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RESUMO

Este trabalho de doutoramento apresenta, principalmente, uma sistematica de experimentos
de Ressonincia Paramagnética Eletrnica (RPE) e suscpetibilidade magnética para estudos das
propriedades magnéticas de diversos sistemas com alta correlagio eletronica, tais como:

1) Supercondutores de alta temperatura critica (HTS)

2) Sistemas de Férmions pesados (HFS), Materiais tipo Kondo e Compostos de Valéncia
Intermediaria (IV).

3) Perovskitas que apresentamn o fendmeno de magnetoresisténcia" colossal (CMR).

Nos HFS de Eu,.Pr,CuQOs, uma sistematica de experimentos de magnetizagio para 0 < x <
1 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 unitaria menores que um volume critico Ve ~ 181.1 A? (préximo ao valor de V
para Eu;CuQj4 crescido em Al O3/CuQ), a estrutura T” destes compostos apresenta distorgdes locais
nos planos de CuQ; dando origem a componente WF e aos modos Raman “proibidos”.

Para o caso dos HFS RNi;B,C:Gd (R = Y, Lu), os valores obtidos para os parimetros de
troca <Fy(g)>'? , extraidos dos estudos da dependéncia a com temperatura da largura de linha de
RPE do Gd* e do decréscimo de Tc com o aumento da concentragio de impurezas magnéticas,
coincidem dentro do erro experimental. Este resultado indica que os compostos RNi;B,C (R = Y,
Lu) comportam-se como um supercondutor BCS convencional.

Nestes compostos a interagdo de troca entre o Gd ' ¢ os elétrons de condugdo (c-e) mostrou-
se dependende do vetor de onda ¢, e o pardmetro de troca J5(0) foi encotrado positivo para (R =Y,
Lu) indicando que a interagio Gd" - c.e. é do tipo atmica. As interagdes elétron-elétron
(relacionadas com o fator de Stoner), se mostraram significativas para as anélises dos espectros de
RPE. ‘

Nos estudo de RPE do Gd™ nos compostos IV de YbInCus € no HFS de YbAgCuy e seus
compostos de referéncia (Y, Lu)(In, Ag)Cus, observamos um aumento do g-shift e da taxa de
Korringa para os compostos de Yb em relaciio aos de referéncia. Este resultado ¢ atribuido ao

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



Para ambos os sistemas acima, a dependéncia da interagio de troca Gd™ e os c-e com vetor

de onda ¢ foi introduzida para analisar os dados de RPE. No entanto, somente para 0 composto de
| IV, YbInCuy, interages elétron-elétron, se mostrou significativa para as analises dos espectros de
RPE.

Para o estudo dos compostos LulnNi;;Gd e Nd, uma contribuigdo tipo multibanda foi
necessaria para as anilises de RPE. O valor da interagdo de troca entre a RE e os c-e € negativo
para a banda-d (Jra) € positivo para a banda-s (Jg). O valor de Ji é maior para o Nd** em relagéio ao
Gd** para ambos os compostos, provavelmente devido ao maior contato com os c.e., resultado de
um maior raio das camadas 4f para 0 Nd**. A banda eletronica d para o caso do compostos de Ni, é
provavelmente proveniente das camadas 3d incompletas do ion de Ni.

No composto YBiPt, o ajuste dos dados de susceptibilidade magnética e estudos de RPE
nos permitiram obter os parametros de campo cristalino ciibico A4 e A para os compostos
YosNdy 1BiPt € Yo9Ybe BiPt. Um limite superior para o pardmetro de campo cristalino [bs] ~ 1 Oe,
obtido da largura de linha, para o caso Gd, foi estimado. Nossos resultados sugerem que pequenos
valores {bs| podem ser caracteristicos de semicondutores da gap pequeno ou semimetais com baixa
densidade de portadores.

Para as diferentes amostras R;.xA;MnQO; ( R = La, Pr; A = Ca, Sr) ¢ também para os cristais
CMR de La; 2Sr, sMn;05, 0s "loops" de histerese e os "splittings" de linha de RPE ou linhas FMR
observados foram associados & inomogeneidades das amostras provenientes de uma distribuicdo
ndo aleatoria de vacédncias, defeitos e conteido de oxigénio, gerando principalmente uma
distribuigdo de Tc nas amostras, ou para o caso das "layers” a fases extrinsecas provavelmente
provenientes de fases de LaniMnyOsn. com n # 2.



ABSTRACT

In this PhD work, we have performed systematic Electron Paramagnetic Resonance
(EPR) and magnetic susceptibility studies in several Highly Correlated Electron Systems,
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 EuzPr,Cu04 (0 < x < 1) compounds, our results of magnetization and
Raman experiments were interpreted in terms of local distortions within the CuQ; planes.
Two forbidden Raman Modes (f/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 critical value, are the origin of orthorombic distortions which in turn are
responsible for the MR and WF observed in these compounds.

In the rare-earth nickel borocarbides RNi;B.C (R = Y, Lu), EPR of Gd>' 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 conductions
electrons momentum transfer [k - k™| = ¢, i.e. Ja(q).

The temperature dependence of the EPR linewidth yields a value for one of the
exchange parameters, < Ji(g)*>"2, which is in agreement with that estimated from the slope
of the inicial linear decrease of Tc by the Gd** impurities. These results indicated that the
Ri.xGdNi;B,C (R = Y, Lu) compounds behave as conventional BCS superconductors.

In the EPR of Gd** studies in IV YbInCus and the HFS YbAgCus 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 level for the Yb-based. The extracted
exchange interaction parameter was found to be g-dependent for all compounds. From the
EPR and magnetic susCeptibility data the electron-electron exchange enhancement factor
for the YbInCu, was obtained. For the others compounds, including YbAgCu,, the electron-
electron interactions were negligible.

For the intermetallic LulnA4 (A = Cu, Ni) compounds, our results of EPR of diluted
Gd** and Nd** indicate a density of states at the Fermi level 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 (A4) and sixth (As) order
crystal field parameters for this compound. It is found that these parameters are of the same
order for all the R studied. On the other hand, no crystal field effects were found for Gd**
doped single crystal system. Consistent with the small gap semiconducting character of the
YBiPt intermetallic compound, a Dysonian ESR lineshape with no g-shift and Korringa
broadening was observed.

For the CMR R;A,MnO; (R = La, Pr; A = Ca, Sr) and La;2Sr; sMnyO5, the
hysteresis loops and the resonance line splittings or the FMR lines observed above T¢ 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 lines in the
layered La, »Sr; sMn,O7 compounds was attributed to the presence of extrinsic Ruddlesden

-Poper phases with n # 2.
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Capitulo 1 INTRODUCA

1) INTRODUCAO GERAL

Neste trabalho de doutoramento, foram desenvolvidos estudos das propriedades

magnéticas de diversos sistemas com alta correlagdo eletronica, tais como:

1) Supercondutores de alta temperatura critica (HTS)
2) Sistemas de Férmions pesados (HFS), Materiais tipo Kondo e Compostos de Valéncia
Intermediaria (IV) :

3) Perovskitas que apresentam o fenémeno de magnetoresisténcia colossal (CMR).

As principais técnicas experimentais utilizadas para o estudo dos sistemas acima
foram: experimentos de Ressonincia Paramagnética Eletronica (RPE) numa ampla faixa de
temperaturas (0.5 K - 600 K) e frequéncias de 4.0, 9.0 e 34 GHz, experimentos de
magnetizagdo dc (magnetometro Squid - Quantum Design) e susceptibilidade ac
(magnetdmetro PPMS - Quantum Design). Experimentos de Espectroscopia de Espalhamento
Raman e Difracdo de raios-X, foram realizados por colaboradores na propria Unicamp, e
foram acompanhadas de perto neste trabalho. No entanto, toda a sistematica de crescimento e
caracterizacio das amostras, bemt 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 sistematica de resultados,
analises e conclusGes a respeito das propriedades magnéticas macroscopicas € microscopicas
destes sistemas de alta correlagio eletrdnica que estdo dispostos nesta tese de acordo ao que se
segue.

Nesta Introdugéio Geral serdo encontrados sub-capitulos que descrevem cada um dos
sistemas estudados, apresentando um resumo de suas propriedades fisicas, dos estudos mais
relevantes publicados a respeito e da motivagdo que nos levou a inclui-los neste trabalho.

O que se segue, no segundo capitulo, € a parte de resultados e analises que, nesta tese,

ser4 substituida pelos trabathos de minha autoria ou co-autoria, publicados ¢ submetidos para
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Capitule 1 INTRODUCAQ GERAL

publicacdo em revistas cientificas no idioma exigido pelo veiculo de divulgagdo. Este
procedimento foi permitido, a critério do orientador, pelo artigo 2° da deliberagdo da CCPG -
001/98.

O terceiro capitulo, entitulado Conclusdo Geral, sera composto por um resumo de
todas as conclusSes obtidas nos estudos dos diversos sistemas, além dos possiveis
desdobramentos futuros que estes estudos podem seguir. _

Na sequéncia temos a secggo de referéncias e finalmente um apéndice. Neste apéndice
serdo encontrados detalhes das montagem e dos aparatos experimentais utilizados para os
experimentos de RPE para auxiliar aqueles que ndo sdo familiarizados com esta técnica.

Passamos agora, portanto, aos subcapitulos da Introducdo Geral.
1.1) Supercondutores de alta temperatura critica (HTS)
Duas classes de supercondutores HTS foram estudados neste trabatho:

1.1.1) Compostos de Euzy PrxCuO4 ( 0 < x < 1) crescidos sob diferentes condicoes
(Cadinhos de Pt e ALLO; e fluxos de CuO e PbO).

Apds a descoberta, por Bednorz ¢ Muller,' de que o composto La;CuQ4 quando
dopado torna-se supercondutor (SC), um grande namero de experimentos foram realizados a
fim de caracterizar suas propriedades fisicas e procurar sintetizar novos materiais com
temperatura critica ainda mais alta.? Muitos modelos tedricos tém sido propostos para explicar
o mecanismo da supercondutividade nos HTS.> Uma dificuldade comum a todos estes
compostos esta associada & necessidade de um alto nivel de dopagem para que a
supercondutividade se faga presente, resultando em amostras que nem sempre sdo
homogéneas. Portanto amostras bem caracterizadas sio fundamentais para o estudo desses
HTS. Para minimizar este problema, nds realizaremos, quando possivel, medidas em

monocristais de alta qualidade.
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Capitulo 1 INTRODUCAO GERAL

J4 é conhecido que correlagdes magnéticas em 2D entre os atomos de Cu nos planos de
Cu-O estdo presentes nos composios precursores dos HTS. Eles experimentam um
ordenamento antiferromagnético (AF) 3D a Ty < 300 K, com os spins dos atomos de Cu
basicamente alinhados nos planos de Cu-O.*® Tn diminui nestes cupratos quando estes sio
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 matertais devera levar em conta a correlagdo magnética entre os atomos de Cu e os
portadores de carga.

Os compostos ortorrombicos (La;.x.yAxGdy):CuQ4.5 pertencem aos HTS tipo-p. Nestes
sistemas o ion de Gd** é a sonda de RPE com y=0.002-001,eA=Sr,Ba,comx=0-0.15
e & (teor de oxigénio) sio os elementos dopantes de buracos. Nosso grupo, estudando os
compostos isolantes precursores dos HTS (La;x Gd,)2CuQ4.5 com x = 0.005, ncontrou que os
espectros de RPE do Gd** levam a um parimetro de campo cristalino (CFP) de segunda ordem
muito grande, b (~1600 Oe). Alem disto, foram observados linhas extras (splittings) da
estrutura fina do espectro do Gd® abaixo de Tn ~255 K.'® . Estes “splittings” foram
analisados em termos de um campo magnético de origem dipolar atuando no sitio da RE e
associado ao ordenamento AF 3D dos spins dos Cu em Ty ~255 K. Destes dados, o nimero de
magnetons de Bohr associado aos Cu foi determinado. Esse nﬁmerd/ésta’, de acordo com os
dados de difracdio de neutrons, ~0.5up/Cu. Amostras dopadas com Sr confirmaram que Ty
diminui conforme aumenta a concentragio de Sr. O “splitting” das linhas de RPE apmm
a temperaturas mais baixas, de acordo com a diminuigiio de Tx."°

Os compostos de (LnyxyAxGdy)2CuQys, com Ln = Pr, Nd, Sm, Eu; A = Ce,Th
(elementos dopantes de elétrons) ¢ Gd (sonda de RPE) sdo tetragonais ¢ pertencem aos HTS
tipo-n. Nosso grupo realizou trabalhos também com os compostos (EujxGdyg)2CuOs,"
medindo os CFP, encontrando linhas de RPE com “splittings” abaixo de Tn, como no caso de
(La1.x.Gdy)2CuO4:s. Neste composto também associou-se o “splitting” ao campo interno
devido ao ordenamento AF criado pelos spins dos Cu. O composto (Eu;.xGdy);CuO4 tem um

comportamento magnético muito complicado abaixo de Tx. Em cristais crescidos em cadinhos
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Capitule 1 INTRODUCAQ 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 esta associado
ao ferromagnetismo fraco (WF) observado nestes cristais. Esse efeito ndo foi encontrado em
cristais crescidos em cadinhos de alumina ¢ fluxo de CuO."> Nio obstante, o “splitting” das
linhas de RPE do Gd** foi observado para T < Tx.

Portanto, uma sistematica de experimentos de magnetizag@o em EupPrCu0s (0 <x <
1) crescidos em cadinhos de Pt e de Al,O; 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 unitiria menores que um volume
critico Ve = 181.1 A* (préximo ao valor de volume (V) do composto de Eu;CuOy crescido em
Al;04/Cu0) a estrutura T” destes compostos apresentam distorgdes locais nos planos de CuO-,
dando origem a4 componente WF e as modos Raman “proibidos™. No entanto para as amostras
crescidas em Pt, as impurezas de Pt substitucionais ao Cu, favorecem as distorgdes locais nos
planos de CuO; permitindo valores de Vc de 183.5 A® < Ve < 185.5 A® (cap. 2.1).

1.1.2) Supercondutores Quaternarios Intermetalicos RNi;B,C ( R =Y,Lu).

A nova série de supercondutores quaternarios intermetalicos RNiB.C (R = temra-
rara)”® tem atraido grande interesse da comunidade cientifica, devido a estes materias
apresentarem supercondutividade com temperaturas criticas relativamente altas. (T¢ = 16.6 K
paraR =Lu e Tc = 155K para R = Y)." Anisotropia magnética e coexisténcia entre
supercondutividade (SC) e antiferromagnetismo (AF) associado as terras-raras R (com Tn <
Tc ou Tn > Tc )*>"" ¢ motivo de grande interesse nos estudo destes materias, alguns deles
chegando a apresentar inclusive reentrincia no estado normal.

A estrutura magnética modulada, obtida por experimentos de difragio de néutrons, no
composto HoNi;B;C'>"? para temperaturas entre Ty~ 5K ¢ Tc =~ 7.5 K, e a supresséo da SC

Tese de Doutorado - 1999 ' _ 7
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Capitulo 1 INTRODUCAO GERAL

com a substituicio de Dy por Lu em DyNi;B,C foram interpretados em termos de um “pair
breaking “ magnético para os compostos RNi;B;C (R = Er, Dy).

A estrutura destes compostos € tetragonal (grupo espacial L/mmm) com camadas de Ni
perpendiculares ao eixo-c. Esta estrutura € similar & estrutura dos oxidos supercondutores de
Alta-Tc. No entanto, nenhum ordenamento AF ou correlagbes magnéticas entre os spins de Ni
foram encontradas nestes compostos. Além disso, célculos de Estrutura de Banda Eletrénica
sugerem que os compostos RNi2B2C sfio metais 3D “d-band” e que a SC é mediada via
mecanismo convencional BCS elétron-fonon. Evidéncias experimentais para isto sfo dadas
por experimentos de Espectroscopia de Tunelamento'® e efeito isotopico. ™

E conhecido que estudos de RPE de terras-raras (Gd"™) como impurezas magnéticas
diluidas, no estado normal de supercondutores tipo BCS, possibilitam determinar parimetros
de troca entre 0 momento localizado da impureza e os elétrons de condugdo (c-¢). E sabe-se
também que este pardmetro de troca obtido da variagio da largura de linha de RPE com a
temperatura ¢ o mesmo extraido pela variagio de Tc com a concentracdo de impurezas
magnéticas de acordo com a teoria de Abrikosov and Gorkov (AG).2%%

Tendo isto em mente, planejamos e realizamos estudos de ESR de Gd* no estado
normal dos compostos R;.Gd,Ni2B2C ( R =Y, Lu). (cap. 2.2)

1.2) Sistemas de Férmions pesados (HFS) e Compostos de Valéncia Intermediaria (IV).

Uma classe de materiais metalicos muito interessante que vem sido estudada ha varios
anos,” sdo os férmions pesados (HFS) ou metais de elétrons pesados. Em alta T seu
comportamento € indistinguivel de outros compostos de terras-raras (RE) ou actinideos com
momentos localizados proveniente de camadas eletrénicas parcialmente preenchidas. Quando
a T diminui eles ndo se ordenam magneticamente como usualmente acontece, mas alguns dos
elétrons f tornan-se itinerantes formando uma espécie de estado metélico.

A problematica tedrica sobre como esse estado aparece a partir dos elétrons f continua

sendo um problema muito estudado no momento. A questdo fundamental € como uma banda
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Capitulo 1 INTRODUCAO 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 esforgo tedrico e¢ experimental que tem sido
realizado ainda esta em falta o entendimento completo das propriedades dos HFS.

Em baixas T, os HFS sfo caraterizados por um comportamento anémalo na
dependéncia com a temperatura do calor especifico que tem os valores da contrubigio
eletronica, y, largamente aumentados, o que ¢ normalmente atribuido a um grande aumento na
densidade de estados eletrdnicos no nivel de Fermi, n(Er) . Quanﬁo impurezas magnéticas s3o
diluidas num metal simples, tal como a Ag, a linha de RPE possui um deslocamento do valor
de g (g-shift) proporcional a J.n(Er), ¢ uma relaxagdo para os spins dada pela relagéio de
Korringa 14Tz = wh(J n(Er)yksT, onde J é o parimetro de troca ¢ n(Ez) ¢ a densidade de
estados eletronicos no nivel de Fermi do metal hospedeiro.

Nos HFS pode haver uma banda eletrdnica estreita com largura comparavel a kT. Logo
pode-se esperar que a relagio de Korringa nfio seja mais valida, mas parte da alta densidade de
estados poderia se manifestar na dependéncia com a temperatura nos dados de RPE. Nio
obstante pode acontecer que, qualquer que seja 0 mecanismo que resulte numa dependéncia
forte com a temperatura da densidade de estado n(Er) obtida a partir do calor especifico, ela
ndo se manifeste na relaxacfio dos spins dos momentos localizados, como encontrou-se nos

" casos de UBe;s ¢ UPt; dopados com Dy**, Er** e Gd** #%

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

linha nos dados de RPE. Nao foi encontrado mudanga nem na posi¢do da ressonéincia nem no
comportamento de Korringa. Em resumo, parece que os momentos localizados substituindo o
U em UBe;3 e UPt; simplesmente nfo estdo acoplados ao sistema de férmions pesados. Isto
contradiz os experimentos de NMR no Be de MacLaughlin, et al.*® Isto é surpreendente ja que
a interagdo de troca entre os momentos localizados e os elétrons de condugdo possuem atuam

de manira similar que a intera¢@io 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. Nio obstante
para os nicleos leves, como Be, acoplados diretamente via a interagdo dipolar seria suficiente
para providenciar uma relaxagdo suficientemente rapida devido a flutuagdo dos momentos 4f e
5f. Ele tem sugerido que o acoplamento dipolar anterior seria suficiente para explicar a
relaxagio em NMR do Be em CeBe;; ¢ UBe;js . Pelo contririo, o acoplamento dipolar ndo
poderia explicar a relaxagio de micleos pesados, tal como **Sn em CeSns, os quais possuem
uma relaxacdo muito forte devida ao acoplamento no sitio com os elétrons de condugdo.
Também nidio contribuiria para relaxacdo do Er’* em UBe;s e UPt; onde a contribuigio
principal deveria vir do acoplamento RKKY com os elétrons pesados e no sitio, pela interagdo
de troca com os elétrons normais. Finalmente os calculos sugerem que a falta de éxito, 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 Sasahara® tem calculado a relaxagio de Korringa para momentos
localizados em HFS utilizando o modelo de Yoshimori e Kasai.®

Eles concluiram que a relaxacio ndio seria afetada por férmions pesados

renormalizados, em acordo com outros resultados. >

) ~rna 3 ~n 3 - .
uma reducdo refativamente grande na densidade de estado no sitio da RE foi observado no
RPE relativo aos compostos andlogos de La. O mecanismo fisico sugerido para este caso foi a
hibridizacdo entre os estados localizados de Ce-4f e a banda de condugdo. A hibridizagao
produziria uma delocalizagio dos estados de Ce-4f e uma repulsdo dos estados eletronicos de
condugdio nas vizinhancas dos estados Ce-4f>**! Nio obstante nio ha um acordo total com
respeito a esta explicagdo, J4 que em outros compostos de valéncia intermediaria tais como

CeBeis, > Celr,,”” e YbCuAl’* a relaxagio de Korringa das impurezas foi encontrada
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Capitulo 1 INTRODUCAQO GERAL

inalterada ou ainda um pouco aumentada relativamente aos compostos de referéncia de
valéncia ndo intermediaria.

Enfim, foi proposto neste doutoramento pesquisar uma séric de sistemas novos,
cuidadosamente escolhidos, para que a técnica de RPE permita uma contribui¢do relevante ao

destes sistemas de elétrons pesados. Passamos agora a uma descri¢éio particular de cada um
deles.

1.2.1) Compostos de Yb com estrutura de AuBes

A estrutura de AuBes é cubica fce, conhecida como fases cibicas de Laves (C15b,
F43m) com a formula genérica AB,. Na estrutura C15, os dtomos A ficam numa rede de
diamante que pode ser pensada como duas redes fcc deslocadas em (1/4, 1/4, 1/4). Na
estrutura AuBes, diferente da C15, uma das redes fcc é substituida por um terceiro atomo (e.g.,
X) para dar a subestrutura de zincoblenda AX com a formula genérica AXB,4. Propomos .
estudar uma série de compostos de Yb com a formula genérica YbXCu,, para pesquisar as
idéias acima discutidas.

Os dois materiais mais estudados neste grupo sio YbInCus®® ¢ YbAgCuy.* O primeiro
apresenta uma transi¢do de primeira ordem isoestrutural com uma expanséo volumétricaa T =
40 K, o segundo é um composto classificado como rede de Kondo com temperatura
carateristica de ~ 150 K. A descoberta da transicio de primeira ordem isoestrutural com
mudanca de volume no YbInCuy, foi feita por Felner ¢ Nowik.*” Eles encontraram que a
transigo se dava entre T = 40 K e 80 K na liga de Yb.4In.cCus, suposta ser C15.3® Os atomos
de indio substituem um sitio particular para formar o composto AXB,, de tal maneira que
experimentos podem ser realizados numa rede quimicamente melhor ordenada.® Felner e
Nowik mostraram que a transicdo de fase produz uma expans@io volumétrica de 0.45% ao
esfriar 0o composto sem mudanga estrutural. Simultaneamente, uma grande queda na
resistividade elétrica ¢ susceptibilidade magnética, ¥, de uma lei do tipo Curie-Weiss a altas

temperaturas, com momento magnético perto do esperado para um on na configuragio £>, J =
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Capitulo 1 INTRODUCAO GERAL

7/2, para um paramagnetismo de Pauli a baixas temperaturas. Os valores da suceptibilidade ¥,
~ 0.005 emuw/mole-Yb e o calor especifico™® abaixo da transicio ~ 55 mJ/mole-K>, sio
consistentes com um ion-f de valéncia intermediaria com temperatura carateristica de, T ~ 400
K - 500 K. Experimentos de NMR* também mostram uma abrupta mudanga no acoplamento
hiperfino. Finalmente resultados de absorcdo de raios-X Lin foram interpretados em termos da
mudanca da valéncia, de z = 2,9 acima da transiiio para z = 2,8 embaixo da transicao.’® Por
outro lado o composto isoestrutural de YbAgCuy € um material tipo rede de Kondo que ndo
apresenta a transi¢io de fase de primeira ordem.’® Sua temperatura carateristica ¢ da ordem de
150 K. Foi interessante também estudar este sistema para ver como as propriedades mudam
quando comparadas com aquelas do YbInCuy.

As transi¢hes de fase de primeira ordem isoestruturais encontradas em YbInCu, e no
Ce metalico sdo extremamente raras. Seria apropriado perguntar porque isto acontece. Como
foi proposto para outros HFS, a energia ganha da condensacio de Kondo nio ¢ suficiente para
vencer a energia de deformagdo que aparece na mudanga de volume. Os compostos de Yb
formam uma ampla gama de materiais interessantes que possibilitam o estudo das
propriedades fisicas longe da transicdo de fase. Por outro lado estas transi¢Ges de fase sdo
acessiveis em temperatura e composi¢do, além de que monocristais de alta qualidade podem
ser preparados com relativa facilidade. Estes sisternas sfo mais simples que o do Ce metalico
devido a que o Ce possui a fase-B de simetria mais baixa, e também a temperatura de transi¢io
¢ bem menor no YbInCus que no Ce. A concentragéo de RE € mais diluida nos compostos de
Yb. Portanto os resultados podem ser comparados com mais confiabilidade com os dos
compostos de referéncia. Finalmente os problemas severos de oxidagio do Ce ndo estdo
presentes nos compostos de Yb.

