, WfiR clcrunc~l nt Ua" 
maxhmun ol IJM/Ur. 'l'hc I'C8istivity, lor H= O '1', shows a Mltransition al 'I'"" 
Te, aud ahovc 2·10 I\ a U~t~rmnlly act.ivnt.cd hchnvior wit.h an adivation cncrgy 
of ~~~~ ~ 9:1 nulV. Al T = 205 I{ nnd li = 5 T wc mr..asurod la.rgr., approxhnatcly 
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-98%, resisLiviLy changc. 'I'hc ESillincwidLh (t.ll,..) for Lno,3 Cn,,3 Mn03 "'" 

a funct.ion of T is given in Fig. 3. A linear incrcasc of Âllpp is observcd for 
Te+ A'fc :S T .$ 2Tc for ali the compounds measured. Also, a reduction in 
Lhe slope is lound lor 'f ~ 2'1' •• as sccn in Fig. 3. As iL will be shown bellow 
for La<uoSro.30Mn0a, a single resona.nce linc is obscrvcd in ali the rcgion of 
T messured, including T $ Te . lnst.cad, lor Lhe rcst of Lhe ssmples, as Tr. 

La0_,.ca • .l1Mn03 

tOO 
(o) 

ao 

EB 
ti T"IH& 

'iD • • = 60 1:.-r -n-e 
..!,.. 40 
~ 13 

"~·) 

10 
110 

o 
(b) 

b n-tooe ..,. JS .. H-too 0c 
7 

~to 
n -6oo oe 
n-1soo oe 

e 
~ 5 

7 ... 
o 

160 180 100 no 140 160 

T(K) 

Figure 2: T nnd 11 dqumdence of M n.nd Lhe x- 1 for a. ...... 10 mg singlc cryst.a.l of 
Lao.1aOao.22Mn03 ('rc = 195(5) K). The ini!K!l elaows M vs 11 at. •r = 100 K. 

is approacbed from above and at. T ::::::~ Te + Â'I'c, t.he rcsonance linc bccomcs 
broadcr, disLorts, aud in •nos L CMO!J splits int.o scvcral componcnts. Jõ'inally, 
at T below 'l'c ali Lhe Unes collapscd into a singlc and hroadcr onc, shifLcd 
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from g = 2.0. 'I'Ju~ spn}f\(1 of T(: (~'l't:), whcrc suc:h hchavior iR found, clopm1ds 
un l.lu: c:umpouud. ll wn.q found to ht: lnrgcr for lhe I.R(J.78Cno.22Mn0:1 (T..: 
= 1!)5(5) I<) singlc crystu.l, whcrc t.hc rcsonance linc starl.s to gel. broadc~r at 
'I' ~ 'l'c + 50 J(, ns showu in Fig. •1. aTe i.c; rcdm:cd to just. f) - 20 K in lhe 
uLiu:r C'.oUIJ)()UUds. l"ur IH\f).70Sro.30Mn0a only n sumll hroadcning, uf aboul 20 
% or Lhe miniumm liucwidt.h ~llpp R$ Jr.o Oc RL 'J' ~ ;180 K, is ohscrvcd nt. 
T « rl'c. Alrcady Bhagat an coworkcrs have rcportcd that. au iucrcasc in Lhe 
linewidth hdow 1'f: could bc an indication of son.Ic maguct.ic iuhomogcncity iu 

1200 

~-
:i' 
<I ... 

• 

... ' ... ' -TfKI 
' ... ' ·-

, ... 
. 100 

... 
• , ... 

Figure !1: EHH linr.width M rnnt:t.ion uf 'I' ,,r t.wn n'!raruk Halll)Jb ur • .,.2/:JCli.J/:JMIIOa 
mcrwurcd aL " Gllz. 

Uac samplc, and that lhe santplc t.hat shows a singlc rcsonnncc linc hclow Te, 
nmld bc aB~~ociatcd t.o an homogcncous samplc.l5 ln lhe rcgion of '1' whcre a 
dcparturc from a single rcsonancc tine is obscrv(..•d, small hyst.crcsis loops ap))ear 
in lhe magnct.ization. 'fhe hyst.crcsis loops, shown in Fig. 4, wcrc obtaiucd 
uftcr suhtracting a strnight linc J»t..'itliug thnmgh lhe origiu with lhe high ficld 
slope or M(ll,'l') vs 11. lõ'or T-T C! lhe rcmnant, Mr, and saturation, M, 
magnctization of thesc loops incrcascs severa) ordcrs of magnitude, wh<'.rca.'i 
thc cocrdvc ficld, llc, rcuaaius ahnost cc:mst.nnt nt Jlhoul_ :lO Oc. Thc magnclic 
licld was swcpt bctwoon +200 Oc and -200 Oc. No dilfcrcnccs bctwccn ZI•'C and 
FC cxpcrimcnts wcrc dctcct.cd witbin thc nccuracy oC our mcasurcmcnts. Wc 
should uotk.(: that lhe rcsonancc linc slarls lo hrondma aud di."''lort nl diiT<:rmat 
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T Cor difotiud pie<.:n~ tnkcm rrum Um wholo t:rysl.nlused (()r Utt! M IH<:nsur<:lll<mLH. 
'fhc M maumrcmcnt.s wcrc macio with sampl<.,; 100 to I (XXJ thm~ largcr Lhan 
thosc uscd for gsn., duc to Lhe dilfcrcnt scusitivity of hotlt l<~daniquca. lnl•'ig. <1 

Lhe ra;onan<.:c lhms obt.Aincd at simih'lr '1\ are aLc;o .shown. For Lhe mu~h highcr 
scmdtivity of J::Sit, a snmple of ~ 1 mg was uscd, cut from Um- lO mg <~rystal 
ust~l for t.hc M ntCMHrcmcnt.s. Thc rcsonnncc linCR showu in Lhe insct.s wrn-c 
obtnincd in R much 8111RIIor samplc, k> .. o;.,c.; thnu llKJ llfl;, or Lhe fiRIIIC mnin cryst.al. 

