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INTRODUCTTIORH

—

Nous présentons ici les résultats des mesures de
chaleur spécifique A tré@s hasse température réalisfes sur des al-
liages dilués contenant des impuretés de transition, principalement

du Co, dissoutes dans différentes matrices.

La contribution nucléaire & la chaleur spécifi-
que nous a permis d'étudier 1l'apparition des momente magnétiques
par interactionh entre les impuretés bien au-dessous de la tempéra-
ture caractéristique TK' dans des alliages de Ty glevée (Au-Co et
Au-Co-Ni) et de T, faible : Pt-Co et Zn-Mn. Des mesures effectuées
sur le systéme Au-Co-Fe nous ont permis de confirmer et compléter
les résultats obtenus sur l'Au-Co. La contribution des impuretés
non magnétiques a &té¢ cobserviée autour de Ty (Pt~Co) et bien au-

A

degsous de TK(QE"C°)°

Le choix de ces alliages a été& dicté& par le
besoin de disposer d'impuretés ayant un moment nucléaire élevé
{Co: ou Mn) et par le fait gque d'autres nesures partielles su
géraient l'existence d'effets de concentration sur une gamme de
température et de concentration compatibles avec nos possibilités

expérimentales,

Une méthode d'acquisition et de traitement des

données a été mise au point pour augmenter la précision des
mesures, ce qul nous a permis, par xemple, de séparer la contribu-
tion de la matrice de celle des impuretés dans un échantillon de

Cu-Mn.

Ce travaill se pré&sente sous la forme de publica-
tions déja parues sur les systémes Au-Co (chapitre IV) ou & parai-
tre : Pt-Co (chapitre V), Au-Co-Fe (chapitre IV) et traitement des
données (chapitre III), suivies de guelques résultats complémen-
taires sur les alliages Zn-Mn et Au-Co-Ni (chapitres V et IV).

De ce fait une certaine redondance apparait parfois, exigce




€y
s

par le rappel de certains concepts & l'intérieur de chaque publi-
cation. Dans le chapitre I nous introduisons quelques concepts

et problémes liés & l'étude des alliages dilués et dux effets
d'interaction entre impuretés, en récapitulant briévement nos
résultats. Enfin, au chapitre IT , nous expliguons l'utilité de
la chaleur spécifique nucléaire comme moyen expérimental pour

6tudier l'affet des interactlons sur 1'apparition du magnétisme.




CHAPITRE T

. B onm ¥ o ® o B omm H ok A i B mm ¥ dma A o P om F ow &

LES ALLIAGES DITLUES ET L'EFFET DES INTERACTIOHNS

g -

A - IMPURETES MAGNETIQUES ET NON MAGNETIQUES DANS UN ALLIAGE
DILUE

[ERS——————

Le comportecment magnétique des impuretés de
transition dissoutes dans un métal a fait l'objet de nombreuses
&tudes aussi bien expérimentales que théoriques. Ces impuretés

sont définies comme magnétiques ou non-magnétiques selon que la

susceptibilité magnétique observée suit une loi de Curie (ou

Curie Weiss) ou au contraire est "pratiquement" indépendante

de la température. Cette définition opérationnelle de l'impureté

magnétique rejoint le concept de "moment localisé® par opposition
4 un comportement d'électrons libres caractéris& par une réponse
3 un champ magnétique externe trds peu dépendante de la tempéra-

ture.

Une autre facon de définir les impuretés magnéti-
ques consiste 4 utiliser le concept d'ordre magnétique (effets

coopératifs). Ainsi on dira qu'un alliage contient des impuretés
magnétiques si un ou plusieurs des phénoménes sulvants, caracté-

ristiques de 1l'ordre, sont observis

1°) Une aimantation rémanente ;

2°) Un maximum dans la variation thermique de la
susceptibilité ;

3°) Une anomalie de la chaleur spécifique dont
le maximum dépend de la concentration.

4°} Un champ hyperfin au niveau des noyaux des
impuretés en champ externe nul (effet
M&sgbauer, chaleur spécifique nuclealre) ou
faible (orientation nuclé&aire).




fiistoriquement, l'observation de trois autres
phénoménes a €té associce empiriquement aux précédents et a aussi
&té utiliséde comme critdre pour déterminer l'existence d'impuretés

magnétigues dans un alliage

5°} Un minimum de la résistivité é&lectricque ;

6°) Un terme linéaire en T dans la chaleur
spécifique a hasse temgérature, dont l'ampli-
tide est indépendante de la concentration
d’impuretés ;

7°) Une susceptibilité indépendante de la concen-

tration 3 basse température.

Un ensemble de résultats expérimentaux a mis
en évidence gqu'une méme impureté, magnétigue dans une matrice,
q P g q

pouvait ne pas l'é&tre dans une autre.

In utilizant le concept d'état 1i& virtuel pour

décrire l'écran créé pour compenser le défaut de charge de 1'impu-
reté et en faisant intervenir l'énergie d'é&change intra-atomique,
Friedel a €tudié les conditions de découplage des deux directions
de spins et donc d'apparition d'un moment localisé&. Il a pu ainsi
faire une classification des résultats expérimentaux concernant
différents alliages, dans un tableau oll la ligne de sé&paration
entre alliages magnéticques et non magnétiques est fonction du
niveau de Fermi de la matrice d'une part et de la position de

l'impureté dans la série de transition d‘'autre part(l).

Anderson a repris le modele de Friedel et a montré
que pour une impuretd avec une seule orbitale  d plongée dans une
mer d'électrons libres, l'énergie de répulsion Coulombienne entre
2 &lectrons localisés sur l'impureté &tait suffisante pour failre
apparalitre un moment localisé si la condition (1) (type Stoner)
était satisfaite

u,&(E;)Z 1 )




U est l'énerglie de Coulomb et pd(EF) la densité d'état au 1 !
de Fermi. L'extension de ce résultat au probléme des cing ol
d fait intervenir 1l'intégrale d'échange intra-atomique J dam \

(2) ' %

condition précédente 3

l+u3)p,(e) 71 2)

L'approximation de Hartree-Fock utilisée n'est cependant valable

U.(i(é,)< 1 (3)

et le traitement d'Anderson n'est correct que dans la région ol
l'impureté n'est pas magnétique. Néanmoins, il fait apparaltre
les paramétres fondamentaux du problime et permet de comprendre

la tendance a l'apparition d'un moment locallsé.

Certains Faits expérimentaux restalent cependant
inexpliqués. Par exemple, la température 0 de la loi de Curie~

Weiss suivie par les impuretés magnéticues
= == &)

n'était pas proportionnelle 4 la concentration d'impuretés comme
prévu par un moddle de champ mol&culaire. De plus, pour des al-
liages trds peu concentrés la valeur de 0 observée était indépen-
dante de la concentration(3) montrant par 13 que ce param@&tre ne
provient pas des interactions entre impuretés magnétiques mais
est une propri&té intrinséque 3 une impureté noy&e dans les

dloctrons de conduction {effet & unc impuret&).




La loi empirique donnée par (4) a été déduite
des développements du modé&le introduit par Kondo dans le but d'ex-
pliguer un autre falt expérimental, connu de longue date : le mini-
mum observé A basse température sur la régistivité électrique des
alliages contenant des impuretés magnétiques. Traitant au-dela de
1'approximation de Born 1'hamiltonien d'échange s-d entre le spin
S de 1'impureté et le spin s de 1'électron de conduction, Kondo
a trouvé une divergence logarithmique dans la résistivité pour des
températures inférieures 3 la température caractéristique Tk du
systéme, donnée par

: __i :
. /131 N 6) 6)

}K - De

olt J est la constante de couplage d'échange et N(0) la densité

d'état dans la bande de largeur 2D, par atome(4).