RPE de Gd** em YbXCus com X = In, Ag e seus compostos de referéncia YXCuy e
LuXCuy foram realizados para os estudos acima propostos. Nossos resultados de RPE de
Gd*" em RInCus (R = Yb, Y, Lu) e RAgCus (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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Capitule 1 INTRODUCAQ GERAL

consistente com uma maior densidade de estados eletronicos no nivel de Fermi para estes
compostos. (cap. 2.3, 2.4).

Além destes, outros compostos interressantes s3o os isostruturais RInNis. ( R = RE).
Recentemente, medidas de propriedades de transporte, susceptibilidade magnética em fungdo
da temperatura, pressio e campo, realizadas no composto RInNiy mostrarm uma fase
ferromagnética para T < 3 K, com um incremento do calor especifico eletrdnico a baixa
temperatura além de fortes efeitos de campo cristalino.*® Os estudos de calor especifico
eletronico, magnetiza¢io e resistividade apontam um estado fundamental 7, com um
"splitting" de campo cristalino da ordem de ~ 110 K. %

Com o mesmo espirito dos discusses anteriores, medidas de RPE de Gd™ e N&**
inicialmente nos compostos de referéncia LulnNis (cap. 2.5) foram realizadas. Os resultados
de RPE obtidos foram interpretados em termos de uma densidade de estados no nivel de
Fermi constituida por um sistema de muiti-banda d e s. As medidas de calor especifico e
susceptibilidade magnética mostraram que as interagdes elétron-elétorn podem ser
desprezadas para este sistema (cap. 2.5).

1.2.2) Compostos de Yb com estrutura de MgAgAs

O composto cubico de YbBiPt possui a estrutura cubica do MgAgAs (grupo espacial

F43m), chamada ligas de Heusler.*

Esta estrutura contém uma formula por célula primitiva
sendo a célula primitiva romboédrica preferida frente & célula unitaria fcc.” Os atomos estao
localizados em trés dos quatro sitios ao longo da diagonal [111] com simetria de grupo pontual
tetraédrico € o quarto sitio pode ser pensado como uma vacancia ordenada. Canfield e seus
colaboradores®®™ estudaram YbBiPt detalhadamente. Eles o chamaram “super-heavy
fermion”, devido a que possut o0 maior coeficiente linear conhecido no calor especifico, y = 8
J/mol K%, o qual ¢’ uma ordem de grandeza maior que os férmions pesados tipicos”’ e trés

ordens de grandeza maior que 0s metais convencionais.
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Capitule 1 INTRODUCAQO GERAL

Devido ao composto de Yb, toda a série RBiPt { R = RE) foi recentemente muito
estudada. ®** A maioria destes materias sio semicondutores de gap pequeno ( A=0.1 - 0.01
eV) que uma evolugio de para um comportamento métalico quando R ¢ variado através das
RE. Esta sistematica mudang¢a de um comportamente semicondutor para as RE leves, para um
comportamento metalico as RE pesadas ¢ atribuido a diminuigio do parfimetro de rede quando
R ¢ variado na sequéncia da série das RE. Portanto, ¢é provavel que os efeitos de campo
cristalino sejam importantes para o entendimento das propriedades fisicas deste materias.

Experimentos de RPE das terras raras R = Gd**, Er*", ¢ Nd*" diluidos nos compostos
Y:ixRxBiPt foram realizados durante este doutorado. Sabendo-se¢ que o quarteto I's® e’ o
estado fundamental do Er** em YBiPt,*® enquanto para Nd®>* e Yb** os estados fundamentais
obtidos foram um I'; e um I';, respectivamente. (cap.2.4) Além destes estados fundamentais,
medidas conjuntas de EPR e susceptibilidade magnética para YBiPt: Gd, Nd, Er permitiu-nos
obter os pardmetros de campo cristalino cibico A4 e Ag para YBiPt. (cap. 2.6) Estranhamente
nenhum efeito de campo cristalino foi observado nos espectros do Gd** em YBiPt. Neste
trabalho sugerimos que, aparentemente, algum mecanismo de blindagem se faz presente para o
caso do Gd™ em presenca de um campo cristalino ciibico em uma matriz de caracteristicas
semicondutoras de gap-pequeno, onde é baixa a densisdade de portadores.” * Os estudos de
RPE para Nd* e Gd*" em YBiPt nfio mostraram nenhuma variagio da largura de linha com a
temperatura ¢ nenhum g-shift, consistente com o carédter semicondutor (gap pequeno) do
composto. (cap. 2.6).

E valido afirmar que nenhuma ressondncia do Yb*" foi obervado no composto Y.
Yb,BiPt ( x=0.5, 1, 5 e 10 %), tampouco ressonéncias do Nd** no compostos composto Yb,.
NdBiPt ( x = 0.2 e 0.5 % ). Possiveis explicagdes para isto sio dadas no capitulo 2.4.

1.3) Perovskitas que apresentam o fendmeno de magnetoresisténcia colossal (CMR).

Recentemente um renovado interesse recaiu sobre as manganitas com estrutura das
perovskitas Ry..B.MnO;.; onde R = La, Pr, Nd, e B = Ca, Sr, Ba, Pb devido a estas
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Capitulo 1 INTRODUCAQO GERAL

apresentarem uma resposta gigante magnetoresistiva, chamada magnetoresisténcia colossal
(CMR) que pode ser de grande interesse tecnélogico.”’ Experimentos realizados com filmes
finos do composto Lag¢r Cag1sMnOs™ registraram um efeito de magnetoresisténcia (AR/Rg)
de até 3.300% .

O composto estequiométrico de LaMnO; € um semicondutor que se ordena
antiferromagneticamente (AF) e muda para um metal ferromagnético (FM) na faixa de
composigdes de 0.2 < x < 0.5.% Foi sugerido ha 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 Mn>* and Mn**>* Muitos trabalhos recentes afirmam que somente o mecanisno DE
ndo é suficinte para explicar as propriedades fisicas deste materiais.

A. J. Millis et al.>® propuseram um forte acoplamento elétron-fonon proveniente de um
“splitting Jahn-Teller” do nivel 4 do atomo de Mn™ | em adi¢io ao modelo de dupla-troca para
explicar o comportamento da resistividade dos compostos La;..Srx MnO;.

H. Y. Hwang et al.’® realizaram experimentos com estes compostos substituindo o
atomo de La por outras terras raras, encontrando uma relacdo direta entre o raio atbmico da
terra rara , a temperatura de ordenamento (T¢), e a intensidade do efeito magnetoresistivo.”
Este resultado mostra que a nogio de interagéo dupla-troca deve ser generalizada para incluir
efeitos de rede, que causam mudangas nos pardmetros de “saltos” dos elétrons entre os
atomos de Mn como resultado das mudangas no angulo da ligagio Mn-O-Mn.

A. Asamitsu et al’’ mostraram que transigdes estruturais podem ser inclusive
induzidas através da aplicacio do campo magnético externo e, recentemente, outros autores
acreditam que ordenamento de carga que ocorrem acima de T¢ sfo importantes para o
entendimento das propriedades fisicas destes materias.

Experimentalmente a relagio de Mn>*/ Mn** pode ser modificada mudando, através do
nivel da dopagem, x, ou do teor de oxigénio, 8, produzindo portanto uma variavel muito
interessante para o entendimento das propriedades fisicas deste materias. No entanto, em
alguns casos estas varidveis podem gerar amostras bastantes inomogéneas, com distribuicio

inomogénea de oxigénio, vacidncias no sitio da terra-rara, entre outros defeitos. Muitas vezes
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efeitos extrinsecos devido a presenga de inomogeneidades podem ser erroneamente atribuidas
a propriedades intrinsicas do material. RPE pode ser um método muito util e bastante sensivel
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 n#io nos
permittindo portanto extrair e estudar pardmetros e propriedades intrinsicas a estes sistemas.

Ainda de dentro destas classes de materias, passamos a estudar também as perovskitas
laminares de La, sSr; ;Mny05. Estes materias possuem estruturas tetragonais semelhantes aos
supercondutores de alta-T¢ com octaedros de Mn-O intercalados com planos de La;0;.%®

Kimura et. al. observaram duas transi¢Ges magnéticas neste material para Tc ~ 125K e
Te ~ 280 K.*° Estes atribuiram a transi¢io de alta temperatura uma transicio magnética
bidimensional associados aos planos de Mn. Potter at. al. observando as mesmas transigGes
interpretaram a transi¢io de alta temperatura como proveniente de fases extrinsicas
Lap:iMnyO3ns; comn = 2.9

Como RPE ¢é uma técnica muito sensivel para a observagdo de fases espurias
magnéticas realizamos estudos de RPE em dois monocristais crescidos de forma ligeiramente
diferenmte de La,; 3Sr; sMn,O,. Estas amostras foram trazidas por mim de Los Alamos ¢ a
conclusio destes estudos apontam para a existéncia de fases espurias com volume de ~ 0.03%

do volume total para uma amostra e ~ 0.25 % para a outra (cap. 2.8).
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Weak ferromagnetism and Raman scattering in Eu,_,Pr,CuO,
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Abstract

Magnctization and Raman experiments performed in singic erystals of Eu, _Pr CuQ), (05 x51) arc interpreted in
terms of local distortions within the Cu(), plancs. We find Lhai samples grown in It crucibles conlain PL impuritics, that
are partially responsible for these distortions. We observed: (i} the appearance of two forbidden Raman modes (f/RM) and
(ii) a weak-ferromagnetic (WF) component when the crystals are ficld cooled in the ab-plane. The WI° component, the
onset temperature where 3D long-range WF is first observed, Ty, the coercive field, M, and the intensity of the fRM
decrease as the Pt content decreases. For crystals with a similar PL content, the above quantitics are larger for sampies
with smaller lattice unit cefl volume, V. The crystal with the highest Pt conlent and smallest ¥V (x = 0) shows, for T — 0,
an average canted Cu moment of 5.5(3) x 10" *1,/Cu. The intensity of the fRM decreasc with T, suggesting that the
number of distortions decrease as V expands. This is consistent with recent ncutron dilfraction results in Eu,Cu(),, where
2 telragonal to orthorhombic phase transition was observed at T 5200 K, We concluded that the Pt impuritics and/or

‘the reduction of ¥ beyond a critical value, ¥, are the origin of these orthorhombic distortions which in turn are
responsible for the fRM and WF obscrved in these compounds. @ 1998 Llscvier Science B.V. AH rights reserved.

PACS: 63.20.-& 75.60.-d; 75.30.Gw; 74.72.J1

Keywords: Ferromagnetism; Raman scaliering; Eu, _ Pr,CuQO,

1. Introduction ary between superconductivity (SC) and weak-fer-

romagnelism (WF) [1,2]. The light RE compounds

Among the antiferromagnetic (Al) rarc-carth
{R¥) cuprites, RE;CuQy (RE = Pr, Nd, Sm, Euand
Gd) of T'-{14 mmm) tetragonal siruciure, EuCuQy
is particularly interesting because it is al the bound-

*Corresponding  author, Fax:  + 55197882427, e-mail:
anjurjo@ifi.unicamp.br.

do notl show W1, and become superconductors
when appropriate cleciron doping ions arc incorp-
orated into the laliice (RII;-,M,CuQ, with
M = Ce**, Th** and x =~ (.15) and treated in re-
ducing aimosphercs {3]. However, for Gd and
heavier RLIE compounds, SC cannot be induced
[1,4,5]. Insicad, Wi is obscrved in them [6-8].

0921-4526/98/% - see front matter @ 1998 Elscvier Science B.V. All rights rescrved.
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LuCuQ)y grown in alumina crucibles and Cu()
{lux shows no Wi, and SC can be induced on it |9].
But, EuCu, grown in Pt crucibles and PhO Rux
shows W17 when field cooled (1°C) tn the ab-plane,
and §C is not observed [2]. Another property of
these series is that for the heavier Rl (from
RE = Th to Tm, and Y} the compounds can only
be synthesized under high pressure |6 8] These
resulis show 1hat there is a subtle instability of the
T'-type structure al the middle of the RE series. In
all the RE;CuQ), compounds, the Cu momenis
order AF in the ab-planc at Ty, & 240 290K |51
The presence of WI has been attributed Lo & cant-
ing of the Cu momenis in the ab-plane, away lrom
their perfect Al alignment. In the T-{14 mmm}
structure W1 order is forhidden, and attice disior-
tons in the CuQ); plancs were invoked 10 account
for i 2,000 A displacement of the (Y1) oxygen
ions, perpendicular 1o the Cu O bonds in the
Cu(), plancs, occurs in these compounds |1,
Whee o chimtirtioon o et e e [ ’e
Peyaloshinsky Morya exchange mteraction be-
tween adjacent Cu momenis, giving rise o the
observed WI-[6,11].

In a previous work | 2] we showed that the ob-
scrved forbidden Raman modes (fRM) and WI¥
were related in the Fu, Pr,CuQy compounds.
‘These results suggested that local distortions in the
CuQ; planes, duc to the Ofl) oxygen displace-
ments, were the origin for the observed fRM and
W1 In this report we present additional data laken
in samples grown in dilferent erucibles (1t and
Al103) and fluxes (PO and CuQ). Llectron-micro-
probe anatysis was used to determinc the Ptand Pb
conients, Results of microwave absorption cxperi-
ments itre also given, The analysis of these resulis
lead us 1o conclude that 1M impuritics and/or the
reduction of the lattice unit ccll volume beyond
a critical value, V,, arc the origin of the distortions
responsible for the fRM and W1 observed in these
compounds.

2. Experimental details

Crystals of I'Zl.ﬁ L1:Cu) were grown from
nominai stoichiomelric mixturcs of lhe respeclive
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onides in the following crucibles/Nuxes: Pt/bO,
P/Cu) and Al O,/Cu0 [12}. The single crystals
were of plate-like shape, with (he c-axis perpendicu-
lar 10 the large Gice. Typical crystal sizes were 4 x
Ix03mm>. blectron-microprobe analysis shows
Picontent of 2 541% of Cu, and no traces of Pb for
crysials grown in PL/IBO. 1Yor crystals grown in
PI/CuQ) the 11 content was found 1o be less than
1at% of Cu. The Raman measurcmcnts were car-
ricd oul in backscatlcring gcomelry with the sam-
ples mounted on the cold finger of a close-cycle [le
refrigerator."The 514.5nm line of an Ar ion laser
was used to excile the spectra. The scattered light
wits analyzed with a Jobin Yvon "F64000 (riplc
spectromeler cquipped with a cryogenic charge-
coupled deviee (CCDY camera, In all the measure-
menls the spectral resolution was beller than
dem A laser power of about 15mW and a point
focus of ~ 50pm in diameter was wsed in order
to avoid heatimg of the samples. The samples

L |

creasmg the T the X-ray powder dilfraction
experiments were performed in a Rigaku R200 dif-
fractometer at room T, The Latlice parameters were
calculated wsing a Riclveld profile relinement pro-
gram and their valucs are given in Table 1. Mag-
netization measurements were made in a Quantum
design 1DC SQUID magnetometer. The microwave
absorplion experiments were carricd out in a Vari-
an X-Band ESR spectrometer using a Tl 4, room
T cavity and a nitrogen flux cooling sysiem.

3. Rusulis and analysis

For the Luy ,Pr.Cul)y compounds studied,
Iig. 1 shows the room T laftice unil ccli volume,
¥ m ca A%, as a function of x, For comparison we
included ¥ for Gd,CuQ, crystals grown in 1°4/Pb0
[12] and ccramics of (d; . Sm,Cu(), grown in
Al1;0,/Cu0 | 13). As expected Irom the Vegard's
law, ¥ incrcascs as the substituting Pr ions increase
(x > 0. The Liu,CuQ), samples grown in Al O,/
CuQ, Py/CuQ), and Pi/Pb( show, respectively,
increasing V. l'or these samples, the relative change
in the a and ¢ lallice parameters are about 0.15%
and 0.10%, respectively (see ‘Table 1), Since the Pt
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Table 1

Roown T latlice parameclers (A} of Eu, . Pr,CoQ, grown in AL(O,/CuQ PCu() and Py/PBO (sce (cxt). Values in parentheses arc

Rictveld analysis standard deviations

Al /Cu() PY/CaQ YR
X 0.0 on 0o 010 0.25 .50 1.0
a 19021(2) 39021(1) 1.9084¢2) 190R1{d) 19112010) 39131(2) 19247(3)
c 11.8948(5) 11.9067(4) 11909 3(2) 11.9422(16) 11.9404(8) 11.9691(8) 12.0522%)
Fuz. Pr;Cul,
1ss{ EU,PrCuO, 0E M T )
—- s PyPeO L T=100K -
2 A PHCUO =
o 1844 4 ALOJCWO c:
E o S
% q,u E
> 1824 p.° =
X & e
S 1 e Gd, 8em,Cu0, %
= 180+ a0,
5 : v PUPBO & .20}
v ALOJGUO
s y— - r——— r
0.0 a2 04 o.e ot 10
X H (Qe)

Fig. 1. Ronm T lattie unit cell volume, ¥ = ca?A2, as a func-
tion of x for Fu, . Pr,CuQ, grown in P/100Q, Pt/Cu0) and
Aly0,/Cu0. The V values for GdCu(), crystals grown in
P/Ph([12] and ceramic samples of Gd, . Sm,Cu(), grown in
Al 05/CuQ [13] arc alsa included.

4

tonic radius is larger than that of Cu, and the
electron-microprobe analysis shows that only Ptis
incorporaied into the compounds during the crys-
1al growth, it is rcasonable 1o assume that Pt substi-
tutes the Cu jons in the CuQ; plancs.

‘The hysteresis loops of the ab-plane DC-magncet-
ization obtained after I°C in 50kO¢, M pdI1.,T), at
T = 100K are shown in Fig. 2 for the applicd ficld
interval I, = + 1000e. WI" is obscrved in all
these samples. The WF disappears for x > 0.5 for
crystals grown in Pt/PbO, and is not present for
any vaiuc of x when they are grown in Al; O,/Cu0Q.
Magnclization data for i“C and zero-ficld cooling
(Z¥C) up to H, = + 50kOc were reporied pre-
viously in Rel. [2]. The valucs obtained for the
remnan! magnctization, Mp{T), and the cocrcive
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Tig. 2. Fiysteresis loops of Lhe ab-plane FC (50k(¢) total
DC-magoetization, M, T), at T = 100K baween H, =
+ 1000¢, for the samples showing WF. The data for the
x = 0.5 sampic were taken at T = 80 K.

ficld, #H{T), arc comparable 10 thosc found in other
Gd-based compounds with similar V values | 131
Fig. 2 shows thal My(T) and HAT) depends on
the crysial preparation conditions. Larger values of

td T) and H{T) are obtained for crystals with: (i)
higher Pt content (x = 0) and {ii} smallcr V (x — 0,
and similar Pt content). ‘

Myl ,100K) shows a ncarly lincar incrcasc
with the applicd ficld, i, Tor H, 2 30 Oc¢ (sce Fig, 2
and Rel, [2]). That results from the Rlis magnetic
susceptibility, dMpc/dll, = @y (100K) [14].
Hence, for 1,230 0¢, Mpdf1,,T) can be approx-
tmated 1o [13)

M1, T) = My T) + xud T, ]

If we assumc that the remnant magnctization,
M3AT), is only the rcsull of the WI componcnl
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duc 1o the canting of the Cu momcents in the ab- Eu, Pr,Cu0,
plane, MEYT), lig. (1) can be rewritten as 30
M 11,,T) = MRUT) + gl THH,. 2 5 204
. G
In Eq. (2) we have not considered the contribu- o 104
tion from an internal ficld, H(T), at the RE sites. It g
has been suggesied that MEXT) may lead to T ¥
H{T) £ 0]13]. In that casc the remnant magneliz- £ w0l |
ation is given by MBYT) + ya THVI(T) and e :‘::.u
+{T) will be only an upper limit for MEYT). In 1 204 e xens0K 1
a mean-ficld approximation H(T)= AMET),
where A involves the effective exchange interaction -30 T T : v y
between the REs and ncighbor Cu spins {6-8,13]). w BB o D "

For Gd,CuQ, crystals grown in P1/PbO il was
found that H(TTK) =900 and = 5000¢ from
magnelization and ESR data, respeciively [6].
However, magnetization and ESR measurements
on ccramic samples of Gd, .,Sm,CuQ, grown in
Al1;03/Cu show thal for x =+ 1, M {T)—~ 0 and
H{T)—-0 [13]. In this system for x-1,
V — 181.5A* which is close to the V value of the
Eu,CuQ, compounds (see Fig. 1). Besides, F'C and
ZFC ESR experiments in {he ab-planc of Gd®*in
Ew,CuO, crystals grown in P1/PbQ show no
measurable shill of the spectra | 14]. Morcover, the
L, - . Pr,CuQ), compounds are Van Vieck para-
magncts with smali values for ya(T){15]. Thus, we
can assumc that yee(THI(T)«<MEXT) for the
Euz_ Pr,CuQ, system, h

For ZI°C and neglecting the contribution from
e THILT), the ab-planc total DC-magnetization
can be writlen as

M?.I’C("nn = Mgurc{"un + xRI!(T)"c- (3)

Fig. 3 gives, for samples showing WF, the ab-
plane ZFC DC-magnetizalipn of the Cu ions,
MPP(H,,T) = Mapd L, T) = tael THLL, at T =
100K between I, = + 50kOc. For cach sampie,
el THI, was oblained from the high field of the
Mec(H,,T) data in Fig. 2. We find MEP(H,,T) rc-
versible and non-lincar dependent on H,. The data
shows thal crystals, with: (i) higher Pt content
(x =0Q), and (i) smatler V (x —0, and similar Pt
conicnl) arc easy (o magnetize, i.c., show larger
MS¢(I1,,T).

Fig. 4shows the T  dependence  of
"My -grdil,, T) = Me(i1,, T) — Myedil,,T) for
I, € 1kOc. For these H, values, MSRJIL,T) is
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Fig. 3. Cu ions ZFC ah-planc DC-magnetization, M, T,
al T = 100 K beiween i1, = 1 50k, for the samplcs showing
WU, The data for the x = (.5 samplc were taken at T = B0K.

ncgligibic [2] (see Fig. 3) and Mpe_zed{i1,,T), ac-
cording to Lgs. {2) and (3), give an upper limit for
the WF component of the Cu moments, MEYT)

Myc-zrdHa T} = MEYT) — MEp#1,.T)
2 MFYT). {9

In all cascs it was possible (o fit the experimenia!
daia to

Mec..sod HoT) % MRKT) = MPZ| 1 = T/ Ty P,
&)

where MPE" is the saturation of the WE component
at T =0, Twr is the T where 31D long-range M
corrclations first appcar, and £ the cxponent which
was found to be = 0.54(2). This suggest that mean-
ficld theory accounis for the 31> long-range W
ordering of the Cu moments. From MJE" we esti-
malc the average number of Bohr magnctons per
Cu ions (0 be 5.5(3)x 107 3uy/Cu and 1.3(2)x
107 3ug/Cu for the crystals with x =0 grown in
P1/PbO and P1/CuO, respectively. These valucs are
of the order of those found for other hecavier

" RiE,CuQ, compounds [7,8,13]. 1t is known that

Ty is =265 and = 284K for LEu,CuQ, and
PryCuQy, respectively [16). Although lower values
for Tn were reporicd for crystals grown in Pi/IPbQ
15,171, our rcsults suggest that Twy < Ty for our
compounds. Ilowever, this should be taken with
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Eu,, Pr, Cu0, the observed peaks. That lead us 10 the following
. Prereer -1 . e
l. Hy 03 k00 results at 12K: Y(ZZ2)Y (A, 229cm” ), Y(ZX)Y

— M= 31330

By PUPBO
T .l
a
% w0l H= 1 KOs
E — M IR
- 1
2 x=0.28 PUPLO
E of
\!ﬂ "-
E H=1kOe
f' o xm 0.8 PUPHO S p—
' \u——-.——.—..
10
lt-1 kOs

54 e M A -THB)
x=0 PtCuwO
-

L] LJ v T L | L]
[ B W00 130 2200 20 00
Temperature {K)
Fig. 4. T dependence of the Cu ions ab-planc DC-magnctiz-

ation, Myc.zrclHaT), for H, € 1kOe, for samples showing
WF. The solid lines are the best fitting 1o Eg. (5) (se< text).

care since we have nol measured Ty in our crystals,
It is interesting to mention that magnetization
measurements in Y,CuQO,, by Rouco ei al. [8],
suggesied the existence of strong 21 short range
AFM correlations above Ty and the persistence of
3D long range M corrclationa above 7y, Tleneo,
for Lhese materials it may be expected that 3D long
range FM corrclations can appear at T dilferent
than Ty. Fig 4 shows that M2” is smalier and
Twr lower for crystals with: {i) lower Pt content
{x =0), which is consisicnt with the absence of
WF in samples grown in Al,Q,/CuO (M2E - (;
Twr—0), and (ii) larger V (x =0.25, 0.50, and
similar Pt content). Notice that the crystal wilh
the largest V (x = 1), shows no WF (M2 - 0;
Twe = 0) [2].