• 
·2 

••• 

j\tf.l 
\_/ T•:ZOOK 

J\~1 
.. ···-··· .. v~-~ :z~~ 

[i.·~ 
.0.03 T • 2311 K ro 

/ ::::____ rn 
;~-~R--.... . .. ··---·· --- ---· --··--··-

.0,1$ • 0.11 1 2 3 ' 
II (kOc) 

l"igure 4: Lcrt.: llyRLrr~i .. IOUJ)8 r,,.. ft, .v lO mg l'lingl«'' nyi'La.l of l..ao.nCAo.22MnOa ('f .. :: 
195(5) 1\). afl.P.I' 1111hl.racl.ing a lll.raigltl. Une I,MIIhiK l.ltrongl• t.l1c urigin wil.b t.be high li~ld 
11\cJIJC' of M(ll;l') YA 11. HiR,hL: ro;.cm.linm ubt.aincd .... simi1nr '1', tnCIU'Urr.cl in A- I mg pit"t~ 
cml. lrom Lha '""in C~',)l'llt.ftl. 'l'be inl'clll glv~ Lh~ rf' .. IIU,nr.r ur " - IUll I'& .,lcK:c r.nt. fmtn 

dtrferent. reglmt of Lbe nJRin cozo.)I',.I.Al. 

lt is inlcra:~ting Lo notk.c lhat lhe Une for lhe t mg samplr. st.nrt to dbttorl nt 
a T similar to thc •r wbcrc thc loop.q are firRt ohscrvcd. lnstcad, thc smallcr 
J)iccc shows" dcJ>arturc from a lorcntr.ian linc nt a lowcr '1', n clr.ar indicaLiou 
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Figure 5: Similar data l.lmn in fo~ig. 4 is givcu for a l.oo.s3Sro.t7MII0a ay&t.al (T c~ 280 K). 

t hRt lhis f)8rl.icular sample is highly iuhomogcncous. Loops similar to lhosc 
Cuund iu Lhe 1Aio.78C&o.22Mn0a single cryst.al, bul. wit.h smaller coercivo ficlds, 
wcre ohoerved in the Lao.saSro.11MnOa crysLal (Te = 284(2) K) betwcen 285 
1\ and 290 K, as shown in Fig. 5. Resonance Unes for the sarne T, taken in a 
picce of- 0.1 mg cut from Lhe sarne crystal, are also shown. Similar data wcrc 
<>hlaincd fnr a Pro.a .. ,Sro.37&Mn03 cryaLal (1'c = :Jll-1(1) I<) for :JO:J I< $ 'I' $ 
307 K, and in a ceramic samplc of Laot3Ca1t3 Mn0a ('l'c = 270(2) K) betwecn 
2i5 K and 280 K.lnal.ead, for Lao.roSro.soMnOa ('fc = 366(1) K) cryatal,loops 
with much amaller llc were only observed at 1' lmmediately above 1' c• ln Lha! 
('.ase a single reaonance Une was obacrved abovc and bclow T c• Fig. 6 sbows 
lhe ESR line for several T and a typical M va 11 curve, juat above T 0 , for 
J.ao.roSro.soMnOa. The change from a lorenl.zian to a dyaonian-Jike reaonance 
linc shapc, seen in Fig. 6 as we go through Te, may rcsult from tbe incrCBSC 
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of thc "ondulivil.y. a, nnd J>f~flll<~hility, Jl, nt. thc t\otl nncl Pl\1-Fl\1 t.rnn~ilions 
al '1',:• 'l'hc linear inemnse uf t.ht! liii(!Width with 'I' 111, to .-..; 2Tr. wa<> nssodated 
rt!Çcnt.ly by us aud ot her aut.hors to n ouc-phonon pro<~t::;;s?, This mechanis111, 

-.. ... •• 
E 

-"'­
~ ... 

I.a .. 7Sr0.JI\·1114. •, 

T(K) 

-~~=tx~ 
.O.l 01 11.11 1.1 IIII 

llekOoJ 
11=100(' ·-. 

U1.5LOUs.tJ~4.t 

11 ( kOo) 

Fi"nrf' 6: M dn.LR fur n l.nn.7nHrn.:mMnO;t !tingir.- ~·ryst.nl (....., r, mtt) mri\!'llln'<l n.L lO o,. in 
Lhf' rrginn of T,. ~ arm 1<. Tllf' inM'L :dn.wll n lypit:al M V!l 11 c:un·~·. jmrt. nh,wr T('. Fur 
l.nn.Tn~ro.anMnO:. kMIJUI wit.h Anmll 11<' wM·r. ub!WrVf'd unly imuu."Ciin.t.dly abnvr T ... 1-:Sit 
lin~ mcuurro fur n ....., 100 1•1. Ringk! crysLAI arn Jtrr~~enLrd al T ·dulfr to 'r... Not.iC<!, Lhnl in 
t.hiR C"IUM" nnly n !IÍDRir rc•raunn.11r.40 linf" "'n1JfM"tV('(I. 'l'lu· du\IIRf' rrultl a lun•nbian tn a flyfllJUi.an 

r~manrr line llltAIW, iH t.heo ra4ult. or Lbt~ Ml-t.ramlil.tnu 1\L u,~ urd•'f'ing LUIIIJH'fn.Lure 

rirst. proposcd hy lluh•~r nnd ShccrR,16 sugga:;ls t.lnt.t t.lm lincwidth r.annot hc 
fl,("'.COUIItf~d nnly hy spin-SI)ill iutf~rnd.iunR. Thc~ cxprCRSÍCJU l.hal. 0C("'.UUIII.S ror 
Lhe liucwidLh <.ao bc writLcu as Ali,= I<(T)/x'l', wherc I<(T) conLRins thc 'I' 
dcpcudeucc or dllpp. We also suggcstcd that l.hc slow down c.onld be rclated to 
Lhe Cact LloRt thc Dcbyc 'I' in Lhesc systcms is oC l.loc' ordcr oC 2Tc. Ou Lhe othcr 
hand, Sheugelay& et Rl.17 snggest.cd that thc linear incrca.."iC may bc associatcd 
l.o a strong hotllencck bclwren lhe rvin4 .... aHd-l.bc.Mu3+ .- Th(' slow down in lhe 
relnxation rate, obscrvcd sbovc - Zl'r. wns cxplaincd by thosc nulhors ns n 
rcsnU. of an opcning of Lhe bot.tlcucck duc to a more cirectivc relaxation of t.bc 