Le modale de Kondo part de l'existence d'un
"hon spin" localisé sur 1'impureté, pour laguelle la condition (2)
serait donc satisfaite et prévoit encore la formation d'un é&tat
singulet, dit de "spin compensé&” pour T << TK' ol 1'impureté
aurait un comportement non magnétique (x indépendant de T). Les
paramétres U, J et p n'étant pas directement accessibles a
1l'expérience, une hypoth&se a &té avancée selon laquelle la
condition (2) pourrait &tre satisfaite pour tous les alliages
dilués, et les alliages connus comme non magnétiques seralient tout
simplement ceux gul seraient dans 1'état de "spin compensé",
c'est-a-dire, ceux pour lesquels TK serait bien supérieure & la

(5)

gamme de température couverte par les mesures expérimentales
paralldlement au modile de Kondo, a été dévelop-

pé le modéle de fluctuations locales de spin (LSF), ol les para-

ndtres U, J et o sont supposés tals que la condition de validité

de Hartree-Fock (éqgu. 3) soit remplie, c'est-a~dire les deux ai-

rections de spin de 1'état lié virtuel ne sont pas découplées,




mais des fluctuations locales de spin se produisent de sorte

que pouxr T > 7T 1l'impureté se comporte comme si elle &tait

SF*

magnétique. La température caractéristique étant définie d'aprés
la relation

&)

| 71 F (&

T = = -

1- Up(&s)

Le mod@le LSF permet de décrire certains résul-

€)

tats expérimentaux comme la susceptibilité, la chaleur spécifique
et la résistivité de certains alliages et particuliérement de

ceux 4 base de métaux renforcés d'échange. L'&gquivalence entre
les 2 modéles a été montré pour des alliages non-magnétiques

(6)(7)_

Le concept d'alliage magnétigue a donc été
rendu plus compiexe du fait de 1'introduction d'un paramétre sup-
plémentaire, la température. Ainsi le comportement “magnétique”
d'une impureté dépend non seulement de 1l'impureté et de la matrice

considérées mais aussi de la gamme de température couverte par la

mesurec.

D'autre part les développements du modéle de
Kondo et de LSF ont prévu des nouvelles lois de variation pour la
susceptibilité, résistivité et chaleur spécifique qui se sont
avérées &tre d'une vérification expérimentale difficile, car
théorie et expérience traitaient des problémes différents. En
effet, les mod&les théoriques sont construits & partir d'une
condition impossible A réaliser expérimentalement : une seule impu-
reté dans une mer d'électrons de conduction. Les conditions expé-
rimentales exigent cependant 1l'étude de concentrations finies ol
les effets d'interaction entre les impuretés modifient les données
du probl@me. A cause de la nature "itinérante" des électrons qui
donnent origine au magnétisme dans les métaux, il n'est pas effecti-
vement évident qu'on puisse séparer le probléme en deux : formation
des moments et par la suite interaction entre eux, donnant origine

aux phénomé&nes d'ordre magnétique. Cette difficulté a &té néan-




moins progressivement levée d'une part avec l'augmentation de la
sensibilité des appareils de mesure permettant de travailler sur
des &chantillons & trés faible concentration et d'autre part avec

l'étude expérimentale des effets d'interaction entre impuretés

sur l'apparition d'un moment magnétique.

Dans notre travail, nous présentons les
résultats d'une telle &tude sur quelques alliages. $i & 1'heure
actuelle 11 est difficile de décider du modéle le plus correct,
sl toutefols il existe une différence entre les deux, pour décrire
le comportement d'un alliage donné (Kondo ou fluctuations locales
de spin) 11 est néanmoins certain que la température caractéris-
tique Ty
cation expérimentale bien définie. Ainsi les valeurs de Ty déter-

de la susceptibilité ( X'A’;%féi , de la ré&sis
tivité (’f: gL ( )]) » du maximum de l'anomalie de chaleur

spécilfique (effet & une impurcté observée par la superposition

déterminée aux concentrations évanescentes a une signifi-

des courbes dans un diagramme zﬁd/k(?ﬁ ) correspondent hien
entre elles pour un alliage donné. Les valeurs de T, pour les

A LA e B K N 47 4
1iferencs alaliages ailulud

[

s varlent de pluSiG‘dLm ordres de- gra ndeurs
et 1l est possible de classecr ces alliages suivant leur TK et par
rapport & la gamme de température couverte par une expérience

-2

donnée. Ainsi, pour nos mesures situées entre 10 K et 1 K, nous

pouvons classer les alliages &tudiés en troils catégories :

TK >> 1 K Au~Co, Au~Co-Ni
1072 k g T, § 1 K Pt-Co, Zn-Mn
T << 107% X Cu=-Mn

K
(8)

Catte classification correspond a celle utilisée par Coles

qui classe les impuretés comme :

1°) portant un moment zéro (TK n 107 K)




2°) portant un moment intermédiaire ou Kondo (TK vl K)

3%) portant un bon moment (TK N ].O'-3 K)

Les effets d'interaction entre impuretés se
traduiront par un comportement différent pour chacun de ces 3 grou-
pes. Dans le dernier cas peu examiné dans ce travail, l'impureté
est bien magnétique et les interactions entre les impuretés sont
caractérisdes par des oscillations de densité de spin des électrons
de conduction (RKRY) menant & une distribution de champ nmoléculaire
P{(H) et & un terme linéaire en chaleur spécifique dont 1'amplitude
est indépendante de la concentration en impuretés (superposition

(9)

des courbes dans un diagramme réduit)

B - LES LFFETS D'INTERACTION

L'existence des effets d'interaction sur le
comportement magnétique des impuretds a 8té suggérée pour Laﬂ
”prémiére fois pour explicuer des effets non linéaires en céﬁéentra~
tion, observés sur des alllages de Cu-iii. L'observation d'un terme
de susceptibilitd en 1/7 dont le coefficient variait comme le cube
de la concentration a &té associé & l'existence 4d'un découplage

(1)

de spin pour le groupement de 3 atomes de Nickel voisin'™’

L'importance de l'environnement immédiat de 1'im-

pureté sur son comportement magnétique et l'apparition discontinue

des moments localisé&s ont été mis en évidence par Jaccarino et

Walker pour expliquer la variation du moment moyen du Fe dans la
matrice Nblﬂx s
du moment de ces impuretés avec la concentration de Mo ou Pd avait

Mo, et du Co dans Rh,_, Pd, . L'augmentation graduelle

&té interprétée comme un changement continu de la largeur A de
l'état 1ié& virtuel, guand les propriétés moyennes de la matrice
Nb-Mo ou Rhw@d.variaient(lo).

gnalé 1l'impossibilité de faire la distinction dans une mesure macrosco:

Cependant, Jaccarinc et Walker ont si-




pique entre une situation oli toutes les impuretés possé&dent le

méme moment et celle oll gquelques impuretés possédent le moment
maximum et les autres un moment zéro selon leur environnement.

En montrant que la dépendance de la valeur moyenne du moment magné-
tique porté par le Fe (ou Co) était proportionnelle & la probabi-
1ité d'un atome de Fe (ou Co) d'avoir au moins 7 atomes de Mo

{ou 11 atomes de Pd) parmi ces premiers volsins, ils ont conclu

que les moments magnétiques apparaissaient d'une fagon discon-

(11)

tinue . Ce moddle de "tout ou rien®™ ou 1-0, a &té récemment

confirmé par des mesures microscopiques de RMN faites sur le 59Co

dissous dans le Nb~Mo(12).

Du point de vue théorique les effets d'inte-
raction entre impuretés ont &té& &tudiés par divers auteurs.

L'hamiltonien d'Anderson a €té& généralisé au cas de deux impure-
tés(13)(14) J

=< £ n + % £ h +2 Un, h +
H b b«a A, L9 i=l2 o
'R,d' £=1,2 ¢ '
X
+
é_ Cx‘r C{)q‘

£ P,@
Le premier terme de H représente l'énergie cinétique des &lectrons
de conduction, le second et le troisiéme 1'énergie des &lectrons d
dans l'état 1lié di initial. Le gquatriéme terme contient un terme

de mélange s-d

Hueo= 2 Vy, ¢
mel i ﬁdi 29 Cléq +C. ¢

et un terme d'interaction directe d-d

- LS
CEHT T Ty A iv
In négligeant ce dernler terme, dans le calcul de l'énergie d'inte-
raction, Caroli a montré& l'importance du éouplage de double réso-

nance entre impuretés magnétiques a4 travers la bande de conduction.




Ses résultats suggdrent la possibilité d'une modification de la
densité d'état pd(EF) d'une impureté non magnétique par la présence
d'autres impuretés distantes de la premidre et qui pourraient per-
mettre & cella-ci de franchir la limite de Stoner. Les affets
de longue distance bilen que plus généraux seront repris plus loin.
Nous aborderons d'abord les effets d'interaction & courte distance
ol le terme négligé par Caroli, d'interaction directe d-d peut
étre non négligeable.,
FRFET D'INTERACTION FNTRE TMPURLTES PROCHT VOISINDS

L'apparition discontinue des moments magnéti-

ques localisés est justifiée dans le cadre du modéle d 'Andexrson
ol le moment varie rapldement de zéro & sa valeur & saturation

(15). Il est possible de

pour une faible variation de(U + 4 J¥4
prévoir que l'environnement immédiat de 1'impureté que ce soient
des atomes différents dans le cas d'une matrice binaire ou d’'au-
tres impuretés du méme type dans le cas classique, peut changer la
valeur de A et faire apparaltre (ou disparaltre) un moment loca-

lis¢ sur l'impureté.