FFor the tetragonal ‘['-(I4/mmm) struclure of
Eu,CuQ, it is expected four Raman-aclive modes:
Ay + By, + 25, In our previous paper {Ref. 2) we
have discussed the polarization sclection rules of
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(g, 499cm '} and Z(XX)Z or Z(X'Y)Z
X =:7'-1-(I,]), Y’ =j5(1, —~ 1) By, 32dcm ')
‘The specira also showed the additional peaks at
413 and 388cm ' in the XX- and X Y-polariza-
tions, respeclively. We have respectively labelled
them as BY, and B3, /RM duc Lo their polarization
sclection rules in the Dy, point symmetry, despite
the fact that the BY, mode is forbidden in the
T{(14/mmm) symmetry. Two anomalous peaks
were also observed in Gd;CuQ, al 422c¢m™!
(X X-polarization) by lLaguna ct al. | 18] and at
380em ™! (X Y-polarization) by Udagawa cl al.
[19]. Morcover, neutron scattering eaperiments in
single crystals of Gd,CuQ, have shown the pros-
ence of a supersiruclure below 658K in the I-
phase [20,21]. This superstructure, of an ortho-
rhombic symmetry and space group Acam (D4f),
was altribuicd 1o squarcs of O(1) oxygen atoms
surrounding {he Cu siles in the CuQ, plancs, ro-
lated around the c-axis by ~5.2° at room T. Sim-
ilar results werc found in Eu,CuQ, atlow T. In this
casc the angle of rotation measured at 9K was
about 2.2° [21]. This orthorhombic phasc has 2
[ormula units per primitive ccll, with the ortho-
rhombic @ and b axcs rotaled 45° respect to the
ictragonal unit cell. I'aclor group analysis for the
Raman-active modes yiclds to;
4ALX XYY, ZZ) + 5B, (XY) + 4B XZ) + 5B,
(Y Z), where in parcnthesis we indicate the aliowed
Raman tensor components for cach mode. Correla-
tion analysis and latlice dynamical calculation { 22|
give the following correspondence between the tel-
ragonal zonc center modes (M-point) and the or-
thorhombic modes: A, — A, (229cm ™", sireiching
of Buj B, — By, (324cm ™!, z-bending of O(2) oxy-
gensh Eg— By + By, (499cm ™', in-planc vibra-
tion of O(2)). The expected splitiing of the I, mode
was nol obscrved. This resull is consisient with
neulron scalicring cxperiments where the measurcd
a and b lallicc parameters were equal within the
cxperimental error {21]. As the orthorhombic unit
cclil volume doubled that of the tetragonal one, new
modes appear as a consequence of the folding of the
first Brillouin zonc. These modes arc originating al
the X-points zone border modes of the tetragonal
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Eu,, Pr, CuO, Figs. 2 5). For GdyCuQ, growa in AlO5/CuO

. - T and Pi/PbO (179.2A% SV $179.9A%, where high-
ly corrclated ordered orthorhombic distortions in

XX T=12K the CuQ, planocs have been found {20], even larger
B g W3 MA(, )} ratios [18] were observed. Towever,

W

L]
N\ x=0 ALO, I CuO
f\, x=0  Pt/CuO j '\

Pt/ PbO

intensity (a.u.}

x=0.25

A 2= 05 N\

w1

1 e, i i

300 330 360 420
Raman Shift (cm™)

Fig. 5. XX -polarized Raman spectra at T = 12K for the
Cuz-,Pr,Cu0, crystals studied in this work.

cell [22]. The anomalous 413cm ™! peak (labeficd
B}, in Rel. 2) belongs Lo this class and has
B,, symmetry (X ¥-polarization, in-planc vibra-
tions of the O(1) atoms) in the orthorhombic phasc
[22]. This mode that appears in X X—polarization
in the tetragonal axes (see Fig. 1 in Rel. 2), corres-
ponds to X V-polarization in the orthorhombic
axes, confirming its B,, character. The 324cm™'
anomalous peak (labelied BY, in Ref. 2), that ap-
pears in X Y-polarization in the tctragonal axes
carresponds, 1o an A, symmetry mode in the or-
thorhombic axes.

Fig. 5 shows the X X-polarized Raman spectra
at T = 12K for the samples studied. The allowed
Raman mode, B,,, for the T-structure [2] is ob-
served at ~324cm ™! in all our crystals, The rela-
tive intensity of the fRM at ~413cm™", B, to

that of the allowed B, peak, I(B})/1(B, ), strongly .

depends on the compound and the crystal prepara-
tion conditions [2]. Larger 1(B},)/1(8,,) ratios are
found for crystals with: {i) higher Pt content (x = 0)
and (ji) smaller ¥ (x — 0, and similar Pt content (see
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for ¥uCuQ, crystals grown in  Al,Q./Cu(y
(V= 181.1 AY a very small I(BLLYKB,,) ratio is
found {(scc Iig. 5 and Ref. 2).

‘The fRM and WL fcatures (My{T), HAT),
MSiH,,T), MIE®, and Twy) obscrved in these T'-
structurcs were associated (o the orthorhombic lat-
tice distortions discussed above, involving the dis-
placcment of the O(1) oxygens away from their
cqguilibrium positions [2]. Then, the above resulls
ofour fRM and W) measuremenis suggest {hat the
"t impurilies and/or the reduction of Vv beyond
a critical value, V. = V{13u,CuQ,) =~ 181.1A? (scc
Y¥ig. 1), arc thc origin of these distortions. ilence,
the different fRM inlensitics and W features
found in these compounds may be caused by the
presence of a diflerent number of these distortions in
the various crystals. In Gd,CuQ, the orthorhom-
bic 1o iciragonal phase transition occurs around
658K, and the T dependence of the lattice para-
meters yicld a value of 181.9 A? for the lattice unit
cell volume al this phase transition [21). This is in
good agreement  with  the  eritical  valuc,
V, = 181.1 A® found for Fu,CuO,,

Fig. 6 presents the T dependence of the
UBT)I(B,,) ratio for the crystals grows in P1/PbO
(Twr = 237K) and PY/CuO (Twy = 151 K) with
x =0, and grown in Pt/PbO (Twr = 107K) with
x = (.5. The dala shows that the number of distor-
tions, responsible for the BY, pcak, decreascs as
T incrcases and only a small number of distortions
remain above Twe. Therclore, only a small contri-
bution to the magnetization is expecied from the
canting of the Cumomenis at T > Twy, in the AF
phase. This is consistent with the results shown in
Fig 7 for Mec_zpc{H.,T) at high ficlds and high
T obtained for two of the crystals shown in Fig. 6.
Within the accuracy of the measurements we find
MET) — M2, T) =0 for T > Twy. These re-
sults suggest that 3D long-range FM corsclations
arc observed only above a critical number of distor-
tions. Also, notice that Fig. 4 and Fig. 6 show that
the 3D FM ordering appear al [(B)/1(By) = 1.
This ratio may corresponds 1o that critical mumber.
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Eu, Pr,CuO,
5 ¥ —— + v v 40
o x=0PUPDO T, =237K
o4 & x=0PUCUWO T,,=161K 3.
%o x=0.5PUPBOT,, =107K
4}) N
oo 204
° £l
st Do ] 2 10
;} Un o g
5 S 04
> ° E
‘o 2} o b o
= 1e L T ~% PUCuO
H H H 164
‘4, 1 1wk R M, =1kOe
°° “ -u 22
1% o P . E 4 e H =5kOe
H H H 0 »
© ?.3 §o H 3]
“Ra i,
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0 60 100 150 200 250 300
Temperature ( K ) 0

Fig. 6. T dependence of the IB1,)/I(B,,) ratio for the
Fu, . ,Pr,CuQ, crystals grown in PYPbO (T, & 237K) and
PYCuO, (Twy = 151 K) with x = O, and PYPHO (Twy: = 107K)
with x = 0.5.

It is interesting to mention that the T dependence
of (B},)/I(B, ) in Eu,CuQy, is similar to the T de-
pendence of the orthorhombic superstructure re-
flection (2.5 1.5 2) measurcd in ncutron scattering
cxperiments {21]. They decreasc rapidly above
80K and vanish at about 200 K. Thesc results sug-
gest that the distortions, responsible for the fRM
and WF, may be also highly corrclated at low T.

Microwave absorption experiments in our sam-
plcs showed the zero-ficld absorption [6] only for
the Eu,CuO, crystal grown in Pt/PbO when FC,
and no absorption for ZFC. This signal is observed
at T < Twy = 237 K. Within the scnsitivity of our
cxperiment, the mid-field resonance was not found
(6] in any of our samples showing WF. The
EuyCuOy4 crystal grown in Pt/I’bO is the samplc
with the largest hysteresis loop (sce FFig. 2). Thus, it
is possible that the zero and mid-field absorptions
may be associated to the magnetic domains struc-
ture of the WF in these matcrials.
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0 60 100 150 200 250 300

Temperature (K)
lig. 7. T dependence of the Cu ions ab-planc DC-magneti-

zation, My . 201, T), for H, 2 0.3kOk, for Euy,CuQ, grown
in PY/PbO and Pt/CuOQ.

4, -Discussion

The B}, and B2, fRM arc always found at
about the same cnergics, 413cm™ ' (422cm ™! for
Gd,CuQg) and 398cm™' (380cm”™' for
Gd,;Cu0y,), respectively [2,18,19]). This indicatcs
that their origin is the samc, rcgardicss the
compounds and T where they arc obscrved. Be-
sides, our results show that there is a corrclation
between the intensity of the fRM and the magni-
tude of the WF Ilcatures (sce Figs. 2-5, and Refs.
6 and 8). Thus, the origin of the fRM and WF
should be the same in these compounds, and it may
be attributed to the presence of orthorhombic dis-
tortions caused by the O(1) oxygen displaccments
within the CuQ, plancs [1,2]. As mentioned
above, we associale these distortions to the pres-
ence of Pt impuritics and/or the reduction of V
beyond a critical value V, ~ 181.1 A3, This reduc-
tion may bc induccd by changing the RE in
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the T'-structure across the RE scries or by lowering
the T.

The increase of the BY, peak intensity at low
T (sce I'ig. 6) may he associaled 1o the thermal
coniraction of the T'-structurc unmit ccll volume,
V(T), beyond V.. A decrease of about 0.6% in V(T)
was reporied in Pr,CuQ, between 10 and 300K
[23]. Noticc that the difference in V at room T be-
tween EuCuQy4 and Gd;CuQy ts of the same or-
der, 0.5-1% (scc Fig. 1).

5. Conclusions

The T'-structure compounds with a unit cell vol-
ume smallcr than a critical value V_ = 18].1 A}
(close 1o the V value of Eu,CuQ, grown in
Al;04/Cu0) present local distortions within the
CuQ); plancs, allowing for W¥ and fRM [1,6,18].
However, if Cu ions are substituled by Pt impu-
ritics from the crucible, favoring the formation of
local distortions in the CuQ; plancs, a slightly
higher value for V; is then found. For our
Lu, ., Pr,CuQ, crysials grown in PY/PbO we find
183.5A° S V. S1855A%, for 05<x<1 (sec
Fig. 1).

‘The results of this work and that of our previous
report [2], as well as thosc from others in
Gd; - Sm,Cu0,, Gd;CuQy, and Lu,CuO,' com-
pounds [ 6,13,20,21], lead us 1o conclude that there
is a dclicate instability of the T’-structure at the
middle of the RE scries. Our data on Fu;CuQ,
crysials grown by dilferent technigucs show that
this instability appears ai a critical lattice unit ccll
volumc closc 1o that of Lu,Cu(), grown in
ALO,/CuO (V, = 181.1A%). Based on the X-ray
| 11 and neutron diffraction [ 20,217 results, we asso-
ciale this instability with orthorhombic distortions
involving a displacement of the (1) oxygen atoms
within the Cu(); planes. ‘Therefore, we claim that
these distortions are responsible for the observed
WI" and fRM. Morcover, the T dependence of the
intensities of the ncutron diffraction claslic peak
[21] and fRM obscrved below T = 250 K, suggest
that 2 sccond order tetragonal to orthorhombic
phase transilion may take placcal V(T) = V,.

In summary, our Raman and magnclization
mcasurcments have shown that the distortions in

[12] K.A. Kubat-Martin, Z. Fisk, R, Rayan, Acta Crystaliog.
C 44 (1988) 1518,

[13] L.B. Swcren, M. Tovar, S.B. Oserofl, Phys, Rev. B 46{1992)
2874; 5. Skanthakumar, JW. Lyan, J.1. Peng, Z.Y. 1y,
1. Appi. Phys. 69 (1991) 4866.

{14] R.D. Zysler, M. Tovar, C. Rettori, . Raa, 15. Shore, S.B.
Oserofl, D.C. Vier, S. Schultz, 7. Fisk, 5-W. Cheong, Phys.
Rev. b 44 (1991) 9467,

{15) G.B. Martins, D. Ran, J.A. Valdivia, M.A. Pires, G.I..
Barberis, C. Retton, P.A. Vencgas, §. Oserofl, Z. Fisk,
Phys. Rev. B 51 (1995) 11 909; C. Rettori, S.B. Oseroff, D.
Rao, LA, Vallivia, G.E. Rarberis, (G.B. Marting, J. Sarmao,
7. Fisk, M. Tovar, Phys. Rev. B 54 (1996) 1123,

[16] T. Chattopadhyay, LW. Lynn, N. Rosov, T.L. Grigeril,
S.N, Barnio, [D.). Zhigunov, Phys. Rev. B 49 (1994) 9944;
1.W. Sumatlin, J.W. Lynn, T. Chattopadhyay, S.N. Barilo,
D1 Zhigunov, L.L. Peng, Phys. Rev. B 51 (1995) 5824.
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the ‘T"-structure arc caused by: (i) the reduction of
the lattice unit cell volume beyond a critical valuc,
V., and (if) the substitution of Cu ions by I’l impu-
ritics incorporated from the PU crucible dusing the
crysial growth,
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2.2) Estudos de RPE de Gd** no estade normal dos supercondutores RNi;B,C (R = Y,

Lu).
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Electron spin resonance of Gd** in the normal siate of RNi,B,C (R=Y,Lu)
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Institute de Fisica “GlebWataghin,* UNICAME, 13083-970, Campinas-SP, Brail
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E. M. Baggio-Saitovitch and D. Sanchez
CBPF, R, Xnvier Sigand 130, 22290.180, Rio de Juneiro, Brazil
(Reccived 26 August 1997)

Liectron spin rcsonance (ESR) of Gd** in the normal state (172T,) of Ry . ,Gd,Ni;B,C (R=Y,La) is
reported. The results show that the exchange coupling belween the rare-carth localized magnetic moment and

the conduction cle depends on the comluction el

fer (IWF—X7| = ¢). P 21, 09)

The temperature dependence of the ESR linewidth yiclds a value for one of the exchange parameciers,
(i) }’:. which is in agreemem with that estimated from the slope of the initial lincar decrcase of 7., by the
Gid"* impurities. These resuhs indicate that the R, ., Gd,Ni;B,C (R=Y Lu) compounds bebave ss conven.

tional BCS sup tory, in ag
[S0163-1829(98)02806-9)

L INTRODUCTION

The serics of gualcmary intcrmelallic rare-carth nickel
borocarbides RN B,C (R = rarc earth) compounds® have
recently attracied great intereat due to their relatively high
superconducting icmperatures (7, = 16.6 K for R=Lu and
T,=15.5 K for R= Y).2 The magnetic anisotropy and cocx-
isting supcrconductivity (SC} with the antiferromagnctic
(AF) ardering associated to the magnelic rarc-carths R cle-
menls (Ty=T,).>"% have strongly molivated the scientific
community (o stdy these malerials. The inlerplay belween
SC and magnetism in these materials resembles that of the
tcmary ErRh,B, and HoMnsS, compounds.® The incom-
mensurate modulated magnctic structure shown by neutron
diffraction cxperiments in HoNizB,C (Ref. 7) at tcmpera-
tures hetween Toy~3 K and T, ~7.5 K, and the suppression
of SC by the substitution of Dy by La in DyNi;B,C.* were
inerpreted in terms of a magneric pair breaking in the
RNi;B,C {(R=ErDy) compounds. The struciure of the
RNiy, B,C compounds is a filled variant of the body-centered
tctragonal (bet) ThCr,Si; (space ?'oup IyImmm) with Ni
laycrs perpendicular 1o the ¢ axis.” This structure is qualita-
tively similar to that of the layered cupraie high-T, super-
conductors. However, no local magnetic moment or AF spin
correlations on the Ni sublatlice have been found." In addi-
tion, clectronic band swucture calculations suggest that the
RNi;B,C compounds are 3D d-band metals and that the SC
is mediated b; the conventional clectron-phonon BCS
mechanism -’ Experimental support for this is given by
unneling spectroscopy'® and boron isolope cffect' measure-
menis in these malerials,

H is known that by means of electron spin resonance
(ESR) of dilute rarc-carth magnetic impuritics (i.c.. Gd**) in
the nonnal state of BCS-type superconducting compounds, it
is possible o deiermine the exchange paramciers boiween
the focalized magnelic impurity and the conduction clecirons
(CE"s).'6 It was also shown that the exchange parameter ob-
taincd from the thermal broadening of the ESR lincwidth

N163-1829/98/57(6)/366R(41/515.00 57
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with previous reporis.

(Korringa ralc), was comparable with that extracicd feom the
stope of the initial lincar decrease of T, by the magnetic
impusitics, as predicted by the Atwikosov Gorkov (AG)
theory.'®!? The present wirk™s goal is 1o measure. by means
of ESR, the cxchange parameters between the locelized mag-
netic moment of Gd'* and the CE's in the normal siate of the
RNi; B,C (R=Y.Lu) compounuls, and to comparc the value
obtaincd froin the Korringa rale with the onc obtained from
the reduction of T, by the Gd** impuritics.

H. EXPERIMENT

Single crystals of Lu, . Gd,Ni,B,C (x~0.005) were
grown at the Ames Laboratory by the high-temperature flux
growth  method  deseribed clsewhere. ™ The
Y, Gd,Ni;B,C (x~0.005) samples were made at the
CBPF Laboratory in a polycrysialline form by the are-
meling technique.'® The structure and phase purity were
checked by x-ray powder diffraction and the crystals oricn-
tation determined by the usuval Lave method. The ESR ex-
periments were carricd ot in 2 conventional Varian ESR
specirometer using a TE(p; room-lemperature cavity. The
sample lemperalure was varicd using a helium gas flux tom-
peratwre controfler, To increase the ESR signal to noise ratio,
the temperature dependences of the spectra were {aken in
powdered samples. Magnetizalion measurements have been
done in a Quantum Design de superconducting interference
device magnelomceler. The lemperature dependence of the
magnelic susccplibility in the normal slale was measured in-
creasing the icmperature, afier zero ficld cooling (ZFC), in a
ficld of 5 kOc. Table T gives the Gd'* conceniration csti-
maled from the fiting of the magnetic susceptibilily data to a
Curic-Weiss law.

[1L EXPERIMENTA), RESULTS

Figure 1 shows the Gd* ' ESR powder spectra observed in
the nonmal statc at T=18 K for R, . Gd,Ni;B,C (R

3668 © {998 The American Phvsical Society
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TABLE 1. Experimental parameters for Gi:(Lu, Y)Ni B, C.

£ a b I3 ¥ ¥i] AT,
s
QOc OvK % ml ml
mol K2 moi K* K%
Lu, G4, NipB,C  2035(T) 165010}  13(l) 05(2) 192" 26T()XE0° 4 —-0.65(0)°
Y, . ,Gd,Ni;B,C 203(3)  830(30) 15(2) 2.1(2) 85"  LOZOMX1074*  ~-—043°

*Sec Refs. 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 spcctra show the
usual Dysonian type of linc shape,”® characteristic of metal-
lic sample particles of dimensions much larger than the skin
depth. The dashed lines in Fig. 1 are the best fit of the ex-
perimental spectra to a boremzmn admixture of absorplion
and dispersion derivatives.2! From these littings the dinc-
width AH and the g value are obtained.

Figure 2 presenls the wemperamre dependence of the
Gd** ESR lincwidth for the samples of Fig. 1. The observed
lincar thermal broadening of A/f indicaies that the Gd**
Incalized magnetic moment relax o the lallice via an ¢x-
change oou]ahng with the CE's, known as (he Korringa
mechanism. '® The dashed lines are the best it of the data (o
All=a+bT, !

Several samples of Gd concentralions in the range be-
tween 0.5 10 2% were measured, Within the accuracy ol the
measurements, the b and g valucs were concentralion inde-
pendent and the residual lincwidth a increases with the Gd
concentration. The g value was found 10 be wemperature in-
dependent within the experimental error. Table I shows the
cxperimenial parameters obtained with x=0.005 for the Lu-
bascd sample and x~0.02 for the Y-based sample.

We were unable to measure the ESR of Gd** in the su-
perconducting stale (T<T,) of the R;_,Gd,Ni;B,C (X
=Y,Lv} compounds. This is usually an extremcely dilficult
measurcment due 1o (i) the lasge change in the loaded cavity
quality factor (Q;) between the normal and superconducting

RNI,B,C:Gd
1.8 20 2.5 3.0 38 4.0 4.5 5.0

T T r Y T L T

Absorption Derivative

‘ Ralu ‘
20 25 30 35 4D 45 50
Magnetic Field (kOe)

FIG. 1. TSR spectra of Gd®* in (a) Lu - ,Gd,Ni;B,C for x
~0.005 and (b} Y1 .Gd.Ni-B-C for x~=0.02 and T=18 K.
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stalc and (i) the inicraction between the vortices and the
microwave magnclic ficld A, in the supcrconductling stalc.
That rcsults in a large frequency drifl and nonresonant mi-
crowave absorption in the ESR detector sysiem.

IV. ANALYSIS AND DISCUSSION

The cxchangc inwcraction J, 85-3 between a localized 4f
clcctron spin ($) on a sofutc atom (Gd** 3 and the frec CE's
spin (s) of the host metal, cause g shift (Knight shifi)® and
thcrmal line broadening (Korringa rate)? of the ESR
Conduction clectron-clectron cxchange cnhancement and
the g-dependent exchange interaction J Jr,(q} (Ref, 26) are
often uscd in the analysis of the ESR data.”’ JAq) is the
Fourier ransform of the spatially varying exchange cou-
pling. In this case, and when *'bottlencek’” and **dynamic™
cffects arc not presens, the g shift (Ag) and Korringa ralc
(b) can bc written as®®

E
Ag=In(0) 12 ’) . V)

and

d(A) (a)
= (d'r - oy e z(b” a)z

where J,,(0) and (Jﬁ(q’))sr are the effective exchange pa-
ramelers hotween the Gd*' local moment and the CE's in
the presence of CE's momenuim wransfer (g=|ki®—k3"|

2

1500} .
Y. GdNBC [ _ .
L3 [ ] E
5 1200¢ o
e | e
g wof _—
g LB i
5 600} wa®
.n" Lu!mGdINI!B!c
10 20 ao 40 50 60
" Temperature(K)

F1G. 2. Temperature dependence of the Gd** ESR linewidth for
the lwo samples shown in 2. L
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TABLI §I. Extracted parameters for Gd:(Lu,YINi;B,C.

SR SC
MEF) A o a K@ 0 (@ ()
stales
eV mol spin K meV maV meV
Lu, . ,(Gd Ni,B,C 22007 ~ 08" =~345* ~02° ~08* 15(2) 10(4) 11(3}
Y,-.Gd,Ni,B,C 2.05(6) ~09* =~489* ~D3" ~07° 13(2) 9%(3) 10(2)

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

=k{2(1—cos$]"?).% Under these assumptions the Gd** ¢
shifi measures the CE’s polarization (g=()), and the Kor-
ringa raic the CB's momentum wransfer (0=¢9=<2k,) aver-
aged over the Fermi surface.”® (1—a) ™! and K(a) arc the
Stoner and the Korringa enhancement faclors, mspectivclga
due 10 the clectron-cleciron cxchange intcraction.”™ ™
»(Ep) is the “*bare' density of stales for one spin dircction
at the Fermi surface, k is the Bolizmann constant, ug is the
Bohr magneton, end g is the Gd** g value,

Equations (1) and (2) ere appropriated for the analysis of
ESR data of diluted rare earths in metallic hosts with appre-
ciable CE's spin-flip scattering, i.c., the unboirleneck rcgime.
We found in this work that the g value and & parameter do
not depend on the Gd** concentration. Henee, it is cxpecicd
that the foliowing relation would hold:?2*

L]

@)
poOM) T T Ag)iKia).

aT  gus  J3(0)

In our anelysis the contribution from differemt CE's bands
will be neglected, becavse the measured thermal broadening
of the linewidths are much smaller than those cxpecied from
the measured g shifis.’!

In a supcrconductor the clecwron-phonon interaction ¢n-
hances the CE's effective mass, and in turn (he density of
states at the Fenmi level. Thus, the Sommerficid’s parameter
is usually writtcn as y=(23) w2 k*(1 + A} (Ef), where A is
the cleetron-phonon coupling constant™ The RNi,B,C (R
=Y,Lu) compounds have been classified as inlcrmediale
coupled clectron-phonon-mediale superconductors, with Ay
~09 (Ref. 33) and \;,~08 The clectronic contribution
1o the heat capacity ¥ for the Lu- and Y-based compounds,
were measured and their values are shown in Table 1. Now,
using the ¥ and A values, the density of staies at the Fenni
level 7(EF) can be estimated for the Y- and Lu-based com-
pounds {(sce Table ). The exwacted values for 7{Ef) arc in
good agreement with the theoretical ones obtained from band
calculations.>**¢ In addition, electron-clectron exchange en-
hancement is important in these systems and has been evalu-
ated by NMR mcasuwrements™ for the Y-based compound
and from theorelical calculalions for the Lu-bascd
compound.*® The values of @, from the Stoner cnhancement
factor (1— @)~ ! and K(a) are given in Tabic 11

Using in Eq. (3} the g value of Gd&** in insulators as a
reference, 1.993(2).7 whigup=234X10" Oc/K, and the
values of Ag, b, MEf), a, and K(a) from Tables I and I1,
the cxchange parameters between the Gd* focal moment
and the CE's in these two compounds were estimated, Table

3)
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Ii summarizes these paramelers for Gd** in RNi;B,C (R
= Y,Lu). Notice that the ratios (J%,(2))244,,(0), arc about
the same {or both sysiems. This sugpests similar wave-veclor
dependence of the exchange interaction for isomorphic com-
pounds.