Tese de Doutorado- /999 
I'.G. l'agliuso 

,~ .,..,. 
UitiCA.MP 

88 



~~P-i!Y.!lL~- L_ .... ·. -------- --·--··-· ··----

1500 

Gi 1000 
o -t 
~500 

400 600 800 

T (h:) 

113 

1000 1200 

Fir:uu· '/: Tlu· ,..,JjcJ l'il'd•·H IUI'I'O'HJ'UIIfl .... u ... Jir ... widLh "" flltii'Liun .. r .,. r .. r 1\ """'';,., .. r 
n·lluni<: J.n21a<:AJ ; 3 Mn03 lllt!BIItlf<'<l nL 9 Ullz. 'J'hc IIJII!II t:iu·lt!ll ~JI'ri'HJM>ttcl Lu Lhe l•C'HI. liL 

u~in~ 611,., ...... K/:\T (1\ :::1 721)1) o •. lo:), wiLh Llr<• dnLn r .... ~ 111C:BIIllfi'<IUII """"'"lc .. r Lhe: 
HI\IIIC JN,Lt:Jo Lhnll U.., UIIC llltml f<JI' I·~<; li, 

... piu sy11t.mn t.o t.lm lntli<".c as T inr.rCM'cS. 'l'hc ltu~L nrgumcnt was hascd in thc 
(nd I hnl. 1\·ln:t+, ~~onl.rnry 1.1» Mn·'+, is n slrong .lnhír·'l'<:llt:r itm. Jlow1:vc:r, uur 
111111'1: rn:c:nl. nnd •:xtc:udcxl dnt.n in T show Lhul, wilhin Lhe c:xp<:riuu:ul.nl nrwr, 
1 h•· liuc:widl.h fur 'I' ~ '1'., + ~'1',, wlu:rc Lhe: nuumnlic:s <luK:riht:d nhuvc: nre 
lirsl nul.ic:c:.l, 1:1111 hc simply cxplnim11l hy u spin-spin int.c:rm:ticm mcdannilmr. 
Tl1111 U;: 

1\ 
Ali,,,.= x'l' (I) 

lu Fig. 7 wc fit Uto datll of ~11 1 ,,. vs T for u Hnlllplc: uf (,n:.;a<~• 1 ;aMnO:s lu 
c·xprtMJiun (I) .. Tbt: X dnt.a t.nkcu fur •• SAm pie of Lhe MJU«l t:craJuk: bulk wa11 

lJI;c:cJ in 1~1· 1. As it. r.an bc sccn Lhe ngrcctaa«mt. is cxccllcnL l'or I( ~ 72(X) Oc 
1\, iudcpcndcnt ol' T. i~urLh~r snpporL ror i L is Uutl similar mcasurcmcnts madc 
in ln:.Mn:.07,1 8 a compound. Lbat only ha.s Mtt'1+, a smallc:r '1'11 , and a similar 
J>ohyc '1', J,rCSClnt.s sisuilar M lll)(l l~'ill fl".aLurcs.111 'l'lmL is, a dcparturc from a 
Curic>-WclÍ115 lnw of X 1 nnd a, n:dut:Licm on t.hc slc)IJC of 41_1,,. aL "':" 2'1'.,. 'l'hc: 
urigiu of t.bc: fc:Rlnrcs fnuaul nbovc T., , t.huL is, hrundcmiug, split.ling, dislorl.ion 
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of thc E. .. 'Ht linc, aud lhe associatc~l hyst.crcsis loops are dcnr cvidencc of lhe 
cxislcn<".c of small l"M J'(~giuns al T ;:::_ Te· Thcir mdst.cncc depcnd nol only of 
t.hc C".(JIIIJKHmd hut wit.hiu diiTcrcul. rcgious uf th~ snmr. snmplc~. Thnl support 
thr. pid urr. t.hnt n dist.rihuUon nf '1',: is prcscmt in l.hf'Sc~ N,\'HI.cms. 

'l'hcse data show thnl l.;.'llt is" vcry scnsitivc tool tu lcnrn aiJoul Lhe <tua Iii~· 
of t.hc Mlllple. Bcsith~. ii. shoulcl hc~ straoscd tlmt t h~c I )'J)ffi of mcasurcnll'lll s 
Are vcry simplc aud rc:«1nirc vcry small sRmplat, leK..IIl than onc mg, ordcrs uf 
11mp;J1Ít.11dc~ snmlh~r tluu1 olhcr l.cdlnÍ<iUCS. 

4 CouclmdouR 

ln Sllllllllar~·. wc! :;how lhal c"ardul studic::-> nmst hc! mndc on Um qunlily of lhe 
AAIIIJ>Ie, ))r.fnrc t.hc~ lllf!R!~11rt~l propcrt.ins <:nn l)c nA~~ru,~xl tu n c~OIIIJlUUIHI nml nn· 

nol. the ramll of cxt.rimdr. fadors. 'l'hr. lnrgr. sprc-.acl or T.: iR prohnhly clm~ lo 
l.hr prt'RCII<'f~ o( n 11011-fi\Udom diAI.rihul.iou of \'1\C.RIId<:S, defcx:b;, nndfor OX)'g<~ll 
r.olat<mt, l.hnt diffcrs Cr01n lhe IIOII,ÍIIRI <:<m<'..r.ntrntion. 
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Seção 2.8 
i:i: 

!1 2.8 Estudos de RPR e FMR 
1: (Ressonâncía F erromam~~D~e~) nos 
:i compostos Lamí:rtares; 
f La1.2Sr1.8Mn20 7 -{subn1etído para 

Phys. Rev. B. em 17/02/1999) 
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2.8) Estudos de 1{1'1{ e FMI{ (Ressomincia l'erromagnélica) nos comiiOstos Laminares: 

LauSr,.xl\1n20, (submetido 11ara l'hys. Rev. 11 em 17/02). 