Le terme d'interaction directe d~d décrit plus
{13

haut a &té considéré par Alexander et Anderson et ensuite par

Morya(ls) qui a montré que priés de la limite critique d'apparition
d'un moment (eq. 1), la valeur du moment peut changer de beaucoup
par l'existence de ce terme. Par contre le moment n'est pas beaucoup
influencé par l'impureté voisine s'il se trouve &tre saturé. Son
moddle serait valable pour 1'interaction entre impuretés de dif-
férents types et la condition pour l'apparition d'un moment serait
plus ou moins favorisé&e suivant que les couches d des impuretés

seralent demi :-pleines ou plus que demi-pleines,

Pour les impuretés avec des couches d plus que
demi -pleines (Fe, Co, Ni) l'interaction favorise l'apparition d'un
moment si 1'impureté se trouve dans une situation ol la condition
de Stoner est proche d'@tre ré&alisée dans la matrice noble en

question (condition limite dans le tableau de Friedel). Des




résultats du méme type ont &été retrouvés pour les alliages & base
de Cu dans un modéle qui tient compte de la structure de bande

(16)

de la matrice .

Le cas du Co dissout dans 1'Au ou Cu se trouve
dans cette situation limite et paralt mettre en évidence 1l'exig-
tence d'effets d'interactions A travers la dépendance en concen-
tration observée expérimentalement (voir chapitre IV). Ceci
serait en accord avec les prévisions de Morya ol l'interaction
entre 2 impuretés de Co intervient pour favoriser la ré&alisation
de la condition de Stoner. En effet, les résultats obtenus en
aimantation(l7) sur le Cu-Co permettent d'associer un comportement

magnétique & certains groupes d'atomes de Cobalt.

Wous avons étudié ici d'une fagon systématique
la dépendance en fonction de la concentration de la chaleur spéci-
fique nucléaire de l'alliage Au-Co (chapitre IVa). Les résultats
obtenus ont permis d'associer la présence de moments localisés
(jusgu'a 20 mK) aux groupes d'au moins 3 atomes de Co proches
voisins pour lesquels la condition de Stoner seralt donc réalisée.
D'aprds la contribution linéaire en température a la chaleur
spécifique, nous avons déterminé les températures de fluctuation
de spin associées aux paircs et aux atomes is0lés de Co (50 et

700 K respectivement).

Ces résultats ont &té& confirmés par l'analyse
de mesures d'aimantation faites sur les mémes échantillons(lg)
et l'existence d'un Top trads élevé pour les impuretés isolées a

&té retrouvée récemment par des mesures de RMN(lg). Pour démontrer
l'existence de réponses magnétiques différentes propres aux paires
et aux atomes isolés de Cobalt, nous avons "soumis” ces configura-

tions d'impuretés au champ moléculaire créé par le Fe dans 1'Au,




en étudiant la chaleur spécifique nucléaire de l'alliage Au-Co-Fe
en fonction de la concentration de Co et de Fe. L'analyse des
résultats obtenus parait confirmer l'existence de ces 2 tempéra-
tures Tgp de l'ordre de 16 et 240 K proches de celles déterminées
par l'aimantation (chapitre IV b).

Récemment., Parlebas(16)

a étudié dans 1'ap-~
proximation Hartree-Fock la structure &lectronique d'une paire
d'impuretés en utilisant une structure réaliste des bandes "s" et
"d" hybridées pour les alliages de Cuivre. Il est intéressant de
constater qu'il a pu ainsi déterminer pour la paire et les atomes
isolés de Co dans le cuivre des températures de fluctuation de

spin de 7 et 700 K respectivement.

Mals si ces mesures effectuées sur 1'Au-Co
confirment la prévision qualitative de Morya, l'existence de tels
effets d'interaction entre impuretés de type différent dans un
alliage ternaire d'Au-Co-Ni n'a pas été observée (chapltre IV c).

Dans le cas ol le moment de 1l'impureté est .
bien saturé (TK tras faible) comme pour le Mn dans 1'Au ou Cu,
certains résultats paraissalent montrer une éventuelle variation
du moment du Mn. Ainsi, pour des concentrations trés &levées de
Mn dans 1'Au (composés définis) les mesures de chaleur spécifique
nucléaire mettent en évidence une décroissance du champ hyperfin

avec la concentration de Mn(ZO)

. De méme, des mesures de champ
hyperfin du Mn dans le Cu faites sur des échantillons contenant
de l'ordre de quelques ppm de Mn (par orientation nucléaire) et
de 1'ordre du % de Mn (chaleur spécifique nucléaire) donnaient
des valeurs trés différentes. Des mesures plus précises de cha-
leur spécifique nucléaire faites sur un échantillon de QE—MhO°9 %

ont permis de séparer la contribution de la matrice de celle des




i

impurctés et de vérifier ainsi gque le champ hyperfin sur le Mn
est lc méme que celui obscrvé par orientation nucléaire (230 b
10 kO¢ contre 280 t 10 kOc déterminés par orientation nucléaire)

{chapitre XII}.

EFFLT. D'INTERACTION ENTRE IMPURETES A GRAKDE DISTANCE

Lupérimentalement, des effets d'interaction

4 longue distance ont ¢té mis cn évidence sur des alliages comme

(21) (22)

Cu~-Fe et Au-Te Mux limites des faibles concentrations,

-

les “"paires" d'atomes de Pe, distantes de plusicurs distances
interatomiques présentent un comportement magnétique a des tempé~
ratures bien inféricurcs au Tp des impuretés isolées (magnétisme
résiducl). Ces ¢études onrt permis de séparer les effets d une

impureté des effets d'interaction, traduits expérimentalement par
des ceffets de concentration (aimantation 3 saturation, constante
de Curie, ctc... qui varient comme lc carré de la concentration).
Des calculs de températurcs caractéristiguecs des paires T, et

%9
TGF’ ont otd effectuéds dans le cadre des moddles Kond0(23 et
fluctuation de spin

(24} (16)

be tels effets d'interaction entre lmpurctés
4 longue distance, sc traduisant expérimentalement par des effets
non lindaires en concentration, sont observiés autour d'une concen-

_ ordre = K"
Ce critdre empirique qui sugg@re la destruction de 1l'état considé-

tration critique, définie comme celle pour lagquelle T

ré quand 1'énergie de 1l'effet coopératif d'ordre est équivalente
i 1l'Gnergie de 1l'état de "spin compensé”, donne approximativement
1'ordre de qrandeur des concentrations intéressantes & étudier.

Ainsi, Tordre dtant. situé en gdndéral autour de 10 K par % pour
des alliages avec TY = 1 ¥, les effets de concentration doivent
8tre pergus autour de ¢ = 0,1 % at.




.
i

Nous pré&sentons dans ce contexte le résultat
de 1'Gtude sur le systéme Pt-Co, dont la concentration critique
et les mesures connues permettaient de crolre & l'existence des
aeffets de concentration dans une gamme de concentration et de
température sensible & notre appareil (chapitre V). La dépendance
en c? de la chaleur spécifique nucléaire pour les faibles concen-
trations de Co, nous a permls d'associer un moment magnétique aux
paires de Co situées en deca d'une distance critique de 1l'ordre de
8 g. aAinsi méme dans un alliage dont la matrice est renforcée
d'échange, le magnétisme apparait au-dessous de TK comme pour les
alliages & base de métaux nobles (Cu~Fe, Au-Fe} avec le carré de
la concentration totale. Les mesures de Saint-Paul au-dessus de
0,3 K présentées au méme chapitre, ont permis d'identifier

llexistenc

=]
de TK = 1,2

de l'anomalie associde & l'effet & une impureté& autour
I,

Finalement, 1'étude de 4 &chantillons de Zn-Mn,
malgré des problémes de métallurgie et de sensibilité de la mesure,
a permis de vérifier que, comme pour le Pt-Co, le champ hyperfin
qui apparait lorsque les impuretés deviennent magnétiques par
interaction est proche de celul obtenu dans la limite des trés
faibles concentrations par l'application d'un champ externe satu-
rant 1'impureté, Pour les 2 &chantillons les moins concentrés, la
présence de l'anomalie associée a l'effet & une impureté a é&té

détectée au-dessous de 0,2 K,
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CHAPITRE II

LA CHALEUR SPECIFIQUE NUCLEAIRE

Le couplage entre les électrons et les noyaux
donne nalssance a4 un écartement des niveaux d'énergie de ces
derniers. La contribution nucléaire a la chaleur spécifique pro-
vient du changement de la population de ces niveaux avec la tem-
pérature et est caractérisée par une anomalie de Schottky (nombre
fini de niveaux dont l'écartement est indépendant de la tempéra-
ture) . L'écartement des niveaux &tant typiquement de l'oxrdre du

millidegré, cette anomalie n'est observée que pour T < 1 K,

Dans le cas des alliages dilués il existe au moins

2 types de noyaux : ceux de l'impureté et ceux de la matrice. La
chaleur spécifique nucléaire mesurée sera alors la somme d'une
e,

contribution des impuretés et d'une contribution de la matrice

Pour les alliages considérés dans ce travail, la contribution
des impuretés était toujours prépondérante et celle de la matrice

ne représentait que de l'ordre de quelques pour cent {(Au-Co) a
20 % de la contribution des impuretés (Cu-Mn).