It is imeresting 10 compare the e¢xchange parameler
(J3.(q) ;;: obtained in our BSR experiments and that obiained
from ihe decrease of T, by adding Gd** magnetic impuri-
lics, AT ./Ac. From the Abrikosov-Gorkov (AG) theory'”
we have that

AT,
lﬂ' = (7 18kp){J (@) e, MEFNgs=~ 1) I +1).
)

The values of AT, /Ac, for both compounds. were taken
from the litcrature®®® and arc given in Table I. The values for
(J7:(4)) £- calculated using these data are in agrecment with
those obtaincd in this work (see Table IT),

V. CONCLUSIONS

We have shown that R, _ ,Gd,NiyB,C (R=Y Lu) diluic
magnctic alloys bechave as conventional three-dimensional
supcrconductors as far as the ESR and superconducting re-
sults arc concemed. Taking inlo account the CE mass cn-
hancement due to the cleciron-phonon coupling A and the
clecron-clectron exchange cnhancement « we found compa-
rablc cffective exchange parameters (J7,(¢))y from the
thermal broadening of the Gd** BSR lincwidth (Korringa
rate) and the decrease of T, by the Gd** magnelic impuritics
(AQ). This shows that thc cxchange coupling between the
Gd** local moment and the CE’s govems the impurily re-
laxation and pair-braking processes.

Our ESR results (g-shift and Korringa rate) show that the
cxchange interaction between the localized magnetic mo-
ments and the CE’s involves only a single clectronic conduc-
tion band. The exchange intcraction is found to be strongly
dependent on the CE's momentum transfer ([kKF~k3"j=4)
and is of atomiclike [J,,(0)>0].
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El spin (ISR} exr

on Gd?' in the intermediate-valence phase (7<7,) of

YhInCu, and in its reference compound YInCu, are interpreled in terms of an enhanced density of states al the
Fermi level for the Yb-based compound, The Korringa rate and g shilt measured in ESR and the susceptibility

data aMowed ux to extraet the elect

The exchange interaction hetween the CGi* " tocal

ts andd lhe

ment factor o for the Yh-bawal compound.

fuction cl (c-e) is c-¢ wave-

veclor dependent in both compounds. [ S0163-1829{97)00701-7)

L INTRODUCTION

Many rare-carth intenmetallic compountds present inlcreat-
ing physical propertics associated with the hybridization be-
tween locatized f-clectron states and conduction electrons
(¢c-e). This has motivated cxperimenalists and theoreticians
for the last several decades 1o study strongly comelated clee-
tron phcnomena in intermediate-valence (IV) and heavy-
fermion (HF) systems.’ The Ce- end Yb-based compounds
are particularly well suited for these studies, since the 4f
shell of Ce and Yb can contribute, st most, one electron or
hole (o the conduction band, respectively, gimplifying the
theoretical analysis. The cubic AuBes (C15b.F43m)-type
structure? of the YblnCu,, compound, is particularly interest-
ing duc 10 the first-order isostruciural volume expansion
phase transition found at T,~ 50 K.* Bxtensive sudics® of
susceptibility, specific heat, resistivity, Yb's Mosshaver, lat-
tice paramncler, Ly x-ray absomtion, and NMR (Refs. 5 and
6) arc consisient with 8 0.45% volume change® and a Yb
valence change from z~ 2.9 at high iemperatures to z~ 2.8
al lower temperature. This property characterizes this com-
pound as an intermediatc f-ion valence sysicm at low tem-
peratures. To further study the electronic properties of this
compound, we have measured the low-temperature electron-
spin resonance (ESR) of Gd*' in YhinCu, (7550 K) and
in its reference compound YinCu, (7' 100 K). Susceplibii-
ity and specific-heal measurements were also performed,

While our work was in progress, a paper by Altshuler
etal. ' on Gd** in YbinCu, was published. They have ana-
Iyzed their ESR data by focusing on the exchange coupling
between the Gd** local moment and the “‘quasilocalized
Yb** moment.'* Thus, their analysis is mainly concentrated
on the high-temperare data (7> 50 K). Their sesults re-
scmble those found for Gd** impuritics in a stabie-valence
weak-magactic metallic®® or insulator'™" hosts. in such

O163-1829/97/55(2V 101 6(5/3$10.00 55

compounds the observed temperaturc-dependent g shifts and
rapid broadening of the lincwidths are associated, respec-
tively, with the temperature dependence of the host magnictic
susceplibility and with the relaxation via exciled crysial-ficld
tevets.®"" The magnetic moment of the Yb** jons, for the
YbinCu, compound at 757, , is well defined, For T T,
the compound hchaves as a magnetic host with well catab-
lished crysial-ficld tevels for the free YhY* jon ground sinte
2F,2. ' Thus, exchange andlor direct magnetic interactiony
resolt in & shift and broadening of the Gd** resonance,
Therefore, an analysis of ESR data in & magnetic host should
be carricd oul kecping in mind that a shift and a broadening
of the resonance may have & varicty of origins. Atthough oor
data in YbInCu, agrec with those of Altshuler e al.. the
aim of our work and analysis has been focused on the iem-
perature region where the ESR of Gd** actually peobes the
TV state of YbinCu, (T<T,). In this case it is impanant to
use a reference compound Lhat aflows the extraction of the
various intrinsic paramcicrs. For this reason, we have also
measurcd the ESR and susceptibility of Gd** in YInCu,
and specific heat of YinCu,.

. EXPERIMENTAS, DETAILS

Single crystals of {Yb,Y),-,Gd,InCu, (0.0005 =x=
0.002 nominal) were grown from a flux of excess InCu by
the method described elsewhere,'® The crystals were of
cubiclike shapc with typical sizes of 43 X 1mm?. For the
high-temperature  ESR  measurements, powdered crystals
were uscd in order o increase the ESR signal-to-noise ratio.
The ESR caperiments were carricd out in a Varian E-line
X-band spcctrometer, using a liguid-helivm (ail dewar (1.7-
4.15 K} and a helium gas flux (7-100 K} adapted o a mom-
tcmperature TE o, cavity. The susceptibility measuremenis

16 © 1997 The American Phvsical Society
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G, 1. ISR powder spectra of (a) 0.58% of Gd* in
YbinCu, and {b) 0.25% of Gd** in YinCu,. The inset shows the
definition of A and B for a Dysonian line shape.

were made in a Quantum Design de superconducting quan-
wim interfercece device magnctomeler, Specific-hcat mea-
surcments were perforned in a small-mass calorimeter sys-
tcm that employs & quasiadiabatic thermal relaxation
technique.'* Samples esmployed here ranged in mass from 45
1o 145 mg,

HIL EXPERIMENTAL RESULTS

Figure 1 shows the ESR powder spoctra of Gd**
{~0.2%) in YbwCu, and YInCu, measvored at 7= 7 K.
Typical Dysonian linc shapes'® with A7B~ 2.2(2) were ob-
served. This type of linc shape is characieristic of localized
magnetic momcnts in a lattice with a skin depth smaller than
the size of the sample particles. For YbinCu, the Gd** reso-
nance shows a decreasing A/B ratio as the temperature in-
creases, in agreement with the increase of the resistivity ob-
served for (his compound.**® The g value and linewidth
were obtaincd using the method of Peter et al.'? Figure 2
gives the temperawre dependence of the linewidth for both
compounds. For the Yb-based system for 7> 30 K, an in-
crease in the broadening of the linewidth and of the g value
were observed, A departure from a lincar broadening is seen
in Fig. 2 and is in agreement with recently published data on

1400

1080 |-

(Ce)
&
.g

L} - 40 ® [ 100
Temperature (K)

FIG. 2. Temperaune dependence of the ESR linewidth for
0.18% of Gd®* in YhinCu, (circles) and 0.25% of Gd** in
¥InCu, (sguarcs). The dashed line is the best fit 1o Al =a+ 5T,

I1G. 3.. Magnetic susceptibility as a function of temperature,
measured at 1 kOe for 0.18% of Gd* in YhinCu, (circles) und
0.25% of Gd** in YInCu, (squares).

Yh,..,Gd,InCu,.” The lincar dependence of the linewidth
was fitled 10 the cxpression All=aq+3T, with
a=150(20)0c, b=16(1) Oc/K and a = 42(5) Oc, b
=0.9(1) Oc/K for Gd?* in YbInCu, and YInCu,, respee-
tively. Within the accuracy of th¢ measurements, the g val-
ues were found 1o be lemperature independent for 7< 30 K,
The measured low-temperature (T<< 7 K) g values were
2.073(8) and 2.004(2) for the Yb- and Y-bascd compounds,
respectively. For the low concentration samples {=~0.05%)
we measured similar values, within our experimental error,
In single crystals the Gd3* resonance did not show crysiai-
ficld featurcs, i.c., fine structure and/or anisotropic finewidth.

Figurc 3 shows the magnetic suseeplibility, correcied for
the compound core-diamagnetism., for the samples used in
our ESR cxperiments. From the low-temperalure tail
(T>45 K) we estimate the Gd concentration to be 0.18(2)%
and 0.25(2)% for the Yb,.,Gd,InCu, and Y, _,Gd,InCu,
compounds, respectively. From  the  high-temperature
(T>50 K) susccptibility of the Yb, . Gd,InCu, we obtain
4.24(10) 125/YD, in good agrecment with previous reports,’$
and close 10 the 4.54u,/Yb cxpected for Yb2* (4f'3,3F;,).
From the low-lemperatore data (T<< 45 K) a icmpcrature-
indcpendent contribution of 6{1)X 1073 ermwFU} was csti-
mated, in agreement with previous measurements.?

In Fig. 4 we presenl specific-beat measurements for the
YInCu, compound in the tcmperature range between 2 K
<T< 20K, The low-temperature C/T dala increase lincarly
with T? as seen in the inset of Fig. 4. The fitling paramelers
obtaincd from thcse data are y=1.63(6)m/mol K? and
A=0.327(2)mJ/mol K'. A Debye temperature 8,=330(5)
K is aiso obtaincd.

n Tabie I we summarize the experimental parameters de-
rived in the present work, and by, other groups, for the
YbinCu, and YInCu, compounds.

1V. ANALYSIS AND DISCUSSION

In the simplest treatment of the exchange interaction,
J1,5-8, between a localized 4f electron spin ($) on a soluic
alom (Gd**) and the free c-e's spin (8) of the host metal,
the ESR g shift (Knight shift)'® and the thermal broadening
of the linewidith (Kominea rate),'” when “‘botrleneck™ and
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F1G. 4. Specific heat (C/T) as a function of T for YInCu,. The
insel shows the low lemperature 7° depemdence of C/T. The solid
line is the best fit 10 C/T= y+ BT, with y= 1.63(6)m)/imolK? and
B=0.327(2)mlmolK*.

“*dynamic”" cffects are not present, can be written as

Ag=J,n(EF), ()
and
d(AH) wk o,
7 mhﬂl (Eg), 2

where J,, is the cilective oxchange interaction between the
Gd** iocal moment and the c-¢ in the absence of c-2 mo-
mentum transicr,? (£ r) is the **bare** density of states for
onc spin direction at the Fermi surface, k i5 the Boltzman
constant, pg is the Bohr magneton, and g is the Gd’*g
value.

Equations (1) and (2) arc normally used in the analysis of
ESR data for highly dilutcd rare-carths magnctic moments in
intermetallic compounds with appreciable residual resistiv-
ity, i.c., large c-¢ spin-flip scattering. In our case the ESR
parameters are found (0 be independent of the
concentration.® Hence, it is eapecied tha the following re-
lation would hold: '

d(AH) =k

= — 2

Using the g value of Gd** in insulalors as 1,993(2),2
(mkiguy)=2.34% 10" Oe/K, the measured g shifis and the
thermal broadening of the linewidths b for the Gd** reso-
nance in YbInCu, and YInCu,, we found (i) that for
YbInCu,, when replacing Ag~ 0.08(1) in Eq. (3), a thermal
broadening of b=~ 150(40) Oc/K is oblaincd. That valuc is
much larger than the one measured, b~ 16(1) Oc/K, and (ii)

C. RETTORI et ol 55

for YinCu,, when replacing Ag~0.011(4) in Eq. (3), we
calculaied a thermal broadening of b~3(2) O¢/K. That
value is also larger than the onc measured, b~0.9(1) Oc/K.
Therefore, we conclude thal the approximaltions made in
Egs. (1) and (2) arc not valid for cither compound, and con-
duction clectron-electron correlations™* and q-dependent
exchange inleraction, J,,(q).* must be considered in the
analysis of our ESR data, J,,(q) is thc Fouricr ransform of
the spatially varying cxchange. In our analysis we will only
consider the contribution from a single ¢-¢ band, because the
measured thermal broadenings of the linewidths were found
io be much smaller than those expected for the measured g
shifis =%

As mentioncd above the clectronic contribution (o the
hcat capacity for the YInCu, compound vyiclds a
y=1.63(6)mI/mol K2. Assuming a frec c-e gas model for
YinCu,, y=(23) wk? n(Ef), we calculate a density of states
a1 the Fermi level, p(£g)=0.34(2) siates/cV mol spin. For
this density of states, onc would cxpect an clectronic-spin
susceplibility, x,=2uan(Ef), of ~0.03%X107* emw/FU.
That is of the order of the "background’” susceptibility (cor-
recicd for the core diamagnetism) measured at high empera-
tures for this compound (see Fig. 3). Hence, one can assume
that clectron-clectron corrclations arc not  important in
YInCu,. Taking into account only thc wave-vector depen-
dence of the exchange interaction, J,(q)."' in Egs. (1) and
(2) the exchange paramciers should be replaced by J (03
and {J2(q)), respectively. At the Gd** site the g shift
probes the ¢-¢ polarization (g = 0) and the Korringa raic the
c-¢ momenum transfer (0=q<2kp) averaged over he
Fermi surface.?' Using n(Ex)=0.34(2) statcs/cV mol spin,
Ag=0.011(4), and 5=0.9(1) Oc/K, we found thc cxchange
parameters between the Gd** local moment and the ¢-¢ in
YInCu, 10 be Jy(0)=32(10) meV and {J7,(q))'?=18(5)
mcV,

For YbInCu, the low-iemperature lincar part of the heat
capacily gives an clecronic  contribution  of
y=50(5)mlfmot K2.*%' For a frcc c-¢ gas we obtaincd
#(Ey=10(1} stales/cV mol spin, aboul 30 times larger than
thal found for YInCu,. For this density of siatcs, we ob-
tained a c-e- spin  suscoptibility, x.=2ugpm(Ep), of
~0.7%107* cmwFU. This is onc order of magnitude
smaller than the temperature-independent part of Lthe suscep-
uibility measurcd in this  compound for
T<45 K, 6(1)x10"? crmw/FU. This suggests that a strong
clectron-clectron exchange cnhancement contribuies to the
¢-¢e spin susceplibility in YbInCu, below its valence transi-
ton. It is known, that in the presence of such an clectron-
clectron exchange enhancement, the host melal ¢-¢ spin sus-
ceplibility can be approximated by

TABLIL L. ixperimental parameters for Gd:(Yb,YInCu,.

a b c Y B
g . Oe Ou/K % mi mJ
Yu(Gd)InCu, 2.073(R) 150(20) 16(1) 0.18(2) 50(5)" 0.33(4)*
Y(G3)InCu, 2.004(2) 42(5) 0.9(1) 0.25(2) 1.63(6) 0.327(2)
Tese de Dowtorado - 1999 o B 31
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TABLE 11. Bxtracted parameters for Gd:{Yh,Y)}inCu,.

7Ep) by J(9 (Frl)”?
states K meV meV K(a) «
¢Y mol spin
Yh{(Gd)InCu,, io(r)* ~ 276" 2.4(1.5) 1.3(1.0) 0.36(20) 0.7(2)
Y(Gd)InCu, 0.34(2) 330(5) 32{10} 18(5) ~ 1 ~ 0

1Sec Refls. 4, 6, and 16.

(E
xe=2ui REE, @

where o accounts for the clectron-eleciron interaction,
{1—a)~! is the Stoner enhancement facior, and 7(Ej) is
the bare density of stales for onc spin direction at the Fermi
level obtained from specific-heat expeﬁmem.s. An upper
limit for @ of ~ 09 is cslimated assuming that the
tnmpcralum-mchpcndmt part of the susecpuhlhty.
6(1)%X 1073 emwFU, is only due 10 an enhanced ¢c-¢ spin
susceplibility.

In the presence of electron-electron exchange enhance-
ment and a q dependence of the cxchange interaction,
J4(q), the g shift [Eq. (1)] and the thermat broadening of the
Jmewidth [Eg. (2)] may be rewritten as?

WE )
Ag=Jn(0)— )
and
d(AH) 'rr ( )
whcrc K( a) is the Komnga cxchangc enhancement
L I T 1t ooyt
d(AH)  mh {JAQ)

B — £
I 2mn IH0) (4g)'K(a). )]
Using Ag=0.08(1), b=16(1} Oc¢/K, and assuming that
the wave-vector dependence of the exchange interaction in
YbInCu, is the same as that of its isomorphic compound
YInCu,, ie.. [{J7,(q)/7;(0)]~031(15), we caiculaicd
K(a)=0.36(20) from Eq. (7). From the work of Shaw and
Warren® this value corresponds to a~ 0.7(2), which is com-
patible with the upper limit of ~ Q.9 estimated from the
cnhancement of the ¢-e spin susceptibility, Then, using

2 E)= 1X1) siaes/cV mol spin, a~0.7(2), and Egs. )
and (6) wec oblain, J(0)~24(15) meV and
(53.())'P~13(1.0) meV for the cxchange parameters he-
tween Gd** and the c-¢ in YhInCu,. These valucs arc at
least ten times smaller than their respective values found for
Gd** in YinCu,, suggcsting 8 much higher ¢-e¢ localization
for the Yb than for the Y-based compound. That is consistent
with a large n(Eg) associated with 2 **narrow™ band at the
Fermi Jevel in IV and HF sysiems, Table 1T summarizes the
paramelcers oblained in the present work for Gd** in
(YD, Y)InCu,.

V. CONCLUSIONS

The BSR dala presented for Gd*! in the IV phasc of
YbInCu, (7<T,) show thal the large density of states at the
Fesmi Ievel, characteristic of an IV and HF system, resulls in
a g shifl and a Korringa raie larger than those found in its
reference compound YInCu,. Our resulls alsa indicaie that
the high deasity of states of an TV system perturh the g shifl
and the Korringa ralc in a diffcrent way, We found that these
parameters are strongly dependent on the electronic proper-
tics of the chosen compound, such as clectron-cleciron cx-
change interaction,” wave-vecior dependence of the ex-
change iteraction. J, (ay 21 band struetare ?® and the Toeal-

In SINMary, our FCRINLS Show dhli LI CAPLOLCHLY Cin
be used 10 monitor the high density of states in some of the
highly correlated clectron IV and HF systems. However, one
should be aware that this property may not be observable for
other stwrongly onrrclalcd clectron systeins when using the
ESR icchnique. >
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Electron spin resonance (ESR) experimenis of paramagnclic ions in
metallic compounds have been used o mveshgalc the integaction between
conduction—electron (c-¢) and paramagnetic ions. The Gd** Korringa rate
and g-shift mcasured in ESR, the susceptibility and specific heat data of
LuInCu,, allowed us 10 exteact the exchange parameters between the Gd™*
local moments and the c—e in this compound. These paramcters were found
to be c—e wave-vector dependent. © 1997 Published by Elscvier Science

Ltd

1. INTRODUCTION

Many rare-earth intennetallic compounds present interest-
ing physical properties that can be studied by means of
Electron Spin Resonance (ESR) experiments. In a simple
metallic host, the exchange parameters between the local
magnetic moments and the conduction—clecirons (c—-¢),
the electron—electron (e—e) exchange enhancement and
the type of c—e at the Fermi level can be obtained
from these experiments, LulnCu, is an intermetallic
compound with a cubic AuBey (C15b, F43m)-type of
structure [ 1]. In our previous work (2], the isostruciural
compounds RInCuy (R = Yb, Y) were also investigated
at low temperatures by means of ESR. The Yb-based
compound is an intermediate valegee (1V) f~ion system.
This system has been intensively studied by a varicty of
technigues [3-5]. ESR in 1V compounds require that the
obiained results be compared with those of a reference
compound. In this work we present low temperature ESR
of Gd** in LuInCuy,, another reference compound of the
YbinCu, IV compound. Also, susceptibility and specific
heat measurements are given. The results allowed us to
confirm the assumption mede in our prevlvus work [21,
that the exchange parameter ratio, U,,(q))U #(0), may be
the same for isostructural compounds,

2. EXPERIMENTAL DETAILS
Single crystals of Lu,_,Gd,inCu, (0.0002 = x = 0.002
nominal) were grown from a flux of excess InCu by the

t Current address: Department of Physics, San Diego
State University, San Diego, CA 92182, US.A.

methex! described elsewhere [6]. The crysials were of
cubic-like shape with typical sizes of 4 X 3 X I mm’.
For the high temperature ESR measurements. powdcred
crysials were used in order o increase the ESR signal to
noise ratio. The ESR experiments were carried out in a
Varian E-line X-band spectromcter, using a  liquid-
helium (il dewar (1.7-4.15K) and a helivm gas flux
(7-100 K} adapted to a room-temperature TEq cavity.
The susceptibility measurements were made in a Quantum
Design d.c. SQUID magnetometer, Specific heat measure-
ments were performed in a small-mass calorimeter system
that employs a quasi-adiabatic thermal relaxation technigue
17}. Samples employed here ranged in mass from 45 mg (o
145 mg.

3. EXPERIMENTAL RESULTS

Figure | shows the ESR powder spectra of Gd™
(=0.03%) in LuinCu, measured at T = 1.6 K. Typical
Dysonian lineshapes [8] with A/B=22(2) were
observed. This type of lineshape is characteristic of
localized magnetic moments in a metallic lattice with a
skin dcpth smaller than the size of the sample particles.
The g-value and linewidih were obtained using the
fitting of the resonance to the appropriate admixture of
absorption and dispersion [9]. The solid line is the best fit
10 the observed resonance.

Figure 2 gives the temperature dependence of the
linewidth for the LulnCu, compound. The lincar depen-
dence of the linewidth was filed to thc expression
AH = a + bT. Within the accuracy of the measurements,
the g-values were found to be temperature-independent.
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Lu, Gd InCu,

3
=
.4
£
£
.
o
5.
i
<
a1 3:2 3:3 34
Magnetic Fleld (kG)

Fig. 1. ESR powder specira of (2) 0.03% of Gd** in
LulnCu,, The solid line I the best fit 10 the obretved
resonance using the appropriate admixture of absorption
and dispersion.

The a, b and g values were, within our experimental
error and used concentration, independent of Gd-
concentration. In single crystals the Gd™ resonance did
not show crystal field features, i.e. fine structure and/or
anisotropic linewidih.

Figure 3 shows the tempcratnre dependence of
the magnetic susceptibility, x(). for Lu,Gd,_,InCu,
(x == 0.0002(2)). The Gd concentrption was estimated
from the low temperature tail (7" = 40 K) of x(T). assuming
a Curie~Weiss law for Gd**. From the high temperture,
we have estimaled a lemperature-independent contribu-
tion (Pauli susceptibility) of 0.027(3} X 10~ emu/FU,
which is similar to our previous mcasurements in
YinCu, 2}

IN LuinCu, Vol. 104, _No. 4

Fipurc 4 presents the specific-heat of LulnCu,
al emperature between 2K ST =<20K. The low
temperature (2 < T <7 K) /T dala increase lincarly
with {sce inset in Fig. 4). The fitting parameters
obtained (rom these data are v = 2.03(3) mJ mol-K -2
and B = 0.41(2) mJ mot-K™*. The Debye tcmperature,
85, = 305(5) K, is aiso obtained.

Table 1 summarizes the experimental paramelers
obtained in the present work for LulnCu,.

4. ANALYSIS AND DISCUSSION

In the simplest treatment of the exchange interaction,
4585, between a localized 4f electron spin (S) on a solute
atom (Gd>*} and the frec c~e"s spin (s) of the host metal,
the BSR g-shift (Knight shift) {10] and the thermsl
broadening of the linewidih (Korringa rate} (11}, when
“*bottleneck™ and “*dynamic’’ cffects arc not present
[12]), can be wrillen as

Ag = Jn(Ep), )
and

dAl _ wk 5,

ar ‘-#';Jﬁ'l (&) ¥

where Jf is the effective exchange interaction between
the Gd™* local moment and the c—c in the absence of c—e
momentun transfer |13), n(£f) the **bare’” density of
states for one spin direction at the Fermi surface, k the
Bolizinan constant, ugs the Bohr magneton and g the
Gd** g-value.

Equations (1) and (2) arc uscd in the analysis of ESR,
data for highly diluted rare-carths magnetic moments in

160
Lu‘l—'del ncu4

120 4
8 ) ¥ LR
: ...,..,i_I“..
E .!.!.UI.I ..... Ijl

40- ..--..

0 . l | | ] |

° 10 = . i

Temperature (K)

Fig. 2. Temperature dependence of the ESR linewidth for 0.03% of Gd** in LulnCu,. The dashed linc is the best fitto

AH =g+ bT.