N. O. f·dorc-no, P. C. Pnglin~u. and C. H.et.t.ol'i 

/u.<o;l;btlu rir: /"f.<:ir'tl "( .'ld1 Wll.l.ti!Jhin", lJ N/( .'fi Ali', I :/08.1 •. 'J?II, ( .(nnJ•ilm~;.,<;/ '. 

llmúl. 

.I.S. (~mdn('r, .J.L. Snrrao, nnd .I.I>. Tlum1psun 

{,o,<: :llnmu.o; Nrtlimwl /,nl~tmdtwú·.o;, IA~ Aúmw.<~. NM 87.'i.j!i. li.S.A. 

A I ml.rad. 

in l.ht• mnv.udi:.mt.inn, A/, 1wnr :mn 1\, :t I.PmJH'I·nl.m·•· wl'il aiNIW 'li· ,. • I :li• 1\. 

Pn.~viont-õly, t.his hip.h l.t·mp~"rnt.m-.:· (· • :ltiU 1\) t.ransil.ion lms ht•t·n :mAAt~lt>tl 

(.o IH! intriusit· l.t: l.lw sysh:•UL \·\'t• hm:t! ull.'lt'rvc'tl nl. l.lt~'l-lt' lliv.h l.t'IIIIH'ntl.un•s 

t.lw UIIJH~Unlm:t• ,,r 11('\V rt•rrmltnRIIt'I.Í<: rt'SOIUUit:C.'S UltHit'l', Fl\.IU. \Vithin l.he 

I'Xtn•rinll'ntnl t!rror u •• ~ VfiiUnll: .,r snrnph~ "~l•lin:cl Ln t•xpln.n_ ~ht• t~xt.rn AI mui 

Lht~ inknsil.y of Lhe• FMit moch~ iR Lhe~ sarne. Jo'urtlwrmon:, 1.111~ 1-;Pit dntn do 

nol. shnw nny fe:n.t.urc:: nhnvc '/(: Lhnt c:uuldlw fL.'«tK:iul.c"<l Lo shnrt.-ran~tt• ordt·r 

t•lfc't:t.:;; as has ht't:n dninwc:l. 

JUU~ 7R.:IO.-j, i!i.:,U.-m, fi:l.211.-t·, i:UII.lli 
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Thc observation of colossalmagnetoresistancc, CMR, in Lhe serics of Rnddlcsden-Popper 

(RP) phases [1], A..+t Mn.Oan+t, has aUract.cd r.onsidcrablc at.t.cntion. Most. of thc work was 

done in the perovskite manganit.e, La1_,Sr,(Ca)Mn03 (n = oo). Rccently, thc n = 2 mcm­

hcr, AaMn201, has rcccivcd COllSiderahlc attention duc to thcir intercsting and somewhat 

unnsnal propcrtics. Thc RP phascs consist of n laycrs of pcrovskite oct.ah<..>dra blocks along 

thc c-axis. Thc bloeks are separatcd hy thc inscrtion of roek-salt. laycrs of A20 2 , which 

lcad to a larF;cr c-axis. Morit.omo e! al. [2] ohscrV<..>d CMH. in l.he laycrcd La~. 2 Sr~. 8 Mn 2 0 7 

at Te ~ 125 K, that nominally correspond to 40 % of boles. Tbose ant.!JOrs claimcd that 

the intra-layer cxchange intcraetion was duc to doublc cxchangc and that intrinsic 20 spin­

corrclations werc prcscnt. well abovc thc fcrrornagnctic (FM) transition tcrnpcraturc Te. 

Severa! anthors hnvc rcport.cd a signilic.-tnt. increasc of thc magnct.izat.ion, M, at ~ 300 K, 

in (La,Sr)aMn20 7 • This f<'Atnrc was associntcd, in most. '""""'' wit.h 20 spin corrclat.ions, 

and is claimcd to be intrinsic to the systcm. Kimurn e! al. [3] rcportcd on the cxist.ence of 

two intrinsic transitions in La~. 4 Sr~. 6 Mn 2 0 7 • Onc at. ~ 270 K, a t.cmpcrature bclow which 

thc ayst.cm hehaves like a 20-FM metal, and anol.hcr ai. ~ 100 K, whcrc 3D ordcring is 

obscrvcd dnc to low-ficld inl.crplanc Lnnncling. Pcrring ct ai. [1] snggcstcd l.hc prcscm:c of 

wcak antifcrrornagnctic corrclat.ions within thc planes cocxistiug with fcrromagnctic lluc­

tuat.ions wcll above Te. Zhou et ai. [5] int.crprct.cd t.hc incrcasc of M as an indicat.ion of 

cithcr supcrparamagnctism clust.ers or short-rangc FM ordcring. Kcllcy et al. [6] rcpcrtcd on 

quasi-clastic magnct.ic scatt.ering well abovc Te. Hcffncr et al. [7] did not. find evidcncc of2D 

spin ordering or in-planc corrclations abovc Te in thcir muon spin rclaxation studics. Potter 

et al. [8] observcd t.wo transitions, but argncd t.hat thc higb t.cmperatnrc transition was not 

intrinsic to the n = 2 syst.em, and was associatcd with intergrowths of othcr RP phases. 

Finally, we note that t.he volume fract.ion, assnming FM o reler, rcqnired to cxplain the high 

temperature transition vru:y from O.I % to saveral peroonl 41110/lg the different reports 011 

(La,Sr)aMn.o,. 

Electron Paramagnetic Resonanc.e, EPR, · has proved to be a sensitive teclmique, capable 

of examining the presenc.e of small amounts of impurity phases in a variety of systerns. 
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lu t.he high Te supercouduet.ors t.he prescucc of 1 pg of t.hc grccu phase R2IlaCuOs, is 

casily obscrvcd. {9] A umss of lcss Utrut 100 pg is stúlicient to scc t.IIC rcsonancc tine in 

La.s1Sr.33Mn03. {10] Thus, EPR allows the study of compounds for which it is diflicult t.o 

obtain homogenizcd srunplcs of large sizc. Wc havc nscd EPR to st.udy the n = 2 compounds 

aud havc t.ricd t.o clarify the discrepru1cics in t.he intcrprctation of thc dat.a report.cd in l.hc 

lit.erature. 