Chacune de ces deux contributions peut avoir deux

origines : magnétique ou quadrupolaire électrique. En effet, le

couplage entre électrons et noyaux est décrit par l'Hamiltonien
hyperfin magnétique qui tient compte des interactions magnétiques
entre spin et moment orbital électronique avec le spin nucléaire

et l'hamiltonien hyperfin quadrupolaire électrique qui traduit




.
W

1'interaction entre les gradients de champ &lectrique créés par
les &lectrons et le moment quadrupolaire du noyau. Le terme hyperfin
provient historigquement de l'observation d'une structure hyperfine

dans le spectre optique.

- Couplage magnétique

L'hamiltonien d'interaction magnétique entre un noyau

(1)

et un électron s'écrit :

— ———

o= =44, 4 g1 ) S0+ £ 3T, 3C DEDL

3
N A3 as

3

ou 1., et I sont les opérateurs moment angulaire, spin &lectronique
et spin nucléaire ; Mo et Uy sont les magnétons de Bohr et nu-
cléaire ; g et g1 sont les facteurs d'écartement spectroscoplque

électronique et nucléaire.

Le premier terme cui contient la fonction de Dirac,
caractérise l'interaction de contact de Fermi entre les noyaux et
les électrons dont la probabilité de présence sur les noyaux est
différente de zéro, c'est-a-dire les &lectrons s des couches
internes de l'atome, polarisés par la présence d'un spin sur les
couches externes (polarisation de "coeur") ou les é&lectrons de
conduction de la matrice polarisés par la présence d'impuretés

(2}

magnétiques . La polarisation de "coeur" sera responsable de la
contribution & la chaleur spécifique des impuretés magnétiques et
la polarisation des électrons de conduction produira la contri-
bution magnétique de la matrice, dans le cas d'un alliage avec une
matrice noble.

Les autres termes de (1) qui caractérisent l'inte~‘
raction du moment orbital L et du spin électronigque 5 avec le noyau,
sont négligeables devant le premier terme, dans le cas des impure-
tés de transition. L'hamiltonien (1} peut s'é@crire dans le cas plus

général comme l'interaction entre le moment magnétique nucléaire




S

et un champ effectif, Heff' produit par l'électron & 1l'empla-
cement du noyau, représenté par l'opérateur vectoriel, proportionnel

au spin électronique total J

. — — ™~ --,)H)J
S (o e, L5, 3mGa ),
g™ Qe [T 20075 )

A3 as

On peut ainsi écrire socus la forme d'un hamiltonien Zeeman :
_—

Ho= -%, B I.Heﬁ,

H

Cu encore

HH= _/U_I ) He-ff/I ’ Ié (‘3> .

— 4 - 2L ol i g -
le moment nucléaire }E: ? /ﬁ,I et U cr €tant pris dans la direc
1

tion =z.

La chaleur spécifique nucléaire (C.5.N.) décrivant la
variaticn des populations entre les valeurs propres de HM permet
de déduire l'espacement entre ces niveaux d'énergie. listorigquement,

la C.5.H. a été une des premiéres technigues utilisdes pour la

mesure de U ... Dans le probléme des alliages dilués, elle a &té
utilisée comme sonde du magnétisme Glectronigue, du fait de la pro-
portionalifté entre le moment magnétique électronique et le champ
effectif liggee DU Chatenicr et Miedmma(3) l'ont utilisée pour
répondre 4 la questio?ximpureté magTi?ique ou non et ainsi remplir

les oscillations de densité de spin produites sur les &lectrons

le tableau de Friedel Thoulouze l'a employée pour &tudier

de conduction de la matrice par les impuretés magnétiques.

{(*)

L'observation expérimental d'un Heff sous champ externe nul, par
C.5.N., effet MO8ssbauer ou autre technique, est le reflet d'un
ordre magnétique (voir chapitre. V) et permet dans le cas d'un
alliage dilué d'affirmer 1'existence d'impuretés magnétiques au

méme titre que l'observation d'une aimantation rémanente,




~ Couplage électrique

L'hamiltonien d'interaction électrique entre le
gradient de champ &lectrique produit par les &lectrons et le
moment quadrupolaire du noyau g'écrit

Hy = Jéﬂ (BW/“"M&)MO&J& (4)

oll 1'opérateur tensoriel()wvsxégla):taix& est le tenseur gradient
de champ électrique 3 l'origine et (Qj& est l'opérateur qui repré-

sente le moment quadrupolaire associé a la distribution de charqges

nucléaires. Avec un choix convenable des axes (4) s'écrit

y oo el [sTf-T(m)+ T/ [:f—zf)j (5)

5 {-LI(.ZI—L)
_V
ol @?=V33 et ? :—!5%7—1g70 pour un environnement a4 symétrie
axiale du noyau. 42

-

Contrairement & 1'hamiltonien magnétique, les ni-
veaux d'énergie déduilts de (5) ne sont pas également espacés
(3 cause du terme en Ig). Mais comme dans le cas précédent la
mesure de la C.S5,H. de substances non margnétiques a permis de
mesurer les qradients de champ électrique créés au niveau des
novaux par le champ cristallin dans des substances non magné-

(5)

tiques

- La C.5.N. dans l1'étude des effets d'interaction

Avant de donner 1l'expression plus générale de l'ano-
malie de Schottky nucléaire tenant compte des niveaux d'énergie
donnés par (3) et (5), plagons nous dans un cas plus siﬁple ol
la contribution quadrupolaire électrique est négligeable et 3 une
température T bien supérieure d a/k, ol a est l'espacement entre
les niveaux Zeeman prodults par le champ Heff' L'aimantation

nucléaire suit alors une loi de Curie

X, = N MRT




ol N est le nombre de noyaux et u leur moment magnétique. L'énergie

de ces noyaux sera
}{2
E=-Xu- ef)
Z
E- - N Heyp /30T

et la chaleur spécifique nucléaire
bd Z‘ 2 A
C, - /t//“"Ht’fﬁf’/“ZT (©)

Cette expression simplifiée de la C.5.N. contient
les principaux &léments qui justifient l'emplol de cette techni-
que expérimentale dans l'étude des effets d'interaction sur

l'apparition du magnétique dans les alliages dilués

1°}) La dépendance en 'I‘—2 nous permet de séparer
aisément la contribution nucléaire des autres contributions
présentes 4 basse température, qui proviennént des électrons, de
l'anomalie d'ordre entre impuretés magnétiques ou de celle due
aux phénoménes Kondo ou L.5.F. des impuretés non magnétiques.

2°) La dépendance en Héff la rend surtout sensible
aux grandes valeurs de champs hyperfins et donc aux moments loca-
lisés dont la valeur est proche de la saturation. L'existence
d'impuretés non magnétiques faiblement polarisées par le champ
moléculaire (moments induits) ne sera pas détectée par la C.S5.N.,
ce qui justifie encore l'utilisation du moddle 1 - O pour 1l'inter-
prétation des résultats. De plus la direction z étant définie pour
chaque site, contrairement & l'aimantation la C.5.N. détecte aussi

bien les impuretés couplés ferromagnétiquement que celles couplées




antiferromagnétiguement (les 2 types de couplage pouvant exister
dans le type d'ordre dominé par les interactions R.K.K.Y.).