Tese de Doutorado - 1999
P.G. Pagliuso

35

A%
=X

UHICAMP



Capilulo 2.3

YbinCu,_e scus compostos de referéncia

Vol. 104, No. 4 ESR OF Gd™ IN LuinCu, 225
Table 1. Experimental parameters for Gd : LulnCuy
g a b ¢ ¥ B
Oc OcK™' % mifmol-K? ml/mol-K*
Lw(Gd)InCu,  2.003(2) 41(2) 0.9(1 ~0.2 2.03(3) 0.41(2)

intermetallic compounds with appreciable residual
resistivity, i.¢. large c—e spin-flip scattering. In our case
the ESR parameters are found to be independent of
the concentration {12]. Hence, it is expected that the
following relation would hold:

dAH)  wk
=== At 3
T = garae) 3

Using the g-value of Gd** in insulators as 1.993(2)
114), (xkigup) =234 % 10 Oe K™', the measured
g-shifts and the thermal broadening of the linewidth, b,
for the Gd** resonance in LulnCu, we found that using
Ag =~ 0.010(4) In equation (3). a thermal broadening
b = 2.4(8) Oc K~' is obtained. That value is farger than
the measured one, &= 0.9(1) Oe K=\, Therefore, we
conclude that the approximations made in equations (1)
and (2) are not valiJ for this compound and conduction
electron—clectron correlations (15, 16} and g-dependent
exchange interaction, J4(q) [13], must be considered
in the analysis of our ESR dala. Ju(q) is the Fourier
transform of the spatially varying exchange. In our
analysis we will only consider the contribution from
a single c-e band, because the measured thermal
broadening of the linewidih was found to be muich smaller
than that expected for the measured g-shift |17, i8).

Lu, Gd InCu,

L H = 6 kOe

1 x10* (emu/mol)

190 160 200 250 300

Temperature (K)

Fig. 3. Magnellc susceplibility as a fum.tmn uf

lemperature measured at 5 kOe for 0.02% of Gua't

LulnCu,. The solid line is the best fit to x =

xn + CHT = ) with xo = 0.027(3) X 10~ emu mol

the Curic constant C = 0.00189 emu. K mot ™! .md
= -0ihHK
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As mentioned above, the elecironic contribution o
the heat capacity for the LulnCu, compound yields to
¥ = 2.03(6) m) mol-K ™. Assuming a free c—e gas
model for LulnCuy, v = (222 n(Ep), we calculate a
density of states at the Ferml level, n(Ep) =
0.42(2) states eV "' mol-spin. For this density of states,
one wolld expect an electronic spin susceptibility,
xe = 25n(Er), of =0027 X 107" emu/FU.  This
value is of the order of the **background’’ susceptibility
(corrccted for the core-diamagnetism) measured at high
temperatures for this compound (see Fig. 3). Hence, one
can assume that electron—electron correlations are not
important in LulnCu,. Taking into account only the
wave-veclor depcndcncc of the exchange interaction,
Jo(q) (i3], in equations (1) and (2) the exchnngc
paramcters should be replaced by J4(0) and {(Ji(q)).
respectively, Al the Gd* site the g-shift probes the
c—e polarization (g = 0) and the Korringa rate the c—¢
momentum transfer (0 = q = 2k,) averaged over the
Fermi surface [13). Using n(E;) = 0.42(2) states ev ™'
mol-spin, Ag=0010(d) and b=091 0K,
we found the exchange paramelers between the Gd'*
local moments and the c-¢ in LulnCuy 0 be,
J(0) = 24(6) meV and {J3(q)'? = 15(4) meV. Table 2
gives the extracted parameters for LulnCuy,

The exchange parameter J4(0) is found o be positive.
Hence, we conclude that the exchange interaction with

350

00 |

CIT (et K )
z
]
.
»

160 4

CIT (mJimol K*)

100 4 s

0 T ¥ T
o 100

THKY)
Fig. 4. Specific heat (C/T) as a function of T° for
LulnCuy. The insct shows the low tempetatare 7° depen-
dence of CIT, Thc solid line in the insct is the bcsl fit 1o

CIT = v + BT, with = 2033 m) mol-K ™ amd
8 =041(2) mJ mol K™
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Table 2. Extracied parameters for Gd : LulnCu,

ESR OF Gd™ N LulnCu,

Val. 114, No. 4

2Ee) 8p J140) U™
states/cV mol-spin K meV meV
Lu(Gd)InCu, 0.42(2) =305 24(6) 15(4)

the c-e is of atomic-like for Gd"™ |13). The values
of Ji®) and (J3(q)} lead 10 the ratio [(.l,,(q))l
J,,(o)] = 0,39(18) for LulnCu, This value is close to
those ecxtracted Ffor this ratio in the isostructural
compounds RInCuy (R = Y, Yb)IZ] The same behavior
was found for the lU;,(q))IJ,,(O)I ratio in the Kondo
lattice compound YbAgCu, and its reference compounds
RAgCu, (R=Y, Lu) {19]. Thus, these resulis
suggest that this ratio may be the same for isostructural
compounds.

5. CONCLUSIONS

the ESR data presented for Gd*! in LulnCuy show o
g-shift and & Korringa rate cheracteristic of localized
magnetic moment diluted in a simple metallic host. The
results allowed us to exiract the exchange parameters
between the c—¢ and Gd**. The exchange mlemclton is
found to be wave-vector dependent. The |(Jf,(q))l.l,,(0)t
ratio for LulnCuy is nearly the same as those found
for the isomorphous compounds RInCu, (R = Y, Yb).
Negligible electron-eleciron exchange interaction was
found in LulnCu,.
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2.4) Estudos de RPE de Gd* no composto Tipo Rede de Kondo YbAgCu, e seus
compostos de referéncia (Y, Lu)AgCu,.
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ESR of Gd** in the Kondo-lattice compound YbAgCu,
and its reference compounds RAgCu, (R=Y,Lu)

P. G. Pagliuso and C, Retiori
Instituto de Fisica 'Gleh Wataghin,*' UNICAMP, 13083-970. Campinas-SP'. Brazi!
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A. Comelius and M. F, Himdlcy
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(Received 14 March 1997)

Low-temperature (7<30 K} clectron-spin-resonance {IISR) experiments of Gd'' diluted in the Kondo-
lattice compound YhAgCu, snd s reference compounds YAgCu, snd LuAgCu, are interpreted in lerms of an
enhanced density of sistes at (he Fermi level for the Yh-hased compound. The results of susceptibility and ISR
(I(orrlngl rale nml £-xhift) rrmuremenls show negligihle cleetron-eleciron exchange enhancement for all the

I eomy The between the Gd*' locnl moment and the conduction clectrna
(c-e) in c-c wave vecior dcpemicnl in all three compounds. |S0163-1829(37)1038-2|

L INTRODUCTHON a tcmpcmlum-(lcpcndcnl sagnelic  susceptibility with a

maximumn al ~35K,! that can be described by the Bethe-

Hybridirstion between  localized  feclecton  wnd  anmatz solution of the Cogblin-Schriclfer Hamiliontan, '

Tese de Doutorado -
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conduction-cleciron (c-¢) stales have molivaled experimen-
talinta and theorcticinns 10 nmdy the pheniuncna involving
nimng electronic correistonn.! The Ce- and Yh-baned com-
poundy are well suited for these studies. The 47 shell of Ce
and Yb may contribule with an electron and a hole, respec-
tively, to the conduction band, simplifying the theoretical
sunalysis. The YbAgCu, umtpmnd of cubic AuBes
(C155,F43m)type siructure.? ia particularly appropriate be-
causc il has the following Kondo-type propertics: (i) » rela-
tively large fincar cocfficient of specific heat, ¥
~ 240 miimol K3, (i) & tomperature-dependent elccmcal
resistivily characteristic of a Kondo-latice syatem. and (jii)

The mlluvcly weak interaction belween the Yh magnclic
momenis’ makes clectron-xpin resanance (ESK) of dilmed
Gd** In YbAgCu, nuitshle o study the electronic properties
of this compound. For comparison, the ESR of Gd'* In the
reference compounds of YAgCu, and LuAgCu, were mea-
sured. Complimentary susceptibility and specific-heat cx-
periments were also performed.

In a recemt paper we have atudied the ESR of Gd** in the
intcrmodiate valence phase (1‘:1 =~ 50 K) of YbinCu, and
ils reference compound YlnCu,* Thosc resulis were inter-
preted in terms of an cnhanced density of sistes at the Fermi
level for the Yb-based compound. The aim of this work is 10

T=18K
Yb, Gd AgCu,
2
[ 1G. 1. Low icmperstore, T'=16K, 1SR
E Y, Gd AgCu powder apecta for (a) 09(2)% of Gd*' in
@ T 4 YhAgCu,. (h) 0.22(2)% of Gi** in YAECu,, and
2 {c) 0.16(2)% of Gd*' in LuApCu,. The solid
o lines are the best fit of the resonance o a Dyson
5 Lu, Gd AgCu, line shape.,
g
o
3
< L i i L A
20 25 e as 4.0 4.5
Magnetic Fleld (kOe}
0163-1329/97/56(14/8933(51/$10.00 6 8933 0 1997 The American Phvical Sucicty
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1000 1200
;
soo |- 4 1000
| 11? . Yb,_GdAgCu,
g wl -;_{ = Y, GdAgCu, {e00
3 i{!- o Lu, GdAgCu, | 19G. 2. Temperature dependence of the 1SR
T w0l i‘ N ™ linewidth for 0.92)% of Gd*' in YbAgCu,,
] S 0.22(% of Gd®' in YAgCu, and 0.16(2)% of
@ ‘.O s ! / 1 Gt in LuAgCu,. The dashed lines are the best
:':_ wol ,° = Ii%i i 4 400 fit o Alf=a-+bT. a and b arc given in Tabic 1.
...... 5B
. "
oalge
of b -1 200
0 3 10 6 20 2 30 s
Temperature(K)

siudy, also via ESR of Gd** impuritics. the electronic prop-
ertics of the Kondo-lattice compound YbAgCu, and comparc
it with the intermediale valence compound YbinCu,,

Ik EXPERIMENT

Single crystals of R, - ,Gd,AgCu, (R=Yb,Y,Lu; 0.0008
=r=0.009 nominal) were grown from a flux of, cxeess
AgCu by the method described elsewhere.? The crystals were
of cubiclike shape with typical sizes of 4X3X 1 mm’, The
room-lemperature lallice parameters were measured in x-ray
powder-diflraction experiments. The ESR experiments have
been carried out in a Varian E-line X-band s ter,
using 2 liquid-helium tail dewar (1.6-4.15 K) and a helium
gas Nux (7-30 K) adapied o a room-temperature TE,q, cav-
ity. For the high-temperature ESR measurements, powdered
crystals were used in order to increase the ESR signal-to-
noise rago. The susceptibility measurements have been taken
in a Quantum Design de superconducting quantum interfer-
ence device magnetomeler. Specific-heal measurements were
performed in a small-mass calorimeter sysiem that employs a
quasiadiabatic thermal relaxation technique.'® Undoped
samples have been used for these measurcments and the
masses ranged from 43 to 145 mg.

11I. EXPERIMENTAIL RESULTS

Figure 1 shows the ESR powder spectra of Gd** diluted
in YbAgCu, YAgCu,, and LuAgCu, measuced at 7T
=1.6 K. Typical Dysonian line shapes'! with A/B=~2.2(2)
were observed. These line shapes are characteristic of local-
ized magnetic moments in a metallic host with a skin depth

smaller than the size of the sampie particles. The g value and
lincwidth were obtained from the fitting of the resonances to
the appropriatc admixture of absorption and dispersion,'?
The solid lines, in Fig. 1, arc the best fit o the observed
resonances.

Figurc 2 gives the temperature dependence of the line-
width [or the three compounds. The lincar dependence of the
linewidth was fitted 10 the cxpression A =a+b5T. Within
the accuracy of thc mcasvrements, the g values have been
found 10 be temperature inkdependent. The a, b, and g pa-
rameters were, within our cxperimental error and used con-
centrations, independent of the Gd concentration. Their val-
ues are shown in Table 1. In single crystals the Gd®*
resonance did not show crysial-ficld features, e, fing struc-
ture and/or anisotropic lincwidth,

Figure 3 shows the magnelic susceplibility, corrected for
the compound core diamagnelism, for some of the samples
uscd in our ESR experiments. From the low-iemperature Lails
(T<20K) the Gd concentrations were cstimated and their
valucs are given in Table I For T>20 K, the tcmperature
dependence of the susceplibility of the Yb, - ,Gd AgCu,
samples prescnts similar features 1o that found in undoped
YbAgCu,.’

Figure 4 shows the specific heat for the RAgCu, (R
=Yb,Y,Lu} crystals in the emperature range of 2K<T
<20K. The low-temperature C/T dala increase lincarly
with 72 as scen in the insct of Fig, 4. The fitling parameters,
¥ and S, obtained from these data are given in Table I No-
tice that our values for ¥ and B in YbAgCu, are significantly
diffcrent from those found by others.™* This probably has 10
do with the high purity of our crystals.” The density of siates,

TABLE I. Experimental parameters [or Gd:RAgCu, (R =YD, Y.Lu).

——
a a b [ Yy B
A 2 Oe Oe/K % mimol K2 mM/mol K*
Yo{Gd)AgCu,  708(1) 21D 12315 423) I 207(6) 0.63(6)
Y{Gd)AgCu, 720(1)  2.10() 279 is(l)y 022 LL4(2) 0.46(2)
71000 200(1)  180(12) 10.0(2) 0.68(2)

Lu(Gd)AgCu,

(1) 0.16(2)

e e
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0.024

, L N Yb,_‘Gd,AgCu‘

0.020 )
_ ., = Y, GdAgCu,
2 ool ¢  Lu, GdAgCu,
o] 3
g 0.012 | F1G. 3. Temperature dependence of (he mag-
2 | nclic suscepltibility, measurcd at 5 kOe, for 0.17%
» 0.008 - of G&*' in YbAgCu, 0.22% of Gd*' in
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#{Eg), and the Debye temperaiures, &5, extracied from  and

these parameiers aze given in Table 11
Table 1 summarizes the experimental parameters obtained
in this work for the RAgCu, (R=Yh,Y ,Lu) compounds.

IV. ANALYSIS AND DISCUSSION

The cxchange interaction, J.8-s, between a localized 4/
clectron spin {8) on a solute atom (Gd* ') and the free c-¢'s
spin (s) of the host meial, results in a g shift (Knight shify)*
and in a thermal line broadening (Korringa relaxation)' of
the ESR spectra. Conduction clectron-clecron  exchange
enhancement' '8 and q-depemdent cxchange interaction,
Ji(q),"" arc oficn used in the analysis of the ESR data?
Ja(q) is the Fourier ransform of the spatiaily varying ex-
change coupling. In this case, and when “*bottlencek’ and
“dynarnic”* cliects arc not present, the g shift (Ag) and
Kominga ratc (b) can be writicn as'*

HEF)
|-

o

Ag=Ju(®) . (n

_dAIN mk 2 gy KL )
T =§;;(Jra(0))ﬂ{-n-)m. (2

where (0 and {Fi(q)) arc the effective cxchange param-
clers between the Gd*' Jocal moment and the c-¢ in the
presence of c-¢ momentom transier.’”” Under this assumption
the Gd* g shift probes the c-¢ polarizaticn (g=0) and the
Korringa ratc the c-¢ momentum transfer (0=<q=<2k;) aver-
aged over the Fermi surface.'” (1—a)” ' and K(e) are the
Stoner and the Korringa cnhancement factors, respectively,
due 10 the clectron-cleciron (c-¢) exchange intesaction. ™1
#EF) is the *‘bare’* density of states for onc spin direction
at the Fermi level, & is the Boltzmann constant, py is the
Bohr magneton, and g is the Gd** g value.

Equations (1) and (2) arc appropriated for the analysis of
ESR data of highly diluicd rarc carths in metallic hosts with
appreciable c-c spin-flip scaucring, i.c., unbottleneck regime,
We lound in this work that the ESR parameiers do not de-

g

CIT (mJimol K )

100

-100

171G, 4. Specific heat (C/TY as a lunction of

a® 72 for RAgCu, (R=Yh.Y lu) compounds, The

insct shows the tow-iemperaiure ¥2 dependence
of C/T. The solid linc is the best fit to C/T=y
+ @712 yand B arc given in Tabie L.
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TABLI 1L, Lixtracted parameters for Gd: RAgCu, (R=Yb, Y Lu).

7Ep) o Jed®) Y
states/eV mol spin K meV meV K(a) a
Yh{Gd)AgCu, 44(2) ~164 4.0(3) 0.9(2) 0.9(4) 0.1(4)
Y{Gd)AgCu, 2.42(4) =204 44(5) Li{1) o | ()
La(Gd)AgCuy 2.12(4) w257 45(5) 10(1) - | ={)

pend on the Gd** concentration. chcc. it is expecied that
the following relation would hold:™!

d(AH) 7k (i)
dT gﬂ-s Jz(”)

(8g)*K{a). 3

In our znalysis the contribution from different ¢-¢ bands
can be neglected, because the measured thermal broadening
of the linewidths is much smaller than that expected from the
mcasured g shifis. 22

The clectronic contribution o the heat capacity of these
compounds yiclds 1o the ¥y valuces shown in Table L In a frec
c-¢ gas model y=(UN w2k p(EF). Thus, the density of
statcs at the Fermi level, (£y) can be estimaicd (or the Y-
and Lu-based samples (scc Table D). From the density of
stales, the clectronic spin susceptibitity, x, =22 9(E;), can
be cvalvaied. The values calculated are 015X 107? and
0.13x 10 ? emw/FU for the Y- and Lu-bascd, respeciively.
These results are in good agreement with their susceptibility
measured at high emperatures (Pauli susceptibility), once
correcicd for the core diamagnetism (sce Fig. 3). Hence, onc

can assume thal e-c exchange cnhancement is nol imporiant

in these compounds, i.c.. a~0 and K(a)~1.'%20

The exchange parameters between the Gii*' focal moment
and the ¢-c in RAgCu, (R=Y,Lu) were cstimalted vsing Eq.
(3), where we used lhc g valuc of Gd** in insulators as a
reference, 1.993(2),F wkigpua=234%10° Oc/K, and the
values of Ag b, and {Ep) listed in Tables | and II. Table
Tl summarizes the obtained valucs. Notice that the ratio,
(@) T (D), is ncarly the same for these isomorphous
compounds.

For the analysis of the Gd** ESR data in YbAgCu,, wc
assumc thal the ratio, (J3(q))/J5(0)~0.056(4), is thc same
for YbAgCu, and RAgCu, (R=7Y,Lu) compounds. Using for
YbAgCu, Ag=0.18(1) and b=42(2) Oc/K from Table 1,
we calculaled K(a)~0.9(4) from Eq. (3). From Refs. 19
and 20 this value corresponds o a~0.1(4), ic. for
YhAgCu,, the c-¢ exchange enhancement is also negligible.
There i5 still nol a model that includes the e-¢ cxchange
inicraction for the analysis of the ESR, magnetic snsccpub:l-
ity, and specific-heat data in Kondo-lattice sysicms.>* Hence,
at the moment it is not possible to compare the Stoner l‘aclnr
obtaincd from ESR and that from transport measnrements.”
Thus, the best we can do is 10 use (EF=43(2) states/
cV mol spin, a~0.1(4) (scc Table I1), and Egs. (I) and (2)
10 estimaie the cxchange parametess, J4,(9) and (J2(q))'7?,
between Gd** and the c-¢ in YbAgCu,. Those values are
given in Table 1.

The cxchange parameters, Jo(0) and {J2{q)}'? calcu-
lated for YbA#Cu,, arc both about ten times smaller than
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their respeetive values for the Y- and Lu-based compounds.
This may suggest a much higher ¢-¢ localization {or the Yh
than for the Y- and Lu-based compounds. That is consisient
wilh the large density of slates associated with a “*narmow™
4f band al the Fermi level of the Kondo-lattice compound
YbAgCu,. But a smaller positive cxchange paramcler,
4{0), may also suggest a larger covalent (interband mixing)
contribution o the cxchange paramcics in the Ybh-based
compound.'”® Howcver, due 1o the oversimplificd modcl
uscd to extract the density of siates, 7(£,). thc values for
J5(0) and {J2(g))'? obiaincd for YhAgCu, should be taken
with extra caution. Collective effects may cnhance the den-
sity of states,”’ p(£,). Thus, our values represent just a
lower Junit for the cxchange paramelers,

V. CONCLUSIONS

The large density of states at the Fermi Jevel for the
Kondo-lattice compound YbAgCu,, characteristic of highly
comrclated cleciron systems, resulis in a larger g shift and
Korringa ralc of the Gd*' resonance when comparcd with
the corresponding values of its reference  compounds
RAgCuy (R=Y,Lu). The cxchange intcraction helween the
localized magnctic moment of Gd'' and the c-c is wave-
veclor dependent, Ji(q), Tor all three isomorphic com-
pounds. The exchange parameler, J¢(0), is found 10 be posi-
tive for all of them, As YhAgCu, is a Kondo-lattice sysiem,
an antifcrromagnetic cxchange interaction is expected be-
tween the localized magnetic moment of Yb*' and the c-c.
Hence, we conclude that the cxchange inleraction with the
¢-¢ is atomiclike for Gd*' and covalentlike for Yb*' .\’

There is an intcresling obscrvation 0 be made from the
resulis of our previous measuremenis in the intcrmediale-
valent compound YbInCu, (Ref. 8) and the present measure-
ments in the Kondo-lauice compound YbAgCu,. Both com-
pounds belong to the class of highly corrclaled clecteon
syslems with rclatively large ¥ values, 50(5) and 207(6)
mlimol K? for YbinCu, and YbAgCu,, respeclively. For
YbInCu, cur results suggested a large clectron-clectron ex-
change inicraciion. Instead, for YbAgCu, this intcraction,
within the accuracy of our experiments, scems Lo be neghi-
gible. Il 50 Cogblin-Schricller’s model for magnctic impun-
tics dissolved in a frec c-¢ metal5? could be a good dcscnp~
tion for the magneiic susccpnhlhly. x(1), of YbAgCu,."

Finally, as in our carlier work.® the present results show
that ESR experiments of Gd** diluted in metalfic hosts with
large clectronic effective masses may be used to probe the
high density of states at the Fermi level of these compounds.
Howcver, we should mention that ESR failed o observe this
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property  in other  strongly  comrclated  clectron ACKNOWLEDGMENTS

systems. ®-¥'Therefore, a model that 1akes into accouni the
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perturbation of the local density of statcs, and c-¢ intcrac-
tions is nceded for a realistic analysis of the ESR resulis.
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2.5) Esiudos de RPE de Gd* ¢ Nd'' no composto LulnAg (A = Ni, Cu) - (submetido para
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ESR of Gd** and Nd** in LulnA, (A = Cu, Ni)
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Abstract

Low temperature (1.6 K < T X 60 K) data of Elcctron Spin Resonance for
Gd* and Nd%* diluted in LulnA, (A = Cu, Ni) compouncs are presented.
The results are interpreted in terms of a density of states at the Formi level
built up of a single s-band for the Cu-based systems and a multiple (s and
d) bands for the Ni-based system. The susceptibility 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
(Gd** and Nd**) local moment and the conduction cloctrons depends on the

conduction electron wave-vector.
76.30.Kg,78.30.-v,71.20.b,71.20.Lp
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Capitulo 2.5 ' LulnNIR = Ni, Cu)

L. INTRODUCTION

Electron spin resonance (ESR) of rare-earths (RE) impurities in metallic hosts has been
widely used to study: ) the exchange interaction between the impurity localized maguetic
moment and the conduction-electrons, ) band structures effects of the host metal, i)
crystal field effects, i) hyperfine interactions, v) highly correlated clectron systems, and vi)
superconductivity of the host metal.!

The exchange intcraction experienced by a RE ion itnpurity in transition metals*® and
intermetallic compounds®* varies in sign and magnitude depending on the transition metal
jion.! Because of the stability of the Gd*+ and Nd** ions 4f shell, the negative exchange
integral is not associated with a covalent mixing mechanism.® It has been suggested that a
negative effective exchange for RE impurities in some d-band compounds is due to the lack
of orthogonality between the 4f and d-orbitals of the neighbor sites.®® The purpose of this
work is to show that ESR of Gd** and Nd** 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 Gd** in LuInCu,? and YI]JC\.MG could be explained in terms of a single s electronic
band contribution to the density of states at the Fermi lovol, Alternatively, wo will show
here that the ESR data of Gd* and Nd*+ in LulnNi, cannot be explained with a single
band. We propose that the contribution of s and d electronic bands to the density of states

bt Feraad level b e paivesd Bo o cpladi 1 k.

I1. EXPERIMENT

Single crystals of Lu, .. RE;InA, (RE = Gd,Nd; A= Cu,Nj; 0.0005 £ z < 0.005 nominal}
of cubic AuBes (C15), F43m)-type structure® were grown from a flux of excess InCu by the
method described elsewhere.!® The crystals were of cubic-like shape with typical sizes of
4x3 x1 mm®. The ESR experiments were carried out in a Varian E-line and a Bruker

ELEXSYS X-band spectrometers, using a liquid-helium tail dewar (1.6 K - 4.15 K) and
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Capitulo 2.5 ‘ LulnNL{R = Ni, Cu)

a helium gas flux (4 K - 60 K) adapted to a room temperaturc TE;q2 cavity. Dysonian
lincshapes'! with A/B = 2.2(2) werc always observed. These lineshapes are characteristic of
localized maguetic moments in a metallic host with a skin depth smaller than the size of the
samples. In order to increase the ESR signal to noise ratio, powdered crystals were used in
most of the ESR measurements. Experiments conducted in single crystals did not show any
anisotropy which could be attributed to crystal field effects. Susceptibility measurements
were made in a Quantum Design dc SQUID maguetometer. Specific heat measurements
were performed in a small-mass calorimeter system that employs a quasi-adiabatic thermal

relaxation technique.’? Samples used here ranged from 50 mg to 150 mg.