We have earried out EPR and de magnctization mcasurcments on two '.'high qualit.y single 

crystals" ofLat.2SruMn207. Each prcsent.cd adifferent. incresse ofthe M ai. high T, rclativc 

to their saturation M below Tu. ln order t.o prepare t.he cryst.als polycrystalline mat.crials 

wcre synthcsized by a solid-stat.c react.ion of stoichiometric quantitics of Mn02, SrC03 , aud 

La2Ü3 at. t.cmperat.ures up to 1550 dcgrees Celsius in air. Polycryst.allinc material was showu 

from X -ray diffractiou to l1C fre<• of ot.hcr mcmbcrs of thc Ruddlcsdcu-Popper scrics ( < 3% hy 

volume}. Thc polycryst.alliue mmponml• wcrc theu nse<l as st.art.ing mat.crials for t.hc crystal 

growt.h. Crystals of La1.2Sru Mu,07 were mclt grown in a flow of 0 2 nsing a floatiug zone 

opt.ical imagc fnrnace. The resnlting honlc cont.ailwd many shiny hlack cryst.als t.hat could 

casily hc cleavcd away. The EPR expcrimeut.s wcrc earricd ont. iu a 13rukcr spc<:Lromct.cr at. 

9.4 GHz in the range of tcmpcraturc betwccn 100 K and 700 K. The M data were taken in 

a MPMS-5 Quantum Dcsign SQUID magnct.omctcr bctwccn 2 K and 400 K. 

Figure 1 shows M vs T Cor two cryst.als (1 and 2) of La1.2Sr .. 8Mn20 7 wit.h H = 3 Oc 

applied paraUel to t.hc [a, b] plane. Thc lowcr transit.ion occurs at Te ~ 125 K. A suddcn 

increa..c of M for T » Te is measurcd for bot.h samplcs at T = Tê. Thc insct displays M 

vs T for t.hc high T rcgiou. The diffcrenccs in the M bctwccn both srunplcs is largc iu t.his 

T rru1ge. At ~ 200 K, t.he M of samplc 1 is about one order of magnitude smaller than in 

sample 2. A small stcp in the M, c.entered at ~ 280 K, is seen for srunple 1. ln srunple 2, 

no less than four stcps are observed between ~ 260 K aud 320 K. Fig. 2 presenta hystcresis 

loops for both crystals wit.h T = 270 K at1d H I I [a,b]. Thc iusct shows loops for H I I c. For 

clarity, in.a11 cases the paramagnetic c.ontrihution of t.he systcm has b~'Cll subt.ractcd. Thc 

satnration magnetic llloment. mcasured at 20 kOe for hot.h samplcs in the threc dircctions, 
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bclow Te, is~ 3.6(1)/La/Mn. The volume of sample rcquired for the increasc of the M above 

Te c.an bc cst.imated from the numbcr of Dohr magnetons obtained from thc hyst.crcsis loops 

sccn in Fig. 2, normalized by thc sat.urat.ion magnctic momcnt mcasured at high ficld. The 

volumes obtained are ;S 0.03% and ~ 0.25% for samples 1 and 2, respectivcly. 

A dysouilln rcoouanr.c linc, wit.h g = 2.0, is ohservcd for T ~ Tê + 20 K. lt" iut.cusiLy, 

I, follows thc same T dependence of Xd,(T), as ohscrved in the perovskitcs and pyrochlorc 

mangauites. [10] Tlms, ali thc Mn ions contribut.c to thc EPR linc. At. lowcr T, thc ap­

pcarancc of new resonanccs modes, FMR, are obscrved. ln Fig. 3, thc spcctra for sample 1 

with H I I a are givcn for severa! T. At ~ 310 K new resonanccs !ines emerge from g = 2, 

which shift t.o lower ficld as T dccrcascs and collapse into a single line at ~ 240 K. ln the 

insct. of Fig. 3 wc pmscnt thc I vs. T of Lhe EPR linc, l.hat rcmains at g = 2.0 down to 

Te, and the FMR modes that. appear at. high T. ln Fig. 4, the EPR spcctra for sample 2 is 

shown. ln this case, the first appearancc of thc FMR occurs at T ~ 350 K, and ncw modcs 

continue to appear down t.o ~ 260 K. For sample 2, thc modes do not overlap int.o a single 

line down to 150 K. For both samples, the incresse of I vs T of the FMR !ines is similar 

to the increase found for M below TÇ. Thus, the increase of the M below TÇ is assoei ateei 

with the appearancc of thc FMR !ines. The FMR !ines are first seen at T highcr than Tê, 

due to tbe higher scnsitivity of EPR. As T approaches Te, thc main linc at g = 2.0 shifts 

to lowcr field and its intcnsit.y grows dramatic.ally. For T :5 Te, UIC M cxtracted from t.he 

I of thc main linc is in cxecllcnf. agrL-cmcut witb thc M llll!at«1tr<:d uudcr situilar coudit.ious. 

The volume fraction rcquirod, for both samplcs, to explai.JJ thc extra M observed at high T 

and the I of the FMR modes, is the same within experimental error. The hysteresis loops 

with virtually zero rcmnant licld and thc T depcndencü of t.hc FMR modcs are typical of 

FM materiais or syst.cms witb FM regions. TiniS, t.be origin of the feat.ures dcscribcd above, 

are due to small regions which order ferromagnetically i.J1 the samples and are not associat.ed 

witb intrinsic short-range correlations as was previotJSly claimed. 

ln Figs. 3 and 4, wc only show the EPR spectra for H I I a. We have measured also 

tbc angular dependcncc of Lhe EPR spcctra. We found no angular dependcnoe for T > TÇ. 
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Uut. for T < Tê, t.hc spcct.rn associat.cd t.o t.he FMR lilws are only isotropic in Lhe [a,b] 

plane. A T dependcut auisotropy is mcasurcd when H is rot.atcd toward t.hc c-axis. Thc 

!ines shift to higber field and go throngb a maximmn for H I I c (H ~ 10 küc, at T ~ 250 