3°) La dépendance en u2 fait que la chaleur spéci-
fique mesurée représente principalement la contribution des impu-
retés, si nous cholsissons des alliages tels que le moment nu-

cléaire des impuretés est bien plus grand que ceux de la matrice.
4°} La proportionalité au nombre de noyaux N qui
voient le champ hyperfin H,r., permet de compter les impuretds

magnétiques.

-~ Expression générale de la C.S.W,

L'expression générale de la C.5.N. en fonction des

niveaux nucléaires Wi déduits de (3) et (5), s'é€crit 4 partir de
la fonction de partition du systéme

——WL+W>/T .
£ 5 (WS- WeW, ) e Vet ¥i) /z

CHN = R//ﬁlTa' ¢ ¢ (?)
55 e (Wet¥) ot
L ¢
oll k est la constante de Boltzman et R la constante des gaz par-

faits,

Ou encocre

1 ~Welar - -wi/gT zz
¥ [ g(w/ta) e [ EwlTe J )

N T ¢ T —Wi/ﬁ‘—
2 5 - Wi/l £e i

i

¢

Il est pratique d'exprimer les niveaux Wy en fonction du paramétre
d'interaction magnétique a' et de la constante de couplage quadru-
polaire P ; déduits de (3) et (5)

WL/E.: -—a,'f—a- + P [I;Z—- —;I(I‘fi>j (9)
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avec

. _H /QI' {(espacement Zeeman exXprimé en tempé-
A= My
rature)
et
z
_ ,ELE_E%jL_E— (demi-espacement entre les niveaux
Qﬁjf(zI'{) 11/2 et i3/2 exprimé en température)

ol ;I=-11—1+i,”“-+f
3
ol on a supposé n = O.

Finalement le développement en série de (8) pour

7> |P-a | (o)
nous donne
Cu: ATH gT2+c Tt ()
avee A4 prr(red)+ L P"—I(ni)(zi—i)(zx-rs)
(1< 3 7Y
B __ 4 g I(I—ri)(ai-i)(zzwj
R 15
Co_ 4 g4r(pea)(2I%2I]
K 20
Dang le cas des alliages dilués contenant des
impuretés magnétiques, les calculs de Thoulouze(q) mentrent que

la contribution guadrupolaire électrique de la matrice est faible

devant la contribution magnétique.




a4

Le gain de précision acquis lors de 1l'uti-
lisation de la nouvelle méthode de dépouillement décrite au
chapitre III, a montré que la série (1ll) n'était pas suffisante
pour décrire les résultats expérimentaux qui, dans le cas des
alliages de Pt-Co et Cu-Mn, sont bien reprodults par une anomalie
Schottky (8) purement magnétique, une fols retranchée la contri-

bution de la matrice.

Dans le cas de 1'Au—~Co, la mesure a €té faite avec
la méthode de dépouillement graphique traditionnelle et les résul-
tats ont donc été traités en utilisant uniquement le terme en T“Z.
Mais la variation avec la concentration du coefficient de ce
terme permet d'affirmer que la contribution éloctrigue est négli-

geable (chapltre 1IV).

Pour la série Au-Co-Fe, la présence de toute une
distribution de champ hyperfin ne permet pas la vérification de
l'existence de contribution quadrupolaire &lectrigue qui a été

néanmoins négligée vue son absence dans l'Au-Co.
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ABSTRACT

For the purpose of measuring the nuclear specific
heat of dilute systems between 16 mE and 100 mK we have developed an
improvement to the adiabatic method which 1s of interest in all
cases where a long response time is present : use 1is made of the
knowledge of the evolution of the temperature T vs time and of
the time derivation of T vs T. This method was adapted in an
automatic system of acquisition and treatment of the data using
the possibilities of a computer. The gain in accuracy allows
to determine higher order times in the development
of the high temperaturc nuclear Schottky tail. An application is
made to the case of Cu-Mn where the contribution of the Cu nuclel
is separated from that at the Mn nuclei, vhere Hogg ™ 280 t 10 koe

in aqreement with nuclear orientation data.




I ~ INTRODUCTION

We present a system of vauisition and treatment of
data which was developped for the measurement of the specific heat
in the range from 20 mK to 100 mk, and was used in the study of the
nuclear specific heat of dilute alloys (ngLoly §H~CO~F62 and Cu-Mn) .

The apparatus described in a former paper3 ig capable
of cooling a sample down to about 15 mK by the successive demagne-
tization of two salt pills. The sample is then isolated, by decreasing
the field on a supraconducting thermal switch (a tin wire : R = 2 cm
and @=0.5 mm). The heat leak ¢ to the sample has been made as small
as 1 erg/min. by taking speclal care in protecting the apparatus
from external perturbations {(vibrations, electromagnetic raﬁiations,
etc..). The temperature is given by the magnetic susceptibility of

|

a gmal
=-r-

anhere constituted by 5 CMN slabs glued to the sample holder

with Apiezon N grease.

IT ~ THE ADIABATIC METHOD ; DIFFICULTILES INHERLNT TO THE LOW-
TEMPERATURL RANGE

A graphic of the temperature of the sample versus time

typical of a specific heat experiment, is schematized (fig. 1) in

a somewhat ideal case : large diffusivity of the sample and instan-
taneous response of the thermometers. An additional controlled
power 0 is superimposed from ta to t, to g, the heat leak %0 the
sample, which is responsible for the drifts observed befor@-tA and

aftter tB
€a ts . tp -
T, - Ty = 1 at + gﬁng at + 1 at |
P P P
£y ta ty

(1}

We may choose indistinctly different heating periods, following then
other paths from T; to Tp, and in the limit one such as IA'B'F where
the additional energy AQ is given instantaneously at the time
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FIG.
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[ AI . o
T. - T, = 9 at + 4 ge + 28 + g de + -3 at
c c ¢ g
P P p P

(2}

The first and last integrals corraspond to the drifts IA and BF ;
the second and fourth integrals correspond to the extrapoiations
AA' and BB' of those drifts. The specific heat at tg is_c_-ﬁ %%,
where AT = TB' - TA" But the path IA'B'F (eq. 2) is equivalent
to IABF (eq. 1), with 4Q = ddt,only 1f tg is chosen 1in such a way
that the cnergies exchanged with the outside are the gsame, that
ig, if the areas below IABF and JA'B'F' are equal (equality of
the triangles op's and OA'A, known as the rule of afeas}4,-with
a fast response time, the temperature change corresponding to 4
remains small between t. and tpn- Then the specific heat and the
heat leaks may De considered constant and the drifts are approxi-
mately linear functions of time, from I to A' and from B' to F
{eg. 1). In that case the extrapolation ig easily made graphicaly.
Unfortunately such is not the situation in the
specific heat measurements at very low temperature, when thermal
contact resistances oxist between sgample, sample holder and
thermometer. With a oMy ag the thermometer, time constants as
large as 6 minutes were found at 20 mK., In fig. 2 a mutual
inductance bridge reading, typical of a low temperature measu-
rement (20 mK to 70 nk), is plotted versus time (M = a/T+b, &
and b beeing determincd from a calibration in the helium range) .
Some typical difficulties arise then :

~ Fyom tq to tE' the instant where the internal
thermal equilibrium is recovered, the temperature of the thermo-
meter will differ from the temperature of the sample : this will

make almost inoperant the application of the areas rule in the
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determination of the instant tg where AT should be measured.

- Ip this time scale the temperature change produced
by the natural heat leak § results comparable to and even larger
than the externaly supplied A0. Cp and & are no more constants and
the temperature drifts are no more linear. But even if C_ and
& remain reasonably constant over a large period of time, the 1/T
law followed by the thermometer will lead to non linear drifts of
the inductance bridge signal. This makes a graphical extrapolation
rather difficult.

- The time t_ from which this extrapolation is

made ig not easily determined on such a graphic as in fig. 2.

In the following we will attach ourselves to s50lve
the last two problems (determination of tp and extrapolation of
the drifts) and will estimate the errors attached to some uncer-—.
tainty in the choice of t. The method proposed below for low
temperature calorimetry with a CHMN may be useful as well when
faster thermometers are used, but other difficulties inherent to
the sample are present, such as a large T, (for nuclear specific

heat) or a bad diffusivity {for insulating or amorphous systems).