II1. EXPERIMENTAL RESULTS

Figure 1 shows the specific-heat for the LulnNi; compound in the temperature range of
2K £ T £ 20 K. In the low temperature region, C/T increascs linearly with T2 as scen in
the inset of Figure 1. The fitting parameters, v and g, obtained from these data are given
in Table I. The Debye temperature, G'D, is given in Table IL.

Figure 2 gives the magnetic snsceptibility data for some of the Lu,_.RE.InNiy (RE =
Gd,Nd) crystals used in ESR experiments, corrected for the compound core-diamagnetism.
Using the effective maguetic moments, perr = 7.94 pp and 3.62 pp for Gd* and Nd**
respectively, the Gd and Nd concentrations were estimated and their values are given in
Table 1. Also, the concentration of the Gd** natural impurities in LulnNi, was estimated
and is given in Table L.

Figures 3 and 4 show the ESR powder spectra for ~ 0.2 % of Gd** and ~ 0.05 % of Nd**
diluted in LulnA (A= Cu,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 deriyatives.“’ The solid lines are the best fit to the observed resonances
and the extracted ESR parameters are presented in Table I. The inset of Figure 4 shows

the Nd** résouances corresponding to the various Nd isotopes and also the Gd** natural
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Capitulo 2.5 LulnNI4(R = Ni, Cu)

impurities resonance. The g-value for the 14°Nd (I = 0) isotope is close to the g-value of a
I's Kramers doublet ground state (g = 2.667). This indicates that the RE are in a site of
cubic symmetry.! Table I gives the hyperfine constants 43A and %A corresponding for the
3Nd (I = 7/2) and M°Nd (I = 7/2) isotopes, extracted from the measured spectra using
the Breit-Rabi formula.'*

Fignres 5 and 6 show the temperaturc dependence of the linewidth for the ~ 0.2 %
of Gd* and ~0.05 % of Nd** diluted in LulnA, (A= Cu,Ni), respectively. The linear
dependence of the linewidth was fitted to the expression AH = a + bT. Within the accuracy
of the measurements, the g-values are found to be temperature independent. The b and g
parameters are independent of the Gd and Nd concentration. The values are presented in

Table 1.

IV. ANALYSIS AND DISCUSSION

Figure 1 shows the electronic contribution to the heat capacity in LulaNi,. A Sommerfeld
coefficient, ¥ = 19(1) mJ/mol-K?, wa.‘s obtained from it. In a free c-e gas model, this cocfhi-
cient is given by v = (2/3)n%k*n(Er). Then, for LulnNiy, we caleulate the density of states
at the Fermi level n{Er) = 3.9(1) states/eV mol-spin. From this density of states, we esti-
mate an electronic spin susceptibility, x. = 2u}n(Er), of 0.31x10~* cum/mol. This valuc
is in good agreement with the susceptibility (corrected for the core-diamagnetisin) measured
at high temperatures (see dashed line in Figure 2). Thus, as in LulnCu,” the Stoner’S factor
is negligible. Therefore, we conclude that electron-electron exchange enhancement is not im-
portant in LulnNiy. The exchange interaction, J,S.s, between a localized 4f electron spin
(S) on the RE ion impurities and the c-e’s spin (s) of the host metal causes a g-shift (I(night
shift)!® and a linear thermal broadening of the ESR lines (Korringa rate).!® Allowing for
a q-dependent exchange interaction, Jy,(q),%!7 but in the absence of conduction electron-
electron exchange enhanceinent,'1? bottleneck, and dynamic effects, the g-shift (Ag) and

Korringa rate (b) can be written as;®®
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gr—1

A#,'
ggg_;

J1.(0) n(EF), (1)

and

d(AH) 7k -1\’
b (dT - 9::13 (gingJ ) < Ji(a) > n* (Er), @

where g; is the ionic g-factor measured in insulators (g; = 1.993%! for Gd** and g; = 2.63%
for Nd**), gs is the Lande g-factor (g; = 2 for Gd** and g, = 8/11 for Nd%*). J.,(0)
and <J7,(q)> are the effective exchange parameters between the RE** local moment and
the conduction-electrons in the presence of conduction-electron momentum trg.nsfcr.” The
g-shift measures the conduction-electrons polarization :(q = 0) and the Korringa rate the
conduction-electron momentumn transfer (0 < q < 2kg), averaged over the Fermi surface.!?
Finally, n{Er)} is the "bare” density of states for one spin direction at the Fermi surface, &
is the Boltzman constant, and pp is the Bohr magneton.

In the analysis of the ESR data for Gd®* and Nd** in LuluCu, the contribution from
different conduction-electron bands can be neglected becanse the measured Korringa rates
are much smaller than those expected from the measured g-shifts (see Eq. 4 below). 232
Besides, Ag and b were found to be concentration independent i.c., the RE3* spin system
is unbottleneck in LulnCug. Thus, by taking into consideration the g-dependence of the

exchange interaction only, Egs. 1 and 2 may be combined to give:1

b wk < J}’,(q) > @)
(Ag)? g  J3,(0)

In the case of the absence of a g-dependence of the exchange interaction, Eq. 3 reduces to

b _ wk
(Ag) gz’

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

4)

LulnCuy. Therefore, a g-dependent exchange interaction must be included. Using in Eqgs.
1 and 2 the g-factors (g; and g;) for Gd®* and Nd3*, wk/g;up, and the values of Ag, b, and

1(EF) given in Tables I and 11, the exchange parameters between the local moment and the
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Capituio 2.5 LulnNlR = Ni, Cu)

conddnction-clectrons for Gt and Nd** in LulnCug were estimated. Table IT sununarizes
these parameters. Notice that the ratio, < J7,(q) >'/2 /J;,(0), is different for each RE®*.
That suggest a different wave-vector dependence of the exchange interaction for cach RE*
in LulnCu,.

To attempt to explain the ESR data of the Gd** and Nd*t in LulnNi, we propose that
contributions from s and d conduction-electron bands are relevant. The justification for this
assertion are: i) the measured Korringa rates are much larger than those expected from the
measured g-shifts (see Eq. 4 and Table 1):*% and ii) the g—sﬂjfts are negative for both
Gd** and Nd**(see Figures 3 and 4). Notice that in the case of a single band medel, due
to the g == 8/11 value for Nd®*, the g-shifts for Gd** and Nd3* are of opposite sign (see

Eq. 1). In a two, s and d, band framework, Eqs. 1 and 2 can be re-written as:?®

-1
Bg = g (J5s(0) 1 (Br) + Jpa(0) ma(Er)), (5)
and
d{AH k [ gr—1Y?
p= 2L — ) ;:“B (m Jg, ) (< J5(a) > 02 (Ep) + Fa < J3(q) > 03 (EF)),  (6)

where £y is the raditcuon s ore pocagatvoi e oo whdel depends of the caliiad dogeaery of
the d-band at the Fermi Level.* For LuluNiy bottlencck and dynamic eflects are not taken
into account because the g-shifts and Korringa rates are RE concentration independent,
and no temperature dependence of the g-shift was measured. In the absence of a band
structure caleulation for L11I;1Ni4, we argue that its band structure will be similar to that of
the isomorphous compound LulnCuy.2” Besides, we have not seen any magnetism (ESR and
Maguectization) that coukl be associated to Ni** (3d®) in LulnNis. Then, we assume that the
contribution of the s-band is the same in both compounds. The density of states associated to
the Sommerfeld coefficient derived above may be written as n, (Er) = 7, (Er) + 72 (EF).
Thus, we can extract the contribution of the d-electrons to the density of states at the
Fermi level in LulnNiy. Using n, (EF) = 0.42(2) states/eV-1mol-spin,’ one finds ny (Ep) = -
'3.48(12) states/eV-lmol-spin. As found for isomorphous compounds,™®?* we may expect

6
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Capitulo 2.5 LuluNl.;{_R = Ni, Cu)

the ratio < J7,(q) >'/2 /J1,(0) to be the same in the Cu and Ni-bascd compounds. To the
best. of our knowledgé there is no caleulation that take into consideration the g-dependence
of exchange interaction between localized spins and d-conduction electrons. So, we take
Jta to be g-independent (< J7,(q) >¥? = Jg(0) = Jpa). If crystal field splitting of the
d electronic lovels (e,, fa) al the Fenmni level are not inchitdcd, the Fy factor in Eq. 6
may be shown to be 1/6.26 Having made those assmnptions we derived the values for the
parameters, < J%,(q) >'/2,J;,(0), and Jya, for Gd** and Nd** in LuluNi4 listed in Table
I1. Notice that the Gd** exchange parameters with the s-conduction electrons, Jy,(0) and
< J},(q) >'?, are comparable to those found in the isomorphous compounds REInCuq
(RE = Y,Lu).”® Therefore, we feel confident abont thé asswinption that the s-conduction
electrous contribution to the density of states at the Fermi level are about the same in these
isqaggphous compounds. Nevertheless, this assumption may underestimates 5, (Er), and in
turn, overestimates ny { Er). Therefore, more precisely, the values extracted for the exchange
parameters in LulnNi4 are an upper limit for the exchange with the s-electrons and a lower

limit for the exchange with the d-electrons.

V. CONCLUSIONS

The ESR data of Gd** and Nd** in LulnCuy are reasonably well described within a
framework of: i) a single s-band model with no electron-clectron exchange enhancement,
and if) a wave-vector dependent exchange interaction between the 4f localized magnetic
moment and the conduction-electrons, Jy,(q). On the other hand, for the LulnNi; compound
a two band model, s and d, with no electron-electron exchasge enhancement can explain
the ESR results. The d-electron band may be thought to be associated with the incomplete
Ni electronic 3d shell.

It is interesting to note that for the Cu-based compounds, our results show that the g-
dependence of the exchange interaction, Jy,(q), is RE-dependent. The Nd3¥ exchange para-
‘meters are systeﬁa‘a.ticﬁlly ‘larger than those of Gd**. That is probably caused by the larger

7
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Nd** 4f shell radius. Again, the values given for the exchange parameters < J7,(q) >/,
Jr:(0), and Jyq for the Ni-based systeins should be taken with care.
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FIGURES
FIG. 1. Specific heat (C/T) as a function of T2 for LulnNiy. The inset shows the low temper-

ature T2 dependence of C/T. The dashed line is the best fit to C/T = v + ST% The parameters

-+ and # are given in Table L.

FIG. 2. Temperature dependence of the measured magnetic susceptibility at 10 kOwe, for 0.16(5)
% of Gd** and 0.06(2) % of Nd®* in LulnNi,, 0.03(2) % of N¢** in LulnCus and pure LulnNi,.
The dashed line is the calculated Pauli susceptibility xo, with n(Er) = 3.9(1) states/eV mol-spin
for LulnNi,.

FIG. 3. ESR powder spectra of ~ 0.2 % Gd** in LulnCus and LuluNiy at T = 1.6 K. The

solid lines are the best fit of the resonance to a Dyson lineshape.

FIG. 4. ESR powder spectra of ~ 0.05 % Nd** in LulnCny and LulnNi4 at T = 1.6 K. The
solid lines are the best fit of the resonance to a Dyson lineshape. The inset shows the resonances

_ for the various Nd3* isotopes and the resonance of natural impurities of Gd?*.

FIG. 5. Temperature dependence of the ESR linewidth for ~ 0.2 % of Gd** in LulnCuy and
LulnNiy. The dashed lines are the best fit to AH = a + bT. Values of a and b arc given in Table L.

FIG. 6. Temperature dependence of the ESR linewidth for ~ 0.05 % of Nd** in LulnCus and
LulnNiy. The dashed lines are the best fit to AH = a <+ bT. Values of a and b are given in Table I.
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TABLES

TABLE 1. Experimental parameters for (Gd,Nd):LulnA4(A = Cu, Ni)

g a b c v g WA sy
Oc  Oe/K % I Br  Oe  Oec
LulnCu, 2.03(3)* 0.41(2)°
LulnNi, 0.009(7)® 10(1)  0.46(2)
Lu(Gd)InCus 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)InNis 2.61(2) 93(10) 30(6) 0.03(5)

2see ref, 7

*Gd* natural impurities concentration

TABLE 1I. Derived parameters for {Gd,Nd):LulnA4(A = Cu, Ni)

W(EF) bp JI14(0) < J},(q) >/ Jya
g K meV meV meV
LulnCuy 0.42(2)° - o= 305°
LuinNig 3.901) ~s 205
Lu(Gd)InCus 24(6)° 15(4)
Lu(Gd)InNig ' 37(10) 23(8) - 8(3)
Lu(Nd)1aCuy 115{40) 35(8)

Lu(Nd)InNig 215(70) 65(20) - 20(8)
*see ref. 7 - -
13
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Capitulio 2.5 LuloNI4(R = Ni, Cu)

TABLES

TABLE 1. Experimental parameters for (Gd,Nd):LulnA4(A = Cu, Ni)

¢ a b ¢ o B 435 1457
Oc  Oe/K % omb, _mb Oe Oe
LulnCu, : 2.03(3) 0.41(2)
LulnNig 0.009(7)® 19(1)  0.46(2)
Lu(Gd)InCuq 2.003(3)* 41(2)° 0.9(1) ~ 0.2 |
Lu(Gd)InNis 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)IoNie 2.61(2) '93(10) 30(6) 0.03(5)

*see.ref, 7

bGd3* natural impurities concentration

TABLE II. Derived parameters for (Gd,Nd):LulnA(A = Cu, Ni)

gﬁ Er) 0p J1s(0) < J}(q) > Jrd
' T K meV meV meV
LulnCuy 0.42(2)* == 305°
LulnNig4 3.9(1) ~ 205
Lu(Gd)InCuy : 24(6)* 15(4)°
* Lu(Gd)InNiq ' 37(10) 23(8) - 8(3)
Lu(Nd)InCug ; 115(40) 35(8)
Lu(Nd}InNi, ' 215(70) 65(20) - - 20(8)
*seeref. 7
13
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LulnNLi{R

Capitulo 2.5
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Capitulo 2.5 LulnNL{R = Ni_Cu)
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Capitulo 2.5

Lu, Nd InA
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2.6) Estudos de Efcitos de Campo Cristalino no composto semicondutor de gap pequeno

YBiPt (artigo aceito para publicagio na Phys. Rev. B em 07/04/1999).

Crystal field study in rare-earth doped semiconducting YBiPt.

P.G. Pagliuso and C. Rettori
Institulo de Fisica " Gleb Wataghin”, UNICAMP, 13083-970, Campinas-SP, Brazil,

M. E. Torclli, G.B. Martins, and Z. Fisk
NHMFL, Flovida State University, Tallahassee, FL 32306, U.5.A.

J. L. Sarrao and M.F. Hundley
Los Alamos National Laboratories, Los Alamos, New Merico 87545, U.5.A.

S.B. Oseroff
San Diego State Universily, San Diego, CA 92182, U.S.A.

Abstract

Electron spin resonance (ESR) and magnetic susceptibility experiments in the
rare-carth (R = Nd, Lir, and Yb} doped cubic semiconducting YBiP't, allow
estimates of the fourth (A4) and sixth (Ag) order crystal ficld para:ﬁel.crs
for Lhis compou:;d. It is found that these paramelers are of the same order
for all the R studied. On the other hand, no erystal field cffects were found
for the Gd* doped single crystal systom. Consisl.cn-l. with the small gap
semiconducting character of the YBiPt intermetallic compound, & Dysonian

ESR lincshape with no g-shilt and Korringa broadening was observed.
76.30.Kg, 76.30.-v, 71.20.lp, 76.90.+d
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I. INTRODUCTION

The series of intermetallic compounds RBiPt (R = rare earths Nd-Lu) have recently
atiracted great attention due to their interesting propertics.! Most of these materials arc
narrow gap semiconductors (A = 0.1 - 0.01 eV} with a gradual evolution towards semi-
metallic behavior as R is varied through the rare-carth serics.? YbBiPt is the heavy fermion
system with the largest linear specific heat coefficient, v = 8 J/mole K.2 The RBiPt series
forms in the cubic AgAsMg structure which can be viewed as three face-centered sublattices
placed at (0, 0, 0), (1/4, 1/4, 1/4), and (3/4, 3/4, 3/4). In this scries, the rare-earths order
antiferromagneticaly (Tx) below 9 K and present neg&;tive paramagnetic temperatures |6}
< 44 K.*® The systematic change from semiconducting, for the light R, to inetallic com-
pounds, for the heavier R, is attributed to the decrease in the unit cell volume as the R
series is traversed.>® Hence, it is expected that the strength of the crystal field potential
plays an important role on the physical properties of these materials. The YBiPt compound
belongs to this family and shows a semiconducting behavior with a lattice parameter close
to that of the Th-based compound, i;e., near the middle of the R scries.??

This work aims to study the crystal field effects (CFE) in the Y, _.R.BiPt (R = Nd, Gd,
Er, Yb, and 0.002 £ x < 0.10) compounds. By means of ESR and magnetic susceptibility
experiments, it was possible to estimate the fourth (A4) and sixih {Ag) order cubic crystal
field parameters (CFP) in the Y,_.R.BiPt (R = Nd, Er, Yb, and 0.002 £ x S 0.10) systems.
We found that the overall crystal field splitting is of the order of 100 - 200 K, of the same
magnitude as the semiconducting gap (A) of these materials. In a previous report on ESR of
Er** in YBiPt, we extracted the CFP from the analysis of the ESR spectra of the Er** T'{)
ground state.* The CFP reported are in agreement with the values obtained in this work.
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Capitulo 2.6 Y L RBiPYR = Gd, Nd, Yb)

II. EXPERIMENT

Single crystalline samples of the Y;_;R.BiPt (R = Nd, Gd, Er, Yb, and 0.002 £ x £ 0.10)
compounds were grown from the melt in Bi flux as described previously.? Typical crystal sizes
were 2x2x2 mm®. The structure and phase purity were checked by x-ray powder diffraction
and the crystals orientation determined by the usual Laue method. The ESR experiments
were carried out in conventional Varian and Bruker ESR spectrometers nsing a TE oz room
temperature cavity. The sample temperature was varied using a helium gas flux tempera-
ture controller and a quartz tail dewar for liquid helium bath experiments. To increase the
ESR signal to noise ratio, the temperature dependenc;é of the spectra was taken in pow-
dered samples. In order to lock for anisotropic éﬁect.s. single crystalline samples were nsed.
Magnetization measurements have been taken in a Quantwn Design dec SQUID MPMS-5
magnetometer, Specific heat rmeasurements were performed in a sinall-mass calorimeter sys-
tem that employs a quasi-adiabatic thermal relaxation technique.® Samples employed ranged
in mass from 50 mg to 150 mg. ' ’

III. RESULTS AND ANALYSIS

Figure 1 shows the temnperature dependence of the specific heat of YBiPt. AV linear fit
of the data to C/T vs T? yields a very small Sommerfeld coefficient (v < 0.1 mJ/mole K}.
Therefore, the electronic contribution to the heat capacity in this compound is negligible,
i.e., the density of states at .t.he Fermi level is very small.

Figure 2 shows the temperature dependence of the susceptibility of Y;_.Gd.BiPt (z =
0.002, nominal concentration and x = 0) single crystals mneasured at H = 0.5 T. The data,
for the Gd-doped samples, corrected for the core diamagnetism, was fitted to a Curic-Weiss
law. Assuming 7.94 up/Gd, the Gd concentration was estimated to be = 0.21%, close to
the nominal value.

Figure 3 shows the Gd** ESR powder spectra observed in Y,..Gd.BiPt at T = 280 K and

Tese de Doutorade - 1999 ) - o
P.G. Pagliuso -

Dy

2 4

UHICA MNP



Capitulo 2.6 Y 1R BiPI(R = Gd, Nd. Yb)

T = 7 K for z = 0.002. The resonance shows the usual Dysonian-lineshape,® characteristic
of metallic particles of dimensions larger than the skin depth. The continuous lines in Figure
3 are the best fit of the experimental spectra to a lorentzian admixture of absorption and
dispersion derivatives.” From these fits, the linewidth AH, and g-value of the resonances
arc obtained. Several samples of Gd concentrations, between 0.2% to 0.5%, were measured.
The temperature dependence of the Gd** ESR linewidth was fitted to the formula, AH =
a + b T. Within the accuracy of the measurements, b and the g-value were found to be
concentration independent. The residual linewidth, a, increases with the concentration of
Gd. The g-valie was found to be temperature indepcx}deut in all cases. Table I gives the
experimental parameters obtained for the most dilut.ed‘samples.

The very small value found for b < 0.05 Oe/K and a g-value close to those in insulators
(g = 1.993(5)) indicates that the Gd** localized magnetic moinent. is basically not coupled
to the conduction electrons.® This is expected because i) electronic structure calculations
for YBiPt show a gap of about 0.08 eV at the Fermi level® and ii) from the specific heat
measurements (see Figure 1) a very small density of states at the Fermi level is derived
(n(Er) < 0.02 states/eV mol spin}.

ESR experiments in single crystals of Y,_.Gd.BiPt did not show CFE at any tempera-
ture, neither a splitting of the line nor a linewidth anisotropy. Since the measured linewidth
at 1.6 K was found to be AH =~ 40 Oe, an upper limit for the fourth-order CFP, |b4|, can
be estimated, £ 1 Oe. That is consistent with the trends already observed in low carrier
density metallic pnictides® and narrow gap semiconductors,'® where the b and by parameters
are small.

Figure 4 presents the Nd*+ ESR powder spectra observed in Y;_.Nd.BiPt at T = 4.2 K
for = =~ 0.002. The spectra show a main line corresponding to the “°Nd** (I = 0) isotope
and the hyperfine lines due to the ¥SNd3* (I =7/2) and "SNd*" (I =7/2) isotopes. The
small line seen at 3400 Oe is associated to natural impurities of Gd**, problaby present
in Y. The positions of the hyperfines satellites were determined experimentally by taking
the second derivative of the spectra. Table I gives the hyperfine constants A('4*Nd} and

4
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A(*Nd) corresponding to the **Nd and 5Nd isotopes as extracted from the observed
spectra using the Breit-Rabi formula.!! The g-value and hyperfine constants given in Table
I indicate that the Nd3* ion is in a cubic site environment and that its ground state is
a s Kramers doublet.'? These results were found to be concentration independent in the
range 0.002 < z < 0.10. Thus, we may neglect the exchange coupling between the rare-
earths in the aué,lysis 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 YBiPt.

It is reasonable to assume that the cubic CFP, A and A, at the R site in Y;_.R.BiPt
(R = Yb, Nd, Er) would not be strongly affected by tﬂe R impuritics. Therefore, the ratio
A4/ As should remain basically the same for all R. The analysis of ESR data for the Er’*
in YBiPt,* show a I'¥ ground state with Lea, Leask, and Wolf (LLW)!® parameters, z =
0.271 and W = - 0.17 K. Taking into account the ratios < r* > / < 7% > for Er*+, Yb**
and Nd**'4, values of z =~ 0.69 for Yb* and z = 0.30 for Nd** in YBiPt are obtained.
From which a I' for Nd3* and a I'; for Yb*+ as ground states are predicted. The I'q ground
state for Nd3+ fs consistent with ESR data reported here (sec Figure 4).

Figures 5 and 6 show the temperature and ficld dependence of the inverse magnetic
susceptibility, x"(T, H=1T, 5 T) - x2!, for the Yo, Ybo,BiPt and Yo.9Ndo  BiPt single
crystals. xz! is the free ion value of the inverse susceptibility shown in the inscts of these
figures. Assuming the nominal concentration for the Yb** and Nd*+ doped samples, the
expected high temperature limit of the Curie law is obtained, pesy = 4.5(2) up and jiyy =
3.65(20) pp for Yb%* and Nd3*, respectively. The solid lines are the best fit to the data

using the Hamiltonian
H = B, [0% + 50}] + Bs [0 — 210¢] + gsusH - T (1)

that includes the cubic crystal field and Zeeman terms. The B, and Oy’ are the fourth and
sixth order CFP and Stevens equivalent operators, respectively. Bn = An < 1" > 05, gy is
the Landé factor and up is the Bohr magneton.'® Diagonalizing numerically the Hamiltonian

5
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we get the eigenvalues E, and corresponding eigenfunctions that can be written as
J
Iéw) = 3 Ci|JM) (2
M==J

where the |JA) expand the manifold of angular momentuin J. Hence, the magnetic

susceptibility is given hy

J
s ;GXI) (*frp) MZ: chf«rlz M
H Y oxp (-5 ' ®

X =
Defining the LLW parameters z and W by the equations

B (1) = Wi o (1)

Bl (6) =W (1 - |z) {5)

where F'(4) and F(G) are scaling parameters appropriate for each J value, we perform a least
squares fitting of the susceptibility leaving z and W as adjustable parameters. The fittings
for Yb** in YBiPt lead to the LLW parameters, z = - 0.61(5) and W = - 3.9(4). Thesc
paramcters predict a I'; ground state, a I's first excited state at 6(2) K, and a I's sccond
excited state at 88(10) K(sece Fignre 5). We did not observed the ESR line expected for the
Kramer doublet I'7 ground state for Yh3*. A possible explanation for it is that that the
YLBiPt is a heavy fermion with a semi-metallic conductivity, thus the large coupling with
conduction bandshould induce a large Korring-like relaxation, even for rather low density of
states in the Yh-doped YBiPt sample. Also, the proximity of the anisotropic I's first excited
state at 6(2) K may contribute to a strong broadening of the resonance line. For Nd** in
YBiPt, the fits lead to the LLW parameters, z = 0.15(5)} and W = 2.0(5). From which a
I's ground state, a I'g first exited state at 53(10) K, and a I’y second exited state at 190(30)
K are expected (see Figure 6). The A and As CFP and crystal field overall splitting, A,
for Yb*, Nd® and Er®* in YBiPt, are given in Table II. For comparison, the A4 and As
CFP estimated from the levei scheme for PrBiPt'® and YbBiPt!" are also given.