K). Thc angular dcpcndcncc measnrcd is almost thc same for botb samples, suggesting that 

t.hc FMR !ines rcsnlt. from similar typc of intcrgrowt.hs. Thc diffcrencc in intensit'Y is dne to 

t.he amonut. of iutcrgrowt.h iu cach sample. lu sample 2, auothcr FMR spect.rn is olmcrvcd, 

<:orrespouding t.o only ~ 0.003% of the sample, bnt. that rcgion has c as a.tl easy axis (as 

fonud for La~,.SruMn 2 0 7 ). [3] 

ln snmmary, Lhe im:rcase of M and thc I of t.he FMR modcs varies by two ordcrs of 

magnit.nde, from 0.03% to severa! %, betwccn data report.cd by different groups. Thns, this 

effect is samplc dependeu!., i.e. cxt.riusic t.o t.he n = 2 pha.'!C. Tl"'reforc, in agrcemeut. with 

Potter et al. [8], we conclude that the origin of the increase in M is due to RP phases with 

n ?: 3, as n = 1 orders antiferromaguetically. The distribution of T, at which thc different 

FMR modes first. appear, snggests t.hc prcscncc of intcrgrowths with diffcrent values of 11 

andlor bole (Sr) conccntration. lu ottr case, thcse temperatnres vary between ~ 290 K-

310 K and ~ 260 K - 360 J(, for samples 1 and 2, rcspcctively. That is, t.hc intcrgrowLhs of 

sample I havc a smaller distrilmt.ion of n andlor boles t.hnn sample 2. Thc similar angular 

dcpcndcnce found for the FMil modcs for bot.h samples is indicat.ivc of Sl!lall cryst.als whosc 

origin is thc same. F\n'thermorc, we did not. obscrved ru1 i11creasc in thc I or lineshape 

distort.ions of the g = 2.0 rcsonance of La 1 . 2 Sr~. 8 Mu 2 0 7 abovc 140 K, tbat could bc associated 

to short range ordering. Conseqnent.ly, if any sbort-rangc ordering intrinsic with the n = 2 

phase is prescnt. at. Tê, it. is negligiblc, aside from that. expect.ed bctwecn t.he Mn ions. 

This work was snpported by FAPESP grant No 9!il4721-4, No 97103065-1 Siio Paulo­

SP-Brazil, CAPES-Brazil, NSF-INT No 9602829, and NSF-DMR No 9705155. Work clone 
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FIGURES 

FIG. 1. The M vs T measured at 3 Oe with H I I [a, bj is given for both samplcs. The insct 

displays M vs T for the high T region. Notice, that the sudden increase of M occurs at different 

T for AAmplo.s I aml 2, ~ 280 mui 330 K rcspc<:tivcly. At 200 K thc M is about one ordcr of 

rnagnitnrle smallcr for sarnplc I (thc smallcst vsluc of M report.cd in thc litcraturc) than in samplc 

2. 

FIG. 2. llystcresis loops for hoLh sampl<lS with li 11 [a, bj am shown. ln thc in10>L, l<x~>S for 

li 11 c are shown. Notice thc dilferent in II for li I I [a, bj and H I I c. The parmnagncLic 

cont.ribution has been substractecl in ali cases. 

FIG. 3. The EPR spectra for sample I with II I I a are givcn for several T. The resonaucc lincs 

with g = 2 for 280 K and 240 K havc becn delctcd to includc thc inscL. Thc illSct gives thc I vs T 

of thc EPR liuc and the FMR modos. Thc intcgratcd 1 of thc FMR modcs has becn multiplied by 

a factor of 3500, thc solid linc is a guidc Lo Lhe cyc. ln Lhe iusct is not shown t.hat t.llC 1 of EPR 

linc sat.urates bclow ~ llO K. 

FIG. 4. Thc EPR spcctra for samplc 2 with II I I a are givcn for severa! T. Noticc that thc 

FMR modcs appcar at. a highcr T than in samplc 1 a.nd thcir rclalivc intcnsity t.o t.hc g = 2.0 

rcsonancc is largcr tlmn in samplc I (sce Fig. 3). 
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Capítulo 3 CONCLUSÃO GERAL 

3) CONCLUSÃO GERAL 

Como primeria conclusão poderíamos afirmar que para os compostos estudados a 

técnica de RPE se mostrou bastante funcional para os estudos de interações entre as impurezas 

magnéticas e os elétrons de condução além de se revelar bastante sensível a detecção de fases 

espúrias magnéticas. Assim, creio que os profissionais da aréa da fisica de estado sólido 

devem procurar utilizar mais frequentemente a técnica de RPE como técnica de investigação 

auxiliar nos seus estudos uma vez, que cada vez mais, esta técnica tem passado a ser 

instrumento de investigação exclusivo de químicos e biólogos. 

Passamos agora a um resumo das conclusões obtidas para os diferentes sistemas 

estudados neste doutoramento. 

Nos estudos dos compostos de Eu2-xPr.Cu04, uma sistemática de experimentos de 

magnetização para O ~ x ~ 1 em monocristais crescidos em cadinhos de Pt e de Ah03 com 

fluxos de CuO e PbO, permitiu-nos estudar o aparecimento de uma componente de WF neste 

materias. Modos Raman "proibidos" foram somente observados em amostras que apresentam 

WF. 

Neste trabalho concluiu-se que para volumes de célula unitária menores que um 

volume crítico V c,., 181.1 A3 ( próximo ao valor de V para Eu2Cu04 crescido em AhO:YCuO) 

a estrutura T' destes compostos apresentam distorções locais nos planos de Cu~ dando 

origem a componente WF e as modos Raman "proibidos". Além do mais, para as amostras 

crescidas em Pt, as impurezas de Pt substitucionais ao Cu, favorecem as distorções locais nos 

planos de Cu02 favorecendo o aparecimento do WF e dos modos Raman "proibidos". 