III ~ THL DETERMINATION OF tE

curve A of fig. Ja schematizes the evolution of
the temperature versus time due to g only ("free run").?ﬁ‘ﬂepends
on T, the temperature of the sample, and on the temperatu;e'TS
of the screens with which the sample may exchange heat, by resi-
dual gaz conduction, solid conduction and sc on. Cp depéﬁds cn T

only and from its: definition

my QT
g(,7) = C (T G - (3)
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All the screens which surround the sample have
been thermally anchored to the salt and by construction of the
apparatus T, is expected (and observed) to remain reasohably
congtant over a run. Then %% depends on T only and the curve
33 T) is a unique curve for a state of *dynamic equilibrium”
characterised by the leaks q(T,Tg4) to the sample ; The curve A'
of fig. 3b, schematizes the evolution of af vergug the temperature,

dt
corresponding to the path A of fig. 3a.

Now, when at tA a heat pulse 1z applied to the
sample, paths D (fig. 3a) and B' (fig. 3b) will be described
which Giffer from A and A'. However, after a transient period
necessary for the total guantity of heat introduced to diffuse
in the sample and in the thermometer, the system will come back
at time t? to the sage dynamic equilibrium than before, charac-
terised by §{T}) and d;(T). On fig. 3b the curves A' and B'
coincide before t, and after tp 1 over a complete run, discrete
parts of A' are obtained and the total curve may Le easily reco-
vered by smooth interpolatlons between these parts : tE is the

instant at which B' reaches back this interpolated curve of

The same congiderations which are valid for T and
%{(T) are alsc valid for M and i? ¥) +to which we have a direct
access. Mcoreover dM/dt is a more physical guantity since, as

shown in ref, 5 and €, it is proportional to the heat leaks to

the cample if the specific heat is proportional to T—Z (as is
generaly the case at low temperature)

. _ A dT _ _ a L1y _AaM

9= 7 a bag & a at (4)

In practice, simultaneously with M versus time,
we record, on an XY recorder, gt(M‘ which happeng to be very
linear over a complete run from 20 to 100 mK. This makes the

determination of tE particularly easy during the experiment.




On fig. 4 a typical XY graphic of dM/dt versus M is shown over
two rung. The return to dynamical equilibrium is followed over
several heat pulses. The obvious advantage of working with %%(T)
rather than with T(t) in the determination of tE relies on the
fact that the discontinuities, even when smoothed by large time

constant effects, remain more apparent on the time derivative,

IV - THE EXTRAPOLATION OF THE DRIFTS

The extrapolation of M{t) can be also achileved
ueing the knowledge of dM/dt. This was the basis of a graphical
method proposed in reference 6. In our case dM/dt is cbserved
to be a linear function of M, a result which does not correspond
to any obvious physical law : for example the Newton law would
predict &, i.e. dM/dt, to be a linear function of T not of M.
liowever, the empiric law

%% =-aM+ B, {5)

has been found experimentaly to be the best law to describe

interest. This, although possibly casual, 1ls fortunate since
this simple law provides not only the method for the determination
of t..

E
axtrapolation of the drifts : by integration we have at "equili-

(as explained above) but also gives an analytic law for the

brium”
M=ye 4 p/a. (6)

With this in mind, the determination of the
specific heat follows from fig. 3. The coefficilents o and B are
obtained from the graphic of %% (1) (curve A' in fig. 3b) using
altogether the data at equilibrium preceeding and following a heat
pulse. Then two values for the integration constant vy are deter-
mined, one before and the other after a heat pulse by using the
data of M{t) at equilibrium (curve A and B in fig. 3a). The drifts
at equilibrium are extrapolated from both sldes over the phase

of non equilibrium and the temperature difference at any chosen
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time t, may be calculated. From the above, computations appear
appropriate for the treatment of the data and suggest the adoption
of a system for the automatic acquisition of those data which

would make these computations more stralghtforward.

IV - THE ACQUISITION OF THE DATA

To perform the specific heat determination according
to the method described above, the knowledge of the following data
are needed e

1°) Evolution of M({t) ;
2°) Appreciation of the equilibrium state ﬁ

3°) Determination of the heating enerqy ”upnlied to
the sample.

~ The problem of the evolution of M(t) is solved by
punching the value of M at regqular time intervals (every 10. seconds
in our case). In the mutual inductance bridge (constructed -in the
laboratory and commercialized by S.L.I.N.) M is opposed hy7discrete
values M, and the difference between M and My is amplified and
recorded. The bridqe settings (the indications of a commercial
A.0.TI.P. six decades resistance hox) were coded ; a solartron 1604
aumerical voltmeter reads the unbalance V. A data transfer unit
(D.T.U. Schlumberger) enables to punch a "word" composed
of an analogic part (the indications V of the voltmeter) followed
by a digital part (the indication M, of the bridge).

An intervention of the operator is necessary to
change ”b to another wvalue Hg when V becomes too large {approaching
the linearity limit of the bridge). In the treatment of the data,
small extrapolations from bhoth sidee will allow to associlate a
variation AV of the voltmeter reading to a known variation AMb in

the bridge settings and hence establish the correspondance between

M and V AM

,?'1==Mb+V “Zs'\"?)' | (7)




np o v
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-~ The direct appreciation of the equilibrium state
on the graphic of %%(M) on the XY recorder (fig. 4) was laft to
the operator. A parameter X, which is punched together with the
digital part of the "word", has the value 1 in the equilibrium
state and is automatically turned to O (non ecquilibrium) when the
heating is started (time t,). It is manually turned back to 1
at the time tﬁ, whan dM/dt“bacomes arain a linear function of M
on the XY recorder (figq. 4). It is the knowledge of the value of
this punched parameter ¥ that will define for the computer the

state of dynamical equilibrium.

- A second channel of the D.T.U. is used to punch
the value of the heating current (measured by the voltmeter on
an equivalent circuit) and the time of the heating {(indicated by
a codad Schnelder timer) after the end of the heating perlod and

1.

wird channcl is used to punch the values of a raesistan-

ct
Sl

AT o o
before tF. A
i

ce thermometer fixed in the sample holder. This enables the calibra-
tion against the CMN thermometer of resistance thermometers for

other experiments in the laboratory.

Figure 5 shows a block diagram of the acquisition
data system. A group of raelays enables the introduction in the
D.T.U. of the "digital part" of the punched “"word” ; they are
triggered by the D.T.U. after the analogic part of the "word" Thas
been punched. An external clock commands the lecture of the above
channels each 10 seconds, giving the time basis for the treatment

of the data.

v1 - THE TREATMENT OF THL DATA

Figures 6, 7 and 8 show the elements of the treatmant

of the data for one typical run.

- curve b in fig. 6 shows the restitution by the
dM

- £ =2
computer of the 3t

(M) curve also obtained during the experiment by
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the XY recorder (fig. 4}).

- Curve a in fiq. 6 shows the portions of this %%(M)
curve which are retained i.e. the portions at equilibrium (X = 1).
o and 8 the coefficlents of equation (%) are calculated as explained
hefore by fitting with a straight line (using the least meén
square procedure) the two cucceggive vortions corresponding to the
“aguilibrium® data which immediately preceede and follow each

heating of the sanmple.

~ In fig. 7,a part of a typical run M(T) is restil-
tuted (corresponding to the curve b in fig. €). The steps
produced by the suppli=d energy are clearly seen {the achievement
of equilibrium is nct soO easily detected as in flg. 4 or 6). The

intervention of the opera

settings (x = 2)7. The values of o and R beeing known, the dlfferent

blank spaces in flg. 7 correspond to the few points where an
tor was necessary to change the bridge

values of v (eq. £) are calculated using a least mean square

procedure with the data of the M{t) curve at dynamic agquilibrium.

he actual

~ Fig. 8 shows t values of M and the extra-
polations for a typical determination of a specific heat point. '
Prom the values of M, the temperature T is recalculated using the

calibraticn lawv 1 = % + b and the specific heat is obtained.

VII - LESTIMATION OF THE ERRORS
a) Uncertainty due to the determination of to

According to equation &, the difference AM between
the two extrapolated drifts of fig. 8 is at the time tg :

a t

AM = o o (v, = ¥g! , (8)

where v, and Y, are the integration constants calculated as

deccribed in the previous section. Making use of M = % + b
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22 = - : (9)
T 1~ b
and so AT = T é% .
The calculated specific heat will then be
c. = a . AD (10)
=¥ = A f
PEt o7 Yo (v, - vy
A B ™
e i L] + TB‘
AD being the energy supplied and T the mean temperature ———5——.