6
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IV. DISCUSSION

The fine structure in the ESR spectrum of the S-state ion Gd** is believed to be associ-
ated with the admixture of excited crystal-field-split configurational states into the ground
S-state mainly via spin-orbit coupling.? Although it is not a general rule, in msny mate-
rials it has been found that the Gd** fourth-order CFP b, is negative in insulators'! and
semiconductors of appreciable gap,'® but positive in metals.? Whereas, for materials of low
carriers density this parameter was found to be very small.? Therefore, it could be expected
that in the narrow gap semiconductor YBiPt |bs] would be small and the CFE of Gd** in
YBiPt could be masked by Lhe resonance residnal linewidth. But, we showed above, that
the A4 and Ag CFP obtained for the non S-state ions, Er**, Nd*t, and Yb®* in YBiPt are
of the same order of magnitude as those reported for rare-earths in other cubic materials,
where CFE were observed in the ESR spectra of Gd*.!*7?! It suggests that CFE should
be present in the ESR of Gd** doped YBIiPt, specially when considering the relative small
Gd** ESR residual linewidth (= 40 Oe). Thus, the absence of CFE in the ESR spectrum
of Gd** in YBIiPt is yet not understo‘od. Thus, a mechanism that may explain the observed
"quenching " of CFE for the S-state ion Gd** in small gap semiconductors and semimetals
with low carrier density is still missing.

The A, and Ag CFP found here for YBiPt are consistent with those obtained from specific
heat and susceptibility measurements in PrBiPt!® and nentron diffraction experiments in
YhBiPt (sce Table I11).'"" Notice that the level scheme shown in Figure 6 is very close to
that obtained for YbBiPt.'" The smell diffcrences are probably associated to the different
lattice parameter and io the metallic character of YbBilt. Notice that the splitting of the
quartet, claim in ref. 17, was not observed in any of our compounds. The sign and order
of magunitude of the Ay CFP is in agreement with that obtained from a point charge model
(PCM) assuming a tetrahedron of - charges sited at the Pt first near neighbors (sec Table
II). But, the Ag CFP turns out to be positive, contrary to the experimental value given in
Table I1. Besides, the addition of an octahedron of negative charges at the position of the

Tese de Dontorade - 1999 ' 68
P.G. Pagliuso

S

™

URICAMP



Capitulo 2.6 Y. RBiPUR = Gd, Nd. Yb)

Bi next near neighbors, increascs the positive value of A, and Ag. It is generally accepted
that for cubic crystal fields, due to the absence of second order terms, the first nearest
neighbors constitute the main conitribution to the CFP. Therefore, cotrections to the PCM
as, screening, size effects, and covalency, are nceded to be included to improve the caleulated

values of the CFP using a simple PCM.

V. CONCLUSIONS

The CFP A, and Ag in Y, R.BiPt, for the non S-state ions, R = Nd**, Er*t, and
Yb**, were determined from ESR and magnetic suscei:tibil.ity experiments. The obtained
values were found to be in reasonable agreement with those measured by others in PrBiPt!S
and YbBiPt.!” However, the PCM only accounts for the sign and value of the Ay CFP.
Surprisingly, CFE were not observed in the ESR spectrum of Gd** in YBiPt. An upper
limit of about 1 Oe for the {bs | parameter is estimated from the residual ESR linewidth.
That result and those from others® suggests that a small |b, | value is characteristic for

narrow gap scmiconductors and semimetals of low carrier densitics.
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FIGURES
FIG. 1. Specific heat (G/T) as a function of T? for YBiPt. The inset shows the low temperature
T? dependence of C/T.. The solid line is the best fit to C/T = v + BT2, with v < 0.1 mJ/mol-K?
and 8 = 0.79(7) mJ/mol-K*.

FIG. 2. Temperature dependence of the susceptibility of Y;_.Gd; BiPt (x = 0.002 , nominal

concentration and x = 0) single crystals measured at H = 0.5 T.

FIG. 3. ESR spectra of Gd** in Y;_,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 Nd** in Y,_,Gd.BiPt (x = 0.0020} at T = 4.2 K. The resonance Gd*+
natural impurities is also indicated. The vertical lines show the positions of the various hyperfines

satellites appropriate for the 143Nd and 43Nd isotopes.

FIG. 5. Temperature and ficld dependence of the inverse magnetic susceptibility, x *(T, H =
1T,5T) - x3 for the Yo9Ybe.BiPt single crystal. x5! is the free Yb3 jon value of the inverse
susceptibility shown in the inset. The solid lines are the best fit to the data of the calculated
susceptibility including the Zeeman and LLW cubic crystal ficld terms in the Hamiltonian. The

Yb*+ crystal field splitted ground state multiplet {(J = 7/2) is shown.

FIG. 6. Temperature and ficld dependence of the inverse magnetic susceptibility, x~'(T, H =
1T, 5T)- xz! for the Yo9Ndo. BiPt single crystal. x3} is free Nd3+ ion value of the inverse
susceptibility shown in the inset. The solid lines are the best fit to the data of the 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.
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TABLES
TABLE L. Experimental parameters for R:YBiPt
g a b 1435 1454 w z
Oe Ce/K Oe Oe K
Gd:YBiPt 1.993(4) 40(3) 5 0.05
Nd:YBiPt 2.63(1) 70(5) <01 213(5) 133(5) 2.0(5) 0.15(5)
Yb:YBiPt -3.9(7 - 0.61(8)
Er:YDBiPt =~ -0.17° = 0.271 ¢
PrBiPt ~-1.79 ° 2 -0.20 ¢
YbBiPt = -3.5 ¢ = - 0.60 °

*see refs. 4, 16, 17.

TABLE l. Extracted parameters for R:YBiPt

Ad As A{(PCM) Ag(PCM) Ace
K per 8p~* K per ap~® K per apg™* K per ag~® K
PrBiPt B-3° =-1.2° -11.60 0.11 == 210 °
Nd:YBiPt - 7(4) - 14(8) -11.93 0.11 190(30)
Er:YBiPt ~ - 15 - 1 -13.24 0.13 85(20) @
Yb:YBiPt -24(8) -2.6(9) -13.50 0.13 88(10)
YbBiPt ~-21% 240 -13.60 0.13 ~70¢
*sce rcfs. 4, 16, 17, T
12
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EFFECT OF INHOMOGENEITIES IN THE MAGNETIC
PROPERTIES OF R,..A,Mu0; (R = La,Pr; A = Ca,Sr)
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Uhiverslity of California San Diego, CA U209, UISA

We present a systemintic Flectron Spin Resonance (ESR) and wingnetization staucy
of the Ry A:MnOg (R = Lal'ri A = CaMr) perovakiles, up Lo 1100 K. Special
eare wan taken in the data oblained in the region of 'T' immedintely above the
forromagaetic ordering temperature (Te S T < 1.2F;). In this interval of T, for
most samples, the rescuance line broadens, dintorts, and splits into several hines.
In cenjunction with it, sinall hystercsis loups, and o susceplibility which is lickd
and T dependent*are measured. The origin of Lhese indings nre associated to non-
stoichiometric samples due to inhomogencities, probably, result of a now-random
distribution of vacancies, defecla, and oxygen content. It is shown Lbat thoee
features are ensily ohscrved by ESR. We also discuss the possible origin of Lhe T
dependence of the ESR linewidth for all the region of 'I' mcosured.

1 Introduction

Metaj-insulator (MI) and ferromagnetic-paramagnetic (FM-PM) transitions of
the La,_ A ;MnO; (A = Ca,5r,Ph,Ba; 0.15 < x X 0.5) perovakites are known
since 1950, Their properties are, al least qualitatively, explained by a model of
exchange interaclion, termed double exchange (13E)2 Large magnelorcsistance,
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and recently "colossal magneloresistance™ (CMR) effects, were reported in a
variety of thin films and bulk samples of Lhese materials3 That makes them ex-
tremely attractive for polential commercial magnetic sensing applications? As
a result, renewed experimental and theorelical attention has been paid to these
compounds. It has been argned Lhat DF. alone can not cxplain Lthe large resis-
Livity drop between Lhe I’'M and FM phasc® Polaron cffccts, cither latlice®
enhanced by strong Jahn-Teller electron-phionon coupling, or magnetic were
invoked Lo allow for carriers localizalion at the MI Lransition. Evidences for
lattic® and magnetid polarons at the MI transition have heen reported in
neutron <diflraclion experiments and transporl measurcments.

In this work we present Flectron Spin Resonaice (FSR) and magneti-
zation (M) measurements up to 1100 K. Mecchanisms that may explain the
T dependence of the ESR linewidlh are discussed. Detailed low-ficld mag-
netic measurements and ISR necar the M1 transition for LagssCag 22MnQy,
Lag.gaSro 1 7MnO3, Lag 7Srg.a0MuQOs and Pro.szsSroz7s MnOg single crvstals,
and their powders are preseuted. Also, a ceramic samiple of LagsCa 3MnO;
was studicd in greal delail. We will show Lhat ESR is an extremely sensitive
and uselul technique Lo study Lhe sample quality of these compounds. 1L will
become clear Lhal extreme care need 1o he Laken before one can associale the
dala Lo particular models, or Lo aseribe a particular feature Lo enlitics such as
spin-clusters? magnetic-spin polarons] lattice polarons™®?® cic.

2 Experimental Dotalls

Single crystals of Lag 78 Cag 22Mn0Oy, Lag g3Sre 17Mn03, and Lag 7089 3aMnO;
were grown by the oplical floating zone method. Typical rotation rates for
both, the seed crystal and Lhe feed rod, were ~ 50 rpm. The crystals were
grown at a rate of ~ 6 mm/h. The Prgg255103:5MnO; single crystal was
also grown by the fosting zone method, wsing a lamp-image lurnace!® The
ceramic sample of Laz;3Ca, aMnO; was prepared as described in Rel. 9. The
structure and phase purity were checked by x-ray powder diffraction and the
cryslals orientatijon determined by the conventional Late method. These mea-
suremeids do not indicaled Lhe presence of spurious phascs or any cvidence
thal would suggest Lhat Lhie samples were inhomogeneous. ESR measurements
were performed in very emall crystals, less than Ling, or powders of sinall and
woll dispersed particles, ~ 10 um. Special carce was laken Lo avoid overloading
the cavily, a current problem when working wilh ferromagnetic materials!! M
measurements have been done in a Quantum Design de SQUID maguclome-
ter. To minimize possible T drifts}®!2 the M measirements al constant T were
taken only after 3-8 hrs. of being stable at the target T. The T dependence of
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M was Laken increasing 'T' after zero field cooling (ZFC).

3 Roesults and Discussions

' Lransport properties of the single crystals and ceramies shiow the general
behawvior expected Tor a CMR system. ‘The high ‘T susceptibility data, x (1),
for bagyaCny aMuQy is shown iu IFig. 1. A deparlure from a simple Curice-
Weiss law is observed helow 1" s 21, Similar behavior was fouad for Lhe olher
systos stwdiod. M onensurements in a L. 4 Cing e MaOy single crystal, of -
10 mg, {from where small piccens were Laken Lo perform the IESR mcasureiments)
are shown in Fig. 2. For T 2 245 K the system is paranagnetic with a
fickd inclependent. susceptibility, x~ T). Assuming a Curie-Weiss hehavior, we

o '{a.u.)

1200

T(K)

Figare 1 x 7 1{T), as o Manction of ‘T for a ceramic sample of LagaCag g Moty (Te = 270
K). ‘The salid line represent Lhe beat fit Lo s Curie-Weisa Inw for T 2 700 K.

exiract ~ 7.3 g for 245 K £ T £ 270 K, in agrecment with published data '
but larger than the valuc of 3.78 sty cxpocted for @ & 0.22, For T 2 T, and in
the T interval between 210 K and 245 K, M is found o be H and T dependent,
x V(1T The transition temperature, Te = 195(5) K, was defined at the
maximum of M/ 8T, The resistivity, for 11 =0T, shows a Ml Lransition al T r
., and above 240 K a thermnlly activated behavior with an aclivalion cnergy
of Eq 293 meV. AL T = 205 K and 11 = 5 T we measured large, approximately
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-98%, resistivity change. The ESR linewidth (AH,p,) for Laz;3CayzMnO; as
a function of T is given in Fig. 3. A linear increasc of All,, is observed for
T. + AT, S T < 2T, lor all the compounds measured. Also, 2 reduction in
the slope is found for T 2 2T, as seen in Fig. 3. As il will be shown bellow
for Lag 705r0.30MnO3, a single resonance line is observed in all the region of
T measured, including T < T.. lnstead, for the resl of Lhe samples, as T'.

La,  Ca ,MnO,

v L]

TeHE

—

M (emu/g)

f’."-"c,s* = 11=100e
M 1 - H=100c
@10 o 11-600c
] 1 = 2500 Oe
g

2 54

=3

Figure 22 T and H dependence of M and the x~V for a ~10 mg single crystal of
Lao.78Cag.22Mn03 (T = 195(5) K). The insct shows M vs Il at T = 100 K.

is approached from above and at T = T, + A’l‘c,- the resonance line becomes
broader, distoris, and in most cascs splits into several components. Finally,
al T below T, ell the lines collapsed into a single and broader one, shifted
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from g = 2.0. The spresdd of T, (A}, where such behavior is found, depends
on the comspound. it was found to be lnrger for the Lag 79Cng 20MaQy (1,
= 195(5) K) single crystal, wherc 1he resonance line slarts to get broader at
T = T + 80 K, as shown in Fig. 4. AT, is reduced Lo just 5 - 20 K in the
other componnds. For Ly 708rp.30MuQOa only a sninll broadening, of aboul, 20
% of the nininmm Loewidth Ally, =2 150 Oc at ‘I' =~ 380 K, is observed at
T « T.. Alrcady Bhagat an coworkers have reported that an increase in the
linewidth below T, could be an indication of some maguetic inhomogeneity in

2000
La,,Ca,MnO, -
1200 L 4 1500
— /’9
T g ——-
O e / -5 1200
s —— o/q” (1]
b= /
D o b4 °/°/9 1 w00
7 /
0 / 1 400
Y " T ' . Q
200 400 [ ] BOO 100 1200
T {K)

Figure 3: HSH linewidth as fanction of T for two ceramic samples of Lag;Cay yMnlhy

. mensured at 9 GhHz.

the sample, and that Lhe sample that shows a single resonance line below T,
conld be associated to an homogeneous sample!® In the region of '1' where a
departure from a single resonance line is observed, smiall hysleresis loops appear
in the magnetization. 'The hysteresis foops, shown in Fig. 4, were obtained
after subiracting a straight line passing Lthrough Lhe origin with the high feld
slope of M(11,T) vs IL. For T—=T,., the remnant, M,, and saturation, M,,
magnetizalion of Lhese loops increases several orders of magnilude, whereas
the coercive field, ., remains almost constant at aboul 20 Oc. The magnelic
fiekl was swept between +200 Oc and -200 Oe. No differences between ZIFC and
FC experiments were detecled within the accuracy of our measurements. We
shonld nolice Lhal Lhe resonance line starls Lo broaden and distort al «different,
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T for dislinet picces taken from Lhe whole erystal used for the M mensurcinents,
The M measurements were wmade with samples 100 Lo 1000 times larger than
those used for ESR, due Lo Lhe different sensitivity of both Lechniques. In Fig. 4
the resonance lines obtained al similar 'I', are also shown. For the much higher
sensilivity of IESR, a sninple of ~ | mg was used, cul from the ~ 10 mg crystal
usedl for the M measurements, The resonance lines shown in Lhe insets were
obinined in a nmuch smaller sample, less Lhan 100 pg, of the sanie main crystal.

Laﬂ.?lcaﬂﬂmnoa

iy @V\xs
| J\ Ve

&b
E | e
1=
S,
= s \/rszmx B
oo fo WV TERNKL o
AN
}-1. 0.00|. a1 \E
I .
.07 Taz0K V7
0,01 X T
0.00}. —J\/‘-
.0:0‘ Tas20K _J
1 2 3 4
II (kOc)

Figure 4: Lelt: Hystereais loops for a ~ 10 mg single crystal of Lag 7aCan.22Mn0O3 (T, =

195(5) K), aftor anbitracting o straight line passing Lhrough the origin with the high hield

akape of M(H,T) va 11, Right: ESR lines obtained al similar ‘U, measured in a ~ 1 mg picon

cul from Lhe main cryatal. ‘I'he inscta give Lhe resonanee of a ~ X ug piece cut Fom
different region of Lhe miain crysial.

It is intcrcst.ing‘ Lo notice that the line for the | ng sample start to distort at
a T similar to the ‘T where the loops are first observed. Instead, the smaller
piece shows a departure from a lorentzian line at a lower T, e clear indication
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m
Lao-llsrﬂ.ﬂmnol
40 S
T=285K ] oo T=285K
gf——- f—————
= R AT S P
s _T-ZBGKM T=288 K
_—
Sl R A
g il ] . . ] . E
= |t=290K T=290K
oo T A 0
a0 4 —
=7 ' /
) T=293K

A

4

Figure 5: Similar data than in Fig. 4 is given for a Lag.ga%re.17Mn03 aystal (T, = 230.1().

that this parlicular sample is highly inhomogeneous. Loops similar to those
found in Lhe Lag 78Cag.22MnQ3 single crystal, bul with smaller coercive fields,
were observed in $he Lag g3Srg, 1 7MnOj crystal (T, = 284(2) K) between 285
K and 290 K, as shown in Fig. 5. Resonance lincs for the same T, igken in a
picce of ~ 0.1 mg cut from Lhe same crystal, are also shown, Similar data werc
obitained for a ProazsSroamsMuO; erystal (T, = M) K) or 33 K < T <
307 K, and in a ceramic sample of Lay/3Cay /aMnO;3 (T, = 270(2) K) belween
275 K and 280 K. Instead, for Lag 705rg.30MnOj3 (T, = 366(1) K) crystal, loops
wilth much smaller 1l were only observed at T immedialely above T.. In that
case a single resonance line wes observed above and below T, Fig, 6 shows
the ESR line for several T and a typical M va 11 curve, just above T, for
1.80.76Sr0.30Mn03. The change from a lorentzian Lo a dysonian-like resonance
line shape, séen in Fig. 6 as we go through T, may result from the increase
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ol the condutivity, o, and permenbility, g, sl the M1 and PR-FAI transitions
al ‘I, The lincar increase of the linewidth with 1 up to ~ 21, was associated
recently by us and ot her authors to a onesphonon process?, ‘I'his mechanism,

1 sty 81, M L3

T &)

M (emug)

dy / dH (3.1.)

1o 58 29 235 38 35 s
H ( kOr)

Figure 6: M data for a Lag708t0.30MoO;s single crystal {~ 5 mpg) mensured at 10 Oe in
the veghm of T, o2 366 K. The insct shows s Lypical M va Il curve, just above To. For
LaaroSroasMuOsz kops with amall 1 were observed only iminediatelly above T, ESR
lines measnred for n ~ 100 ug single ciystal are presented aLl 'T close to T.. Notice, that in
this case only a single resonance line is abserved. T'he change from a lorentzian tr a dysonian
resounnce line shape, i the result of Lthe Mi-tramsition at Lhe vrdering temperature

first. proposed by Huber and Sheeral® suggests that the lingwidth cannot be
accounled only by spin-spin interactions. The oxpression Lhal accounts for
the linewidth can be written as All,, = K(T')/x'T", where K('1') contains the 'T'
dependence of All,,. We also suggested thal the slow down could be telated Lo
the fact that the Debye T in Lhese sysiems is of Lthe order of 2T,. On the other
hand, Shengelaya et al!? suggested Lhat the linear increase may be associaled
Lo a strong bollleneck between the Mnt*and the Mu®+. The slow down in Lhe
relaxation rale, observed above ~ 2T, was cxplaincd by those authors as a
result of an opening of Lhe botileneck due to a more clfective relaxation of the
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Figore 70 'Fhe solied cireles correspond to the linewidth as function of ' for o m\mﬁhr of

veramic LagyyCag aMnOg measured at 9 Gllz. ‘The open circks corvespond o Lhe best fit

using Allpp ~ K/x'V (K = 7200 O K), with the data for x measured on a sample of the
same batch than the one used for FESR.

spin system to the lattice as T incroases. The last argument was basad in the
fact that. Mud*, contrary 1o Mn'*, is a strong JahirTdller ion. However, our
more recent and extended data in ‘T show Lhat, within the experimental crror,
the linewidth for ‘T 2 I, + A'1'., where the anomalics described above are
lirsl noticed, can be simply explained by a spin-spin interaction mechanism.
That is:

f I .
Ally, = -;ll- _ ()

In Fig. 7 we fit the data of AH,, vs I for a sample of Lag/Cay3MnOy to
expression (1).. ‘The x data taken for o sample of Lhe same ceramic bulk was
usced in Eq. 1. As it can be scen Lhe agreement is excellent for K =5 7200 Oc
K. independent of ‘T'. Further support for it is that similar measurements made
in IngMna07}% a compound. that only has Ma't, a smaller T, and a similar
Debye T, presents similar M and ESR features!® That is, a departure from a
Curie-Weiss law of X 'and a.reduction on the slope of &l at ~ 2T.. The
origin of the features found.above T'c |, thal is, broadening, splitling, distortion
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of the ESR line, and the associated hysteresis loops are clear evidence of the
cxistence of small FM regions at 'I' 2 T, Their existence depend nol only of
the componnd but. within different. regions of Lhe same sample, That, support,
Lhe picture that a distribotion of '}, is present in these systems.

"T'hese data show that ESR is a very sensilive tool to lenrn about the quality
of the sample. Besides, il should be stressed Lhat these types of measurements
arc very simple and regnire very sinall samples, less than one mg, orders of
magnilude smaller Lhan other techuiques.

4 Couclusions

In sununary, we show that carelul studices must e made on Lhe guality of Lhe
sample, before Lhe measured properties can be ascribed Lo & compownd and are
nol the result of exirinsic Iacltors. The large spread of T, is probably due to
the presence of a non-random distribution of vacancies, defects, and/or oxygen
content, that differs from the nominal concentration.
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2.8 Estudos de RI

| (Ressonéncia Ferromagnética) nos
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2.8) Estuwdos de RPR ¢ FMR (Ressoniincia Ferromagnética) nos compostos Laminares:

LaaSr1sMnOs (submetido para Phys. Rev. 8 em 17/02).

EPR and FMR studies in layered manganite: Loy »Sr sMn:O5

N. O. Mareno, P. G. Paglinso, and C. Rettori
Institule de Fisica “Clel Wataghin®™, UNICAMP, 13083-0H1), ( ‘ampinas-Sh.

Brazil.

“J.8. Gardner, J.1.. Sarrao, and L1, "Thompson

Los  Alames Nalional Labowdories, Los Alanios. NAL §THY5. USA,

AL Garéin-Flores* and 5.3, Oserofl

Sane Dicgo Stale Universily, San Diego, CA 92182 1LE A,

Abslract

We have |'u-rfnrmwl .I;ZI’.Rx:mtt dhe mngnetizalion measarements u.n single erys- .
lnls'n.f. l.il“"zﬁrhghlllg(. )-;. Similar to previous sathors, we fonud an ilu:_l"v_n.tw
in the lll#l].'.ll!‘l-i‘/.ﬂ;l‘illl.l. M; near 300 1K, 4 temperature \\-u;ll above F- o0 126 KL
Provionsty, this bigh teinperaiuee (0 300 K) transition las Ieen suggested
Lo be inbrinsic I.(: the system. We have olserved al these high temperatures
the appearance of new ferromagnetic resoninees modes, FMR. Within the
experimental error the volusae of sample reguired o explain the extra A7 and
Lite intensity of the FMIU maodes is the same, Furthermore, the BPIR data do
nol show any feature above T that could be assockded Lo short-range order
of the Lay38r gMngOy phase. We conchirde Lhat Lthe increase in A is due Lo
the presence of extrinsic Raddlesden-Popper (1RI7) plises aud nol Lo intrinsie

elfects as has heen claimed.

paaese TR, THM0omm, 63200, T2I0.D0
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The observation of colossal magnetoresistance, CMR, in the series of Ruddlesden-Popper
(RP) phases {1}, AnyiMn, 03,41, has atiracted considerable attention. Most of the work was
done in the perovskite manganite, La,—Sr:{Ca)MnOj3 (n = 00). Recently, the n = 2 mem-
ber, A;Mn;07, has received considerable attention due to their interesting and somewhat
unnisual properties. The RP phases consist of n laycrs of perovskite octahedra blocks along
the c-axis. The blocks are separated by the inscrtion of rock-salt layers of A;03, whick
lead to a larger c-axis. Moritomo et al. [2] observed CMR in the layered La; ;S sMnzO;
at To ~ 125 K, that nominally correspond to 40 % of heies. Those authors claimed that
the intra-layer exchange interaction was due to double exchange and that intrinsic 2D spin-
correlations were present well above the ferromagncﬁh (FM) transition temperature Tc.
Several authors have reported a signilicant increasc of the magnetization, M, at ~ 300 K,
in (La,Sr)aMnx07. This feature was associated, in most cases, with 2D spin correlations,
and is claimed to be intrinsic to the system. Kimura et al. [3] reported on the existence of
two intrinsic transitions in La, 4Sr; sMn,Or. One at ~ 270 I, a temperature below which
the system behaves like a 2D-FM metal, and another at. ~ 100 K, where 3D ordering is
observed due to low-ficld interpianc tunneling. Perring et al. [4] suggesied the presence of
weak autiferromagunetic corrclations within the plancs cocxisting with ferromagnetic fuc-
tuatiots well above T, Zhou et al. [5] interpreted the illcfcasc of M as an indication of
either superparamaguetism clusters or short-range FM ordering. Kelley et al. [6] reported on
quasi-clastic magnetic scattering well above Tp. Heffner el al [7] did not find evidence of 2D
spin ordering or in-plane correlations above T in their muon spin relaxation studics. Potter
et al. [8] observed two transitions, but argued that the high temperature transition was not
intriusic to the n = 2 system, and was associated with intergrowths of other RP phases.
Finally, we note that the voluine fraction, assuming FM order, required to explain the high
temperature transition vary from 0.1 % to soveral percent among the different reports ou
{(La,Sr)aMn20;.