Para o caso dos materias supercondutores RNi:zB2C:Gd (R= Y, Lu), os valores obtidos 

para os parâmetros <.f1s(q)>112 
, extraídos dos estudos da dependência com temperatura da 

largura de linha de RPE do Gd+3 e do decréscimo de Te com o aumento da concentração de 

impureza magnética (AG) coincidem dentro do erro experimental. Este resultado indica que os 

compostos RNhB2C (R= Y, Lu) comportam-se como um supercondutor BCS convencional. 
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Nestes compostos a interação de troca Gd+3 e os elétrons de condução (e-e) foi 

encontrada dependente do vetor de onda q, e o parâmetro Jft(O) é positivo para (R= Y, Lu) 

indicando que a interação Gd+3 
- c.e. é tipo atômica. As interações elétron-elétron, se 

mostraram significativas para as análises dos espectros de RPE, (a= 0.3 para Lu e (a= 0.2 

para o Y) para os materias supercondutores RNi2B2C (R= Y, Lu). 

Nos estudo de RPE do Gd+3 nos compostos de valência intermediária YblnC114 e no 

tipo Rede de Kondo YbAgCIL! e sus compostos de referência (Y, Lu)(In, Ag)CIL! observamos 

um aumento do g-shift e taxa de Korringa para os compostos de Yb em relação aos de 

referência. Este resultado é atruído ao aumento da densidades de estados no nivel de Fermi 

existentes para os compostos de Yb. 

Para ambos os sitemas acima, a interação de troca Gd+3 e os e-e é dependende do vetor 

de onda q, e o parâmetro Jft(O} é positivo, indicando que a interação Gd+J - c.e. é tipo atômica. 

No entanto, somente para o composto de valência intermediária, YblnCIL!, interações elétron­

elétron, se mostraram significativa para as análises dos espectros de RPE.(a = 0.7(2)). Para o 

composto tipo rede de Kondo não foi necessário considerar as interações elétron-elétron para 

analisar os dados de RPE. 

Para o estudo dos compostos LulnN4:Gd e Nd uma contribuição tipo multibanda foi 

necessária para as análises de RPE. A interação de troca entre a RE e os e-e é negativo para a 

banda-d (Jrd) e indicando que a interação RE - c.e. é tipo covalente, e positivo para a banda-s 

(Jr.) indicando que para este caso a interação é tipo iônica. O valor de Jrs é maior para o Nd3+ 

em relação ao GdJ+ para ambos os compostos, provavelmente devido ao maior contato com os 

c.c. resultado do maior raio das camadas 4f do Nd3+. A banda eletrônica d para o caso do 

compostos de Ni, é provavelmente proveniente das camadas 3d incompletas do ión de Ni. 

Como continuação deste trabalho medidas de RPE de Gd+3 e NdJ+ podem ser 

realizadas no compostos YblnNi"' no entanto nossos resultados no compostos de Lu permitem 

concluir que contrubuições de multi-banda eletrônica serão necessárias para o entendimento 

das propriedades tisicas do férmion pesado YblnN4. 
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No composto YBiPt, observamos a ausência de koninga e g-shift nos estudos de RPE 

do Gd+3 e Nd+3 em concordância com o caráter semicondutor do material. O ajuste dos dados 

de susceptibildade magnética nos permitiu obter os parâmetros de campo cristalino cúbico Â! 

e A., para os compostos Yo.9Ndo.1BiPt e Yo.9 Ybo.1BiPt. V alares obtidos por outros para YbBiPt, 

PrBiPt e Yo.99sEro.oosBiPt foram usados para comparação. As diferenças encontradas para os 

valores de Â! e A., podem ser atribuídas à variação do parâmetro de rede e/ou ao aumento do 

carâter metálico para terras raras mais pesadas. Um limite superior para o parâmetro de campo 

cristalino lb41 - I Oe, obtido da largura de linha, para o caso Gd, foi estimado. Nossos 

resultados sugerem que pequenos valores lb41 podem ser características de semicondutores da 

gap pequeno ou semimetais com baixa densidade de portadores. 

Um possível trabalho subsequetente é então a preparação de compostos dopados com 

Yb, (Y, Lu)I-xYhxBiPt:Gd (O< x < I), onde o carâter metálico é introduzido nos compostos 

pela dopagem de Yb. Os estudos de RPE destes compostos podem revelar o aparecimento de 

g-shift, korringa e efeitos de campo cristalino na ressonância do Gd3+ para as amostras mais 

metálicas (maior y). 

Para as diferentes amostras R1-xAxMn03 ( R = La, Pr; A = Ca, Sr) os "loops" de 

histerese e os "splittings" de linha de RPE observados foram associados o inomogeneidades 

das amostras provenientes de uma distrubuição não aleatória de vacâncias, defeitos e conteúdo 

de oxigênio gerando principalmente uma distribuição de Te nas amostras. Amostras com 

transições magnéticas bem estreitas apresentam uma única linha de RPE para T > Te e os 

loops de histerese desaparecem para tais temperaturas. 

Também, para os cristais CMR de La~. 2 Sr1.8Mil2<h, a linha de ressonância FMR 

observada bem como a transição magnética a - 280 K foram atribuídas a fases extrinsicas 

provavelmente provenientes de fases de La..+1Mn,OJ.+1 com n * 2. Da análise das 

intensidades das linhas de EPR e FMR os volumes das fases espúrias foram estimandos como 

- 0.03% do volume total da amostra # I e- 0.25 %para a amostra# 2. Estes valores de 

porcentangem concordam com os obtidos através da comparação da magnetização de 

saturação das transição magnéticas a- 280 K e -I25 K. A convergência das linhas FMR para 
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a EPR para T < - 280 K apresenta as mesmas características dos "splittings" de linha de RPE 

observados para os compostos R1-xAxMn03 ( R = La, Pr; A= Ca, Sr) para T > Te. 

Concluindo, creio que meu doutoramento propiciou uma formação muito boa no que 

diz respeito ao entendimento das propriedades magnéticas macroscópicas e microscópicas 

destes sistemas de alta correlação eletrônica, e para um futuro Post-Doc acredito que seria 

muito enriquecedor para a minha formação, realizar estudos de propriedades de transporte 

nestes sitemas, usando diferentes faixas de pressões (até 10 Kbar) e campos magnéticos (até 

20 T - de e 60 T - pulsado); estudos estes muito importantes no entendimento das propriedades 

físicas de sistemas de alta correlação. É meu objetivo também no pós-doutoramento aprender 

a desenvolver toda a sistemática de preparação e caracterização das amostras, principalmente 

na forma monocristalina, tranzendo para o Brasil a possibilidade de que amostras 

monocritalinas de alta qualidade destes materias possam ser preparadas aqui. 
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Apêndice 1 APARATO EXPERIMENTAL 

Al.l) Espectrômetro de R.P.E. 