£n

At temperatures lower than 50 m¥, the specific heat
ie dominated by the nuclear contribution and Cp = A/T§, From
equation (10) we see then that the evaluation of A is depcendent
on the correct choice of t . If any other time té ig choosen
betweean tA and tE, the corresponding determination of A will ba

- !

PR 2N Iy =
M ue-li t.!.lat

4}

%i = e"‘&(to - tC'J) 4
80 that
AR o
7o (x(tO to). (11}

The values of o determined experimentaly are the
greater, the smaller the heat capacity {in agreement with equa-~
+icns 4 and 5) and were found to be of the order of 10"4 s_l for

the smallest heat capacity measured.

For practical reasons té has been systematicaly
chosen at the end of the heating period, which vas of the order
of 20 scconds at the lowest temperatures. So tj = tA + 20 s. The
error AA/A depends on the difference between this value and the
actual t. “

b) estimation of t,

According to (4) and (5), the observed heat leak q
is proportional to M ; we are then tempted to use the areas rule
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in the graphic M(t) (of M versus time) to determine tj for the
same reason which justifies its application in the graphic T (%}
when § is proportional to T. On doing so we will make the wrong
agsumption that the temperature of the CMN and the temperature
of the sample are the same during the transient periéd‘after

heating. We shall come back to this last »oint later.
g P

For small lheat capacities, the approach to the dyna-
mical ecuilibrium has heon observed to follow an axponential law
in the graphic M(t). In that case, the application of the rule
of areas leads to choose tO at tA + 0,7 1, where 1 is the time
constant of the aexponential law. But in the limit of very small
heat capacities (when AA/A is larger hecause o is larger), the
+ime constant T of this exponential law is dominated by the

responge time of the CMI and has been found to beg H

T o= 3.7 ms (12)

0
T increasing rapidily when the temperature decreases, for a
given value of a, AA/A will be larger for the lowest temperatures.

At 20 mK, for instance, according to (12) by tA + 400 s.

Coming back now to the euistence of a temporature
differencee heotween the CMY and the sample, during the transient
pericd, we must observe, as in filg. 8, that the temperatura of
the thermometer approaches the equilibrium drifts by values smaller
than the extrapolated drifts. Such an "underheating' of the ther-
mometer implies an "overheating" of the sample. But, as shown in
ref. 4, the rule of areas applied in the casc of an "overheating’
of the sample would lead to a choice of t., nearer to t, than the
value of 0.7 T calculated above. Then according to (11) =

that is




¢) error due to the large time constant Ty

The existence of a large time constant for_ﬁﬁafthermo—
‘méter, will introduce a difference between the temperatures of the

sample and of the thermometer, even when the system is in dgnamic
equilibrium, The error on Cp due to the existence of this difference

' may be estimated, assuming the system is a first order of

i srror & M introduced during the measurement of M will beﬁ
§ MM LT, S

T being the time constant of the system (thermal and akgéﬁ?onic).

 The error S§{(AM) in the evaluation of AM prodﬁéed by

the supplied heat is (fig. 1)

8§ (AM) = 8 M, - 8 M, = (T, - ﬁB,)r . ; (14)
But .

M = % + b | (13)
and so MG(AM) s _(E_(AT) . - (}.6)

M - Db T

By another hand the supplied heat being known to better than 1 %

§ C -
_sem |
ﬂqﬁi = R o (17)

puring the experiment, the heat supplied is such that ég'min %, BO

§ C § (AT) '
N SV Vo TR ot S (18)
C .
P T
According to eg. {(14), (16) and {18)
5‘ gp 107 (&A, -~ ﬁB.)

- . - (19)
“p (71 = ) -
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perin

But making use of (5) :

§ C 2
_ p _ 10 to AM , {(20)
P (M - b)
or
§ C ER
.__,._t.B = T o (21)
p o

with the values of o and T given above we f£ind for 20 mK”and
small heat capacities

<,
_mcp < 3 %
' 4) random errors

As showvn in fiqg. 7, a typical run from 16-@9}#0 my
il

=
[o]

allow the determination of 4 to 6 values of Cp(T}. Théh ano-

Te
li

et
]

cycle is started by cocling the sample via the su?ré&@nduc*fng
thermal switch. In a typical experiment 3 to 7 runs are made below
100 mK and the scatter of the gxperimental points is a gooﬁfestima~
tion of the random errors. With the method described in thi$ paper,
the scatter has been reduced to a few percent for the different
runs, as may be seen in the measurements of the gE“CO—Fezfénd
£E~Col systems, The standard graphical method of linear extrapola-
tion of the drifts leads to a much larger scatter, in the'same
experimental conditions, as may be seen in the results obtained

for the ;Z\ME«CO2 system. Thanks to this method, the (terms in l/T4,

l/TG...) of the nuclear Schottky anomalies have been

observed for the first time in dilute alloys containing 34 transi-
tion impurities®, :

VIIT - NUCLEAR SPECIFIC HEAT OF Cu-Mn ALLOYS

Nuclear orientation measurements yield for the hyper-

fine field H_ .. on the Mn nuclei in Cu-Mn alloys a value of'280
f10 kOelo, in desagreement with the estimation of H .. = 430 koOe

11

from the low temperature specific heat™ . The presence of a large

contribution of the matrix, which could not be separated from the




impurity contribution in the specific heat measurement, was

advanced as an explanation for an overestimation of Heff'

As a test to the accuracy of the method discussed
above we have measured between 20 mK and 100 mK the specific heat
of a Cu-Mn sample of nominal concentration 1 at %, with the aim
to separate if possible the impurity contribution from the host

contribution.

The 14 g sample (@ = 7 mm, £ = 20 mm) was prepared by
the metallurgical group of our laboratory, from 99.999 % Asarco

copper (@ = 3/8" ) and 99.99 % Johnson Matthey manganese. The speci-
men was induction melted by a semilevitation technique on a water
cooled base plate and cast In a water cooled copper moldlz. The

actual concentration, determined by abhsorption spectroscopy, was

The nuclear specific heat, C is plotted versus

nuclear’
temperature in fig. 9 (circles). C has been obtained from
nuclear _

the experimental results by substracting a linear contribution
2

= 3,7 mJ/K°.mole, due to the electronic contribution

¥vT, with ¥

of the host (0.7 mJ/Kz.mole) and to the magnetic ordering cpntri—
bution of the electronic spins (3 mJ/Kz.mole)l3. In fact this yT

term corresponds to a small correction on the experimental values
attaining 5 % at 0.1 K and completely negligible in the lower tem-

perature range,

The Schottky anomalies, expected from the Zeeman split-
ting of the Mn nuclear levels, are also plotted in this figure for
3 different values of the hyperfine field : 280 (curve A}, 325
(curve B) and 430 kOe (curve C), with the concentration ¢ = 0.9 at%.

The following conclusion can be drawn

1°) For temperatures higher than 50 mK {the range where
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Du Chatenier and Miedema experiments were performed) the observed
specific heat is best described by the high temperature tail of
the Schottky anomaly calculated with Heff = 325 kOe (curve B) and
not with ueff = 430 XOe (curve C), as stated in ref. 11,

2°) Below 50 mK it appears that curve B cannot account
for the experimental data and so the experimental points_dannot

be described by a single Schottky anomaly.

3°) The experimental values are always higher than
curve A, which would correspond to the contribution of Mn impuri-
ties with Heff

containing a few p.p.m. of Mn,

as determined by nuclear orientation in a sample

The excess AC = Cnuclear - CCurvc A is plotted. in the

same figure (triangles), and is well described by an AT*; law in

the whole temperature range, with A = 12.0 mJ K/mele., Taking in ac-

count the experimental error, an acceptable Asz law is yet obtained
attributing to the impurities an'Heff batween 280 and 295 kOe, lea-
ding values of A between 12 and 9 uJ.K/mole. The permanence of

such a T 2 law down to 20 mK requires a small value of the nuclear
level splitting and 80 U ¢¢ (for large H_g¢ @ departuréﬁtbﬂthe '1‘—2
asymptotic behaviour should be observed, as in the case of . curves

A, B and C). On another hand, the great value of A requiregfa large
number of nuclei probing this small hyperfine field.'Weféfé:then led

to conclude that this contribution comes from the host ﬁﬁdléi.