Electro;x?arama.gnetic Resonance, EPR, has proved to be a seusitive technique, capable

of examining the presence of small amounts of impurity phases in a variety of systems.

2
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In the high T¢ superconductors the presence of 1 pg of the green phase R;BaCuOs, is
casily observed. [9] A mass of less than 100 ug is sufficient to sce the resonance line in
La g75r 33MnQOas. {10} Thus, EPR allows the study of compounds for which it is difficuit to
obtain homogenized samples of large size. We have used EPR to study the » = 2 compounds
and have tried to clarify the discrepancies in the interpretation of the data reported in the
literature.

We have carried out EPR anl dc magnetization measurcinents on two “high quality single
crystals” of La, 28r; sMnyO7. Each presented a different increase of the M at high T, relative
to their saturation M below Ti.. In order to prepare the crystals polycrystalline materials
were synthesized by a solid-state reaction of st.oichio:n&ric quantities of MnQO,, SrCQj;, and
L&, O3 at temperatures up to 1550 degrees Celsius in air. Polycrystalline matecrial was shown
from X-ray diffraction to be free of other mmembers of the Ruddlesden-Popper series (< 3% by
volume). The polycrystalline compounds were then used as starting materials for the crystal
growth. Crystals of Lay 2511 sMnz0; were melt grown in a flow of O, using a floating zone
optical image furnace. The resulting boule contained many shiny black crystals that counld
casily be cleaved away. The EPR experiments were carried out in a Bruker spectromeler at,
9.4 GHz in the range of tempcrature between 100 K and 700 K. The M data were taken in
a MPMS-5 Quantum Design SQUID magnetometer between 2 I{ and 400 K.

Figure 1 shows M vs T for two crystals (1 and 2) of Lay2Sr;, sMn2O- with H = 3 Oc
applied parallel to the [a,b] plane. The lower transition oceurs at To ~ 125 K. A sudden
increase of M for T » T¢ is measured for both samples at T = T&. The inset displays M
vs T for the high T region. The differences in the M between both samples is large in this
T range. At ~ 200 K, the M of sample 1 is abyout onc order of magnitudc smaller than in
sample 2. A small step in the M, centered at ~ 280 K, is scen for sample 1. In sample 2,
no less than four steps are observed between ~ 260 K and 320 K. Fig. 2 presents hysteresis
loops for both crystals with T = 270 K and H // [a,b]. The insct shows loops for H // ¢. For
clarity, in.all cases the paramagnetic contribution of the system has been subtracted. The

saturation magnetic moment measured at 20 kOc for both samples in the three directions,

3
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below Tg, is ~ 3.6(1)p5/Mn. The volume of sample required for the increase of the M ahove
T¢ can be estimated from the munber of Bolir magnetons obtained from the hysteresis loops
seen in Fig. 2, normalized by the saturation magnetic moment measured at high field. The
volumes obtained are < 0.03% and ~ 0.25% for samples 1 and 2, respectively.

A dysonian resonance line, with g = 2.0, is observed for T ~ T3 + 20 K. Its intcnsity,
I, follows the same T dependence of x4.(T}, as observed in the perovskites and pyrochlore
manganites. [10} Thus, all the Mn ions contribute to the EPR linc. At lower T, the ap-
pearance of new resonances modes, FMR, arc observed. In Fig. 3, the spectra for sample 1
with H // a are given for scveral T. At ~ 310 K new resonances lines cincrgc from g = 2,
which shift to lower ficld as T decreases and collapse into a single line at ~ 240 K. In the
inset of Fig. 3 we present the 1 vs. T of the EPR line, that remains at g = 2.0 down to
T¢, and the FMR modes that appear at high T. In Fig. 4, the EPR spectra for sample 2 is
shown. In this case, the first appearance of the FMR occwrs at T ~ 350 K, and new modes
continue to appear down to ~ 260 K. For sample 2, the inodes do not overlap into a single
line down to 150 K. For both samples, the increase of I vs T of the FMR lines is similar
to the increase found for M below T. Thus, the increase of the M below T¢ is associated
with the appearance of the FMR lines. The FMR lines are first seen at T' higher than T¢,
due to the higher sensitivity of EPRR. As T approaches T, the main line at g = 2.0 shifts
to lower field and its intensity grows dramnatically. For T < T¢, the M extracted from the
I of the main line is in excellent agreement with the M measuraed under similar conditions,
The volume fraction require'd, for both sampiles, to explain the 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 remnant ficld and the 7' dependence of the FMR modes are typical of
FM materials or systems with FM regions. Thus, the origin of the features described above,
are due to small regions which order ferromagnetically in the samples and are not associated
with intrinsic short-range correlations as was previously claimned.

In Figs. 3 and 4, we only show the EPR spectra for H // a. We have measured also

the angular dependence of the EPR spectra. We found no angular dependence for T > Tg.
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Capitulo 2.8 ._La; 35 sMn;0;

But for T < T, the spectra associated to the FMR lines are only isotropic in the [e,b]
planc. A T dependent anisotropy is measured when H is rotated toward the e-axis. The
lines shift to higher field and go through a maximum for H // ¢ (H ~ 10 kOe, at T ~ 250
K). The angular dependence measured is alinost the saine for both samples, suggesting that
the FMR lines result from similar type of intergrowths. The difference in intensity is due to
the amonnt of intergrowth in cach sample. In sample 2, another FMR specira is obscrved,
corresponding to only ~ 0.003% of the sample, but that region has c as an casy axis (as
found for La, 4Sr; 6Mu2097). {3]

In snmmary, the increase of M and the I of the FMR modes varies by two orders of
magnitude, from 0.03% to several %, between data reported by different groups. Thus, this
eflect is sample dependent, i.e. extrinsic to the n = 2 phase. Therefore, in agreciment with
Potter et al. 8], we conclude that the origin of the increase in M is due to RP phases with
n 2 3, as n = 1 orders antiferromagnetically. The distribution of T, at which the different
FMR modes first appear, suggests the presence of intergrowths with different values of n
and/or hole {Sr) concentration. In our case, these temperatures vary between ~ 290 K -
310 K and ~ 260 K - 360 K, for samples 1 and 2, respectively. That is, the intergrowths of
sample 1 have a smaller distribution of n and/or holes than sample 2. The similar angular
dependence found for the FMIR modes for both samples is indicative of small crystals whosc
origin is the same. Furthermore, we did not observed an increase in the I or lineshape
distortions of the g = 2.0 resonance of La; »8r; sMn;O7 above 140 K| that could be associated
to short range ordering, Coilsequent.ly, if any short-range ordering intrinsic with the n = 2
phase is present at T, it is negligible, aside from that expected between the Mn ions.

This work was supported by FAPESP grant No 95/4721-4, No 97/03065-1 Sio Paulo-
SP-Brazil, CAPES-Brazil, NSF-INT No 9602829, and NSF-DMR No 9705155. Work done
at Los Alamos was conducted under the auspices of the U.S. DOE. J.8.G. thanks Dr. K.
McClellan and J.M. Roper for assistance with the crystal growths. AGF thanks Ministerio
de Educacion y Cultura of Spain.
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FIGURES
FIG. 1. The M vs T measured at 3 Qe with H // [a, b] is given for both samples. The inset

displays M vs T for the high T region. Notice, that the sudden increase of M occurs at different
T for samples 1 and 2, ~ 280 and 330 K respectively. At 200 K the M is about one order of

magnitude smaller for sample 1 (the smallest value of M reported in the literature) than in sample

2.

IF1G. 2. Ilysteresis loops for bhoth samples with H // [a,b} are shown. In the inset, loops for
I [/ ¢ are shown. Notice the different in H for If // [e,b] and H // ¢. The paramagnetic

contribution has been substracted in all cases.

FIG. 3. The EPR spectra for sample 1 with H // a are given for several T. The resonance lines
with g = 2 for 280 K and 240 K have been deleted to include the insel. The inset gives the Lvs T
of the EPR line and the FMR modes. The integrated I of the FMR modes has been muit‘:iplied by
a factor of 3500, the solid line is a guide to I.hé cye. In the inset is not shown that the I of EPR

line saturates below ~ 110 K.

FIG. 4. The EPR spectra for sample 2 with H // a are given for scveral T Notice that the
FMR modes appear at a higher T than in sample 1 and their relative intcnsity to the g=20

resonance is larger than in sample 1 (see Fig. 3).

Tese de Doutorado - 1999 ' : 98
P.G. Pagliuso

A%

ol

UHICAMP



Ly a8 MO

Capitulp 2.8

La, ,Sr, Mn,O,; H=3 Oe
¥ | | ! i ' | v 1 L | ¥ | v | ' | v ]
-~ # H._MME:EQ:Q::E:::A.:n::_...23:2222«\. m — T v T r T r T
& I o 3 j o H/[a,b}-sample 2
om .m m i ..
= 3r b
> o * 4} -
S &x%%%é N o.
T 5l 3.4. )
~ = 2 * = |+ H/a,b]-sample 1
' - o_. "
1 i O 2 L M 1 A ] A 1
W\ a 200 240 280 320 360
1+ <
ol
1 i | | | 1 i PR | 4 § L 1 i | 1 i
0 40 80 120 160 200 240 280 320 360 400

T (K)

Figura 1

99

Tese de Dontorade - 1999

I’.G. Pagliuso

Py
W

TR MF



Capitujo 2.8

M (10 ’ ug/Mn site)

La,,Sr; eMn,0, ; T=270 K

13 ' 1

- O H//[a,b]; sample 2

a1

- + H//[a,b]; sample 1 5 ]
[ 0.0
! L
' e i
B —
.‘g |—0—H /¢ sample 2 ,0—0:8-'-8:8‘0
B : + Hlitc, sample 1 ®0° -
g O gﬂ 1t ]
- (@) O < 5 ++++++1 _
O <
s . .
s . i
400 _:

60

Figura 2

100

Tese de Dowptorada - 1999

I’.G. Pagliuso

L
% 4

URICA MP



Lajy 81y xMn, 07

Capitulo 2.8

Abs. Derivative (arb. units)

La, ,Sr, ;Mn,O, (sample 1) ; H//a v=9.429 GHz

Magnetic Field (kOe)

- 290K
280 K 4 : :

:-9\ A o.. Oug 3500 —a— EPR
s 3 o —0—FMR]
= :

- 240 K £
5 : [v]
- ' : o
£ 4 °

o - gl A AbLALL. b AbMMDNAIL — ADAAADMM. - 4034

120 160 200 240 280 320
1 l [l I '] l T (K)
1 2 3 4 5

11

Figura 3

Tese de Dontorado - {999

P.G. Pagliuso

Ly
w

HHICA MF



Capiwilo 2.8

Abs. Derivative (arb. units)

|
!

0l

Sl

(30M) PI3Lg dnduUe
0¢ Gz

Ge
j

(1) 2

M 05l
M §SC

X

>
E -

M 28¢
M G0¢
) %%

—
-
f—

) K44

ZHO €F'6 =4 v/ H (¢ oidures) L0%upy® i Ty

Tese de ‘Dontorade - 1999
P.G. Pagliuso

Figura 4

LA
X 4

UIHCAMP

102



Capitulo 3




Capitule 3 CONCLUSAO GERAL

3) CONCLUSAO GERAL

Como primeria conclusdo poderiamos afirmar que para os compostos estudados a
técnica de RPE se mostrou bastante funcional para os estudos de interagGes entre as impurezas
magnéticas e os elétrons de condugio além de se revelar bastante sensivel a detecgio de fases
espurias magnéticas. Assim, creio que os profissionais da aréa da fisica de estado sdlido
devem procurar utilizar mais frequentemente a técnica de RPE como técnica de investigagdo
auxiliar nos seus estudos uma vez, que cada vez mais, esta técnica tem passado a ser
instrumento de investigacio exclusivo de quimicos e bidlogos.

Passamos agora a um resumo das conclusdes obtidas para os diferentes sistemas
estudados neste doutoramento.

Nos estudos dos compostos de Eu,.,Pry,CuQ, uma sistematica de experimentos de
magnetizacio para 0 < x < 1 em monocristais crescidos em cadinhos de Pt e de ALO; 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 unitaria menores que um
volume critico V¢ = 181.1 A* ( proximo ao valor de V para EuaCuOQ; crescido em Al;03/Cu0)
a estrutura T” destes compostos apresentam distor¢des locais nos planos de CuQ: 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 distorgdes locais nos
planos de CuQ; favorecendo o aparecimento do WF e dos modos Raman “proibidos™.

Para o caso dos materias supercondutores RN1;B2C:Gd ( R = Y, Lu), os valores obtidos
para os pardmetros <Js(g)>'? , extraidos dos estudos da dependéncia com temperatura da
largura de linha de RPE do Gd”* e do decréscimo de Tc com o aumento da concentragio de
impureza magnética (AG) coincidem dentro do erro experimental. Este resultado indica que os

compostos RNi;B,C ( R =Y, Lu) comportam-se como um supercondutor BCS convencional.
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Nestes compostos a interagiio de troca Gd™ e os elétrons de condugdio (c-¢) foi
encontrada dependente do vetor de onda g, e o parimetro Jx(0) € positivo para (R =Y, Lu)
indicando que a interagio Gd™ - ce. ¢é tipo atdmica. As interacdes elétron-elétron, se
mostraram significativas para as analises dos espectros de RPE, (a = 0.3 para Lu e (e = 0.2
para o Y) para os materias supercondutores RNi;B,C (R =Y, Lu).

Nos estudo de RPE do Gd** nos compostos de valéncia intermediaria YbInCuy € no
tipo Rede de Kondo YbAgCuy ¢ sus compostos de referéncia (Y, Lu)(In, Ag)Cu,y observamos
um aumento do g-shift e taxa de Korringa para os compostds de Yb em relagio aos de
referéncia. Este resultado ¢ atruido ao aumento da densidades de estados no nivel de Fermi
existentes para os compostos de Yb.

Para ambos os sitemas acima, a interagio de troca Gd™ e os c-¢ ¢ dependende do vetor
de onda g, e o pardmetro J;(0) € positivo, indicando que a interaco Gd* - c.e. é tipo atomica.
No entanto, somente para o composto de valéncia intermedidria, YbInCuy, intera¢Ges elétron-
elétron, se mostraram significativa para as analises dos espectros de RPE (o = 0.7(2)). Para o
composto tipo rede de Kondo niio foi necessario considerar as interagSes elétron-elétron para
analisar os dados de RPE.

Para o estudo dos compostos LulnNiy;:Gd ¢ Nd uma contribuigio tipo multibanda foi
necessaria para as analises de RPE. A interagdo de troca entre a RE ¢ 0s c-¢ € negativo para a
banda-d (Jw) e indicando que a interagiio RE - c.e. € tipo covalente, e positivo para a banda-s
(Js) indicando que para este caso a interagfio é tipo idnica. O valor de Js é maior para o Nd**
em relagiio ao Gd** para ambos os compostos, provavelmente devido ao maior contato com os
c.c. resuitado do maior raio das camadas 4f do Nd**. A banda eletrdnica d para o caso do
compostos de Ni, é provavelmente proveniente das camadas 3d incompletas do ion de Ni.

Como continuagio deste trabalho medidas de RPE de Gd™ e Nd** podem ser
realizadas no compostos YbInNis, no entanto nossos resultados no compostos de Lu permitem
concluir que contrubuigdes de multi-banda eletronica serfo necessarias para o entendimento
das propriedades fisicas do férmion pesado YbInNis.
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No composto YBiPt, observamos a auséncia de korringa e g-shift nos estudos de RPE
do Gd"™ e Nd™® em concordancia com o cariter semicondutor do material. O ajuste dos dados
de susceptibildade magnética nos permitiu obter os parimetros de campo cristalino cibico A4
e Ag para 0os compostos YooNdy 1BiPt € Y9Ybg 1BiPt. Valores obtidos por outros para YbBiPt,
PrBiPt e Yo99sEr000sBiPt foram usados para comparagdo. As diferengas encontradas para os
valores de As e As podem ser atribuidas & variagio do parimetro de rede e/ou ao aumento do
cariter metalico para terras raras mais pesadas. Um limite superior para o parimetro de campo
cristalino |bg] ~ 1 Oe, obtido da largura de linha, para o caso Gd, foi estimado. Nossos
resultados sugerem que pequenos valores |bsj podem ser caracteristicas de semicondutores da
gap pequeno ou semimetais com baixa densidade de portadores.

Um possivel trabalho subsequetente é entdo a preparagéio de compostos dopados com
Yb, (Y, Lu) . Yb,BiPt:Gd (0 < x < 1), onde o cardter metilico € 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 ressonincia do Gd** para as amostras mais
metalicas (maior ).

Para as diferentes amostras Ry AMnO; ( R = La, Pr; A = Ca, Sr) os "loops" de
histerese € os "splittings” de linha de RPE observados foram associados o inomogeneidades
das amostras provenientes de uma distrubui¢io ndo aleatdria de vacéincias, defeitos e conteudo
de oxigénio gerando principalmente uma distribuicio de Tc nas amostras. Amostras com
transicdes magnéticas bem estreitas apresentam uma unica linha de RPE para T > T¢ ¢ os
loops de histerese desaparecem para tais temperaturas.

Também, para os cristais CMR de La;2Sr; MmO, a linha de ressondncia FMR
observada bem como a transigio magnética a ~ 280 K foram atribuidas a fases extrinsicas
provavelmente provenientes de fases de LapMnyOspry com n # 2. Da anilise das
imtensidades das linhas dé EPR e FMR os volumes das fases espurias foram estimandos como
~ 0.03% do volume total da amostra # 1 e ~ 0.25 % para a amostra # 2. Estes valores de
porcentangem concordam com os obtidos através da comparagiio da magnetizagdio de
saturacfo das transi¢io magnéticas a ~ 280 K e ~125 K. A convergéncia das linhas FMR para
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a EPR para T < ~ 280 K apresenta as mesmas caracteristicas dos "splittings” de linha de RPE
observados para os compostos R;.xA;Mn0Os; (R =La, Pr; A=Ca, Sr) para T > Tc.

Concluindo, creio que meu doutoramento propiciou uma formagao muito boa no que
diz respeito ao entendimento das propriedades magnéticas macroscopicas € microscopicas
destes sistemas de alta cormrelagiio eletronica, ¢ para um futuro Post-Doc acredito que seria
muito enriquecedor para a minha formacdo, realizar estudos de propriedades de transporte
nestes sitemas, usando diferentes faixas de pressdes (até 10 Kbar) e campos magnéticos (ateé
20 T - dc e 60 T - pulsado); estudos estes muito importantes no entendimento das propriedades
fisicas de sistemas de alta correlagio. E meu objetivo também no pos-doutoramento aprender
a desenvolver toda a sistematica de preparagdo e caracterizacéio 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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Apéndice 1 APARATO EXPERIMENTAL

ALl.1) Espectrometro de R.P.E.

Passamos agora a descrever de forma simplificada o aparato de laboratério utilizado
para as medig¢Ses de RPE. (um pouco do fénomeno em si, também serd abordado).

0 principal elemento deste aparato é o espectrdmetro de ressonéincia, em volta do qual
toda a sistematica do experimento € planejada € montada.

Desde o seu surgimento no periodo subsegiiente a segunda guerra mundial, os
espectrometros de ressonincia eletrOnica ¢ nuclear tém se tomado uma técnica bastante
utilizada. Houve, como consequéncia, um grande avango na tecnologia dos radares (geradores
de microonda, cristais detetores, amplificadores de banda estreita para detegdo em fase, etc.) e
na tecnologia basica de semicondutores. 0 estudo da absor¢io e¢ da dispersdo da radiagdo
eletromagnética causadas pela precessdo de momentos magnéticos nucleares ou eletrdnicos de
uma amostra, submetida a um campo magnético externo aplicado, tém possibilitado o acesso a
informagbes da dindmica magnética interna de substincias, que muitas vezes, nao tém nem
mesmo suas estruturas cristalinas conhecidas.

A ressonéncia paramagnética eletronica estuda basicamente sistemas que possuem um
momento magnético localizado, dentre os quais se destacam aqueles relativos a ions de
elementos do grupo de transi¢éo onde as camadas parciaimente cheias possuem elétrons néo
emparethados. Dentre estes, podemos destacar os elementos do grupo do Ferro (3d), do grupo
do Paladio (4d), dos grupos das terras raras (4f) e do grupo dos actinideos (51).

As transicOes magnéticas entre os diferentes niveis de energia separados (“splitting” )
por um campo magnético externo ocorrem pela aplicacio de um campo magnético oscilante
(de microondas) perpendicular ao campo fixo. Podemos entdo definir a dependéncia da

susceptibilidade magnética com a frequéncia deste campo oscilante H, (t):*

xv)y =2 -ix"(v) [AL1]
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Temos entdo uma parte real ;* que coresponde a componente do momento magnético
em fase com o campo oscilante H1(t) (dispersdo), e uma parte imagindria x* correspondente a

componente em contra-fase do momento em relagéo ao campo (absor¢éo). A poténcia média

absorvida pelos momentos magnéticos &8

Py’ H (1) '_ [A1.2]

0 principio do espectrometro € entdo, a detecgio da poténcia absorvida em fungdo do
campo magnético H, aplicado (pode ser feito também em fungio da frequéncia de
microonda). Portanto a descricdo de seu funcionamento pode ser resumida a forma de
detegdo da absorgdo de microonda.

Uma radia¢io de microonda é gerada com uma frequéncia bem definida. Depois esta
radiagiio é atenuada e levada até uma cavidade ressonante metalica, dentro da qual se localiza
a amostra. A microonda refletida € entdo conduzida até um cristal detetor. A partir de entdo
temos um sinal que pode fornecer uma fungdo-P(H), desde que utilizemos uma frequéncia
fixa, e um campo estacionanio variavel. A faixa de variagdo deste campo geralmente esta
entre 0 e 20.000 Gauss, partindo-se sempre do campo zero e crescendo linearmente.

A microonda é gerada por um "Klystron" ( gerador baseado numa valvula com este
nome ) no case do espectrdometro de fabricagiio da Varian, operando na faixa de 8.8 a 9.6 GHz
de frequéncia (banda-X), e com 200mw de poténcia maxima. No espectrémetro Bruker a
microonda € gerada por um dispositivo eletrénico conhecido como diodo Gun para cada banda
S (4.0 GHz), X (9.5 GHz) e Q (34 GHz). A radiagdio € entdo direcionada por um circulador ¢
que permite que o sinal passe num s6 sentido ), nivelada por um sistema de controle de
poténcia ( "power leveler® ), dividida em um feixe que ¢ atenuado e mandado para a cavidade
e outro que ¢ atenuado e utilizado num acoplador direcional para a detecio do sinal refletido
pela amostra. Dois sistemas de modulagio diferentes frequéncia estdo conectados em paralelo

com as bobinas de modulagio. O sina! detectado é pré-amplificado e enviado a unidade de
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modulacéio, através de um sistema seletor que processa o sinal, convertendo-o numa diferenca
de potencial (d.c.) que € conectada ao eixo y do registrador.

Um outro sistema importante no espectrémetro é O Controle Automatico de Frequéncia
(CAF na figura-Al.1) que consiste de um pré-amplificador, um amplificador, um detetor € um
refletor Este aparato € utillizado na estabilizagiio das flutuagBes entre a frequéncia do
"Klystron" ou do diode Gun e a frequéncia de ressonéncia da cavidade.

Isto é feito através da modulagio da frequéncia de microonda por um sinal de 70 Hz
aplicado ao refletor do "Klystron", que possibilita que se obtenha no sistema de detegdo um
sinal modulado em amplitude, que ao ser amplificado € comparado por detegio de fase,
sendo corrigido proporcionalmente ao desvio de frequéncia.

A maioria dos espectrometros de RPE tém como forma de linha registrada., a derivada
da linha de absor¢Zo. Isto acontece pela utilizagio de um detetor sensivel a fase ("lock-in
detector”). Entre as vantagens obtidas (para medidas de RPE) , tém-se a possibilidade de
maior precisio na medida da largura de linha (que neste caso € a disténcia entre os dois picos).

Utilizamos neste trabalho um espectrdmetro Varian (E112) e um Bruker ELEXSYS
unidos a uma cavidade ressonante retangular E-231 com modo de operagfio TE 102.
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Apéndice 1 APARATO EXPERIMENTAL
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Fig-3a.1- Esquema em blocos do Espectrometro de R.P.E.
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