Passamos agora a descrever de forma simplificada o aparato de laboratório utilizado 

para as medições de RPE. (um pouco do fênomeno em si, também será abordado). 

O principal elemento deste aparato é o espectrômetro de ressonância, em volta do qual 

toda a sistemática do experimento é planejada e montada. 

Desde o seu surgimento no período subseqüente a segunda guerra mundial, os 

espectrômetros de ressonância eletrônica e nuclear têm se tornado uma técnica bastante 

utilizada. Houve, como consequência, um grande avanço na tecnologia dos radares (geradores 

de microonda, cristais detetores, amplificadores de banda estreita para deteção em fase, etc.) e 

na tecnologia básica de semicondutores. O estudo da absorção e da dispersão da radiação 

eletromagnética causadas pela precessão de momentos magnéticos nucleares ou eletrônicos de 

uma amostra, submetida a um campo magnético externo aplicado, têm possibilitado o acesso a 

informações da dinâmica magnética interna de substâncias, que muitas vezes, nao têm nem 

mesmo suas estruturas cristalinas conhecidas. 

A ressonância paramagnética eletrônica estuda basicamente sistemas que possuem um 

momento magnético localizado, dentre os quais se destacam aqueles relativos a íons de 

elementos do grupo de transição onde as camadas parcialmente cheias possuem elétrons nâo 

emparelhados. Dentre estes, podemos destacar os elementos do grupo do Ferro (3d), do grupo 

do Paládio (4d), dos grupos das terras raras (4f) e do grupo dos actinídeos (Sf). 

As transições magnéticas entre os diferentes níveis de energia separados ("splitting" ) 

por um campo magnético externo ocorrem pela aplicação de um campo magnético oscilante 

(de microondas) perpendicular ao campo fixo. Podemos então definir a dependência da 

susceptibilidade magnética com a frequência deste campo oscilante H1 (t):
61 

z(v) 
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Temos então uma parte real x' que corresponde a componente do momento magnético 

em fase com o campo oscilante HI(t) (dispersão), e uma parte imaginária x" correspondente a 

componente em contra-fase do momento em relação ao campo (absorção). A potência média 

absorvida pelos momentos magnéticos é: 61 

P oc x". H 1 (t) [A1.2] 

O princípio do espectrômetro é então, a detecção da potência absorvida em função do 

campo magnético Ho aplicado (pode ser feito também em função da frequência de 

microonda). Portanto a descrição de seu funcionamento pode ser resumida à forma de 

deteção da absorção de microonda. 

Uma radiação de microonda é gerada com uma frequência bem definida. Depois esta 

radiação é atenuada e levada até uma cavidade ressonante metálica, dentro da qual se localiza 

a amostra. A microonda refletida é então conduzida até um cristal detetor. A partir de então 

temos um sinal que pode fornecer uma função-P(H), desde que utilizemos uma frequência 

fixa, e um campo estacionário variável. A faixa de variação deste campo geralmente está 

entre O e 20.000 Gauss, partindo-se sempre do campo zero e crescendo linearmente. 

A microonda é gerada por um "Kiystron" ( gerador baseado numa válwla com este 

nome) no caso do espectrômetro de fabricação da Varian, operando na faixa de 8.8 a 9.6 GHz 

de frequência (banda-X), e com 200mw de potência máxima. No espectrômetro Bruker a 

microonda é gerada por um dispositivo eletrônico conhecido como díodo Gun para cada banda 

S (4.0 GHz), X (9.5 GHz) e Q (34 GHz). A radiação é então direcionada por um circulador ( 

que permite que o sinal passe num só sentido ), nivelada por um sistema de controle de 

potência ( "power leveler• ), dividida em um feixe que é atenuado e mandado para a cavidade 

e outro que é atenuado e utilizado num acoplador direcional para a detecão do sinal refletido 

pela amostra. Dois sistemas de modulação diferentes frequência estão conectados em paralelo 

com as bobinas de modulação. O sinal detectado é pré-amplificado e enviado a unidade de 

Tese de Doutorado- 1999 
P.G. Pagliuso 

108 



Aoêndice 1 APARATO EXPERIMENTAL 

modulacão, através de um sistema seletor que processa o sinal, convertendo-o numa diferença 

de potencial (d.c.) que é conectada ao eixo y do registrador. 

Um outro sistema importante no espectrômetro é O Controle Automático de Frequência 

(CAF na figura-AI.!) que consiste de um pré-amplificador, um amplificador, um detetor e um 

refletor.Este aparato é utillizado na estabilização das flutuações entre a frequência do 

"Klystron" ou do díodo Gun e a frequência de ressonância da cavidade. 

Isto é feito através da modulação da frequência de microonda por um sinal de 70 Hz 

aplicado ao refletor do "Kiystron", que possibilita que se obtenha no sistema de deteção um 

sinal modulado em amplitude, que ao ser amplificado é comparado por deteção de fase, 

sendo corrigido proporcionalmente ao desvio de frequência. 

A maioria dos espectrômetros de RPE têm como forma de linha registrada., a derivada 

da linha de absorção. Isto acontece pela utilização de um detetor sensivel a fase ("lock-in 

detector"). Entre as vantagens obtidas (para medidas de RPE) , têm-se a possibilidade de 

maior precisão na medida da largura de linha (que neste caso é a distância entre os dois picos). 

Utilizamos neste trabalho um espectrômetro Varian (E112) e um Bruker ELEXSYS 

unidos a uma cavidade ressonante retangular E-231 com modo de operação TE 102. 
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Sist. à Matba1:aPD 
100KHz 

Reeep"llr 

APARATOEXPEREMENTAL 

sinal 

Fig-3a.l- Esquema em blocos do Espectrômetro de R.P.E. 
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