For 1 mole of Copper

2 §2 a
I+ 1)y vy R 2
3 K 2 Heeg + : (2 2)

A= R

where I and y are respectively the spin and gyromagnetic ratio
of Copper nuclei, Hsz the mean value of the sguare of thewﬁyperm
fine field induced on those nuclei, and the other cohstants

have their usual meaning. Let H,pe be the hyperfine field induced
\ i




by a manganese atom of the ith shell containing z, sites on one
copper nucleus at the origin, the above expressioﬁ becomes 14

2 xy2
A =c{l - €)R L+ 1)y h L2y B ceo o/ (23)

3 k2 {

where ¢ is the manganese concentration and (1 - o) the

concentration of copper nuclei . . The contact hyper-
fine field Heff- may be expressed as a function of the spin polari-
1
zation n(ri)'of the conduction band at the site i by 15 :
i = b a 0 a(r,) (24)
effy 2gy A © it _

where ﬂo is the atomic volume and where we assume for the other

parameters in copper the valuesls'l7

o]
|

2 ]W(O)]Z o /< IW(O){Z > = 0.33

a, = 0.190 cm”t
gy = 7.3% x 10724 erg.c”
Following Friedel the asymptotic form of the spin polarization
amplitude n(ri) will be18
n{r,) = - 5 sin{¢” -~ ¢7) cos (2k_ + T T
1! = mB sin{¢ F b ' (25)
i

where ¢+ and ¢ are the phase shifts for spin up and spin down

directions. Assuming the Mn ions carry 4 By

¢ =0
¢ = uw/5

The summation in (23) happens to converge rather quickly and needs
not to be extended farther than the first ncighbour shells. Calcu-
lations up to the 20th neighbour yield for A the value of 1.5 udk/

mole.




In this calculation the contribution of the'fifét four

shells is preponderant and the use of the asymptotic expression
{(25) may be of doubtfull validity at such distances. A calculation
made by Parlebaslg, taking in account the band dtructura ef Cu
leads, for the spin polarisation amplitude on the first helgbour
shells, to values that are equal or somewhat smaller than those
given by (25). On the other side the calculations of Geldértzo
using the Anderson model for a free electron gas and taking
into account the magnetic ion structure yield for the first impu-
rity neighbours values of n(r) which are considerably larger than
those given by (25). Using his values up to the 3% rd naighbour
shell and (25) after that, A is found to be 6 uJ. K/mole., The
theoretical predictions are then too small by a -factor of 2 to 7
corresponding to a factor 1.5 to 3 on the amplitude of the oscil-
lations. This is not a very large discrepancy considering the ap-
proximations involved and specialy the questionable validity of

(23) where correlations effects have been neglected.

IX - CONCLUSION

Tn low temperature calorimetry where the contact
resistances added to the bad diffusivity of the CMN introduce
large thermal response times, the time derivative of the mutual
inductance bridge signal M seems to be a very useful parameter.
For small heat capacity samples, the time constant of the systen
composed by the sample - sample holder and the CMN is given by
the CMN time constant which in our case follows the law 1=3.T -3 ms,
in the temperature range between 20 mK and 100 mK, attaining
thus about 6 minutes at 20 mK. In that time scale the temperature
arifts are no more linear and the recovery of thermal dynamic
equilibrium after a heat pulse is not easily detected in the
graphic of M vs.time. The recording of M versus M, made during the
experiment, enables to appreciate more easily the state of dynamic

equilibrium and may be a useful technique in other specific heat

-~
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measurements at any temperatures but when problems of bad dif-
fusivity are present.

For the extrapolation of the non linear temperature
drifts a more complex machinery is necessary. The graphical method
must be substituted by a computer treatment of the data describing
the evolution of M versus time. Here also M is a useful quantity |
since, when measuring nuclear specific heat, the sample heat
leak q responsible for the temperature drifts, is proportional
to M, The observation that for our apparatus M or & is proportional
to M enables to use a simple analytical law to perform the extra-
polation of the drift. The data acquisition system builded using
commercial apparatus, on which only minor modifications have been
introduced, yields a straightforward and rapid treatment of the
data by a computer.

The above method reduces larqgely the systématic and
random errors introduced by the linear graphical extrapolation
method making possible, for example, the observation bf higher
order terms in T_z in the series representing the nuclear Schottky
anomaly of dilute alloys containing transition impurities. This
fact allows to separate the impurity contribution from the host
contribution to the nuclear specific heat of a Cu-Mn alloy. The
experimental results are analysed as the sum of a Schottky anomaly
due to the impurities, corresponding to the hyperfine field of
280 kOe found by nuclear orientation, and a host ’I'm2 term, the
amplitude of which is found to be in the range predicted by
theoretical estimations.
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FIGURE CAPTIONS

1 - Schematized graphic of the temperature versus time,

2

3

4

typical of a specific heat determination, in the simple
case when the diffusivity is larqge and a fast response

thermometer is used.

Evolution of the inductance bridge signal M (M = A/T + b)
versus time when a heat pulse is applied to the sample
at t,. After a transicnt period, dynamic equilibrium is

recovered at t The dotted line shows the extrapolation

L
hackward in time made from the drifts after tr

The evolution of the temperature T versus time t (fig. a)
and the corresponding time derivative of 7 versus T

(fig. b), for two cases : free run (curves A and A'} and
specific heat measurement {(curve D and B'). Before ta
(begining of the heat pulse) and after t; (recovery of

dynamic equilibrium) curves A' and B' coincide.

The recording of M (vertical axis) versus M (horizontal
axis) made on a X-Y recorder for 2 distinct runs during
an experiment. A large departure from a linear M(M)
variation, characteristic of the state of dynamic equili-
brium (curve A' of fig. 3), is observed when a heat pulse
is applied. This linear M(M) variation is recovered after
a transient period the larger the lower the temperature
(right side of the fiqure).

5 - Block diagram of the data acquisition system.




Fig. 6 -~ M versus M as given by the computer from the data punched

Tie,

Fig.

4

9

during the experiment (curve b). This figure is the
restitution of a part of fig. 4. The points that are out
of equilibrium are not well described here since M has
heen defined by M{E ¥ igg) - M(t).
part of figure (b) retained by the computer in the extra-

polation of the drifts.

Curve (a) shows the

A part of a run of M versus time restituted by the compu-
ter. The three steps shown correspond to the same three
specific heat voint as in fig. 6 (34 < T < 93 mK).

The evolution of M versus time during a typical specific
heat determination at 23 mK (crosses) and the extrapola-

tions made by the computer (continuous line].

The specific heat as a function of temperature in a log-
log plot for the Cu-Mn sample. The nuclear specific heat
(circles) is obtained from the experimental results by
substracting the vyT contribution. Curves A, B and C are
Schottky anomalies corresponding to H,ee = 280 , 325
and 430 kOe. The excess AC of the nuclear specific heat
above curve A, follows a Tmz law {(triangles) and is the
contribution attributed to the host nuclei.
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ALLIAGES AVEC T, >> 1 K : Au-Co, Au-Co-Fe, Au-Co-Ni

A - EFFET DES INTERACTIONS SUR L'APPARITION D'UN MOMENT MAGNETI-

QUE SUR LE Co PAR MESURE DE CHALEUR SPECIFIQUE NUCLEAIRE
D'ALLIAGES Au-Co '

B ~ CHALEUR SPECIFIQUE NUCLEAIRE ET SUSCEPTIBILITE D'IMPURETES
DE Co NON MAGNETIQUES POLARISEES PAR DES IMPURETES DE Fe
DANS LES ALLIAGES Au-Co-Fe

(a paraltre)

C - ABSENCE D'EFFET D'INTERACTIONS IMPORTANTES ENTRE Co et Ni
DANS L'Au.




INTERACTION EFFECTS ON THE APPEARANCE OF A MAGNETIC
MOMENT ON Co, THROUGH NUCLEAR SPECIFIC HEAT

MEASUREMENTS ON Au-Co ALLOYS™

P. COSTA-RIBEIRO'Y, J. SOULETIE AND D. THOULOUZE
Centre de Recherches sur ies Trés Basses Températures,

C.N,R.S. CEDEX N°I66, 38 - GRENOBLE-GARE, FRANCE,

The specific heat of Au-Co alloys down to 0.02ZK is
reported. The nuclear term (AT_Z) is due to the magnetic Co
atoms which are found fo be those included In groups of three
and mcere neighbours. The low temperature linear tarm (¥T) is
the sum of the contributions of the magnetic Co'grﬁups, non
maghetic pairs and isolated atoms. We estimate fluctuation
temperatures of 50K for the pairs and 700K for the isolated

atoms.
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The avaltable data on the Au Co system show that at
fow concentrations the alloys are non-magnetic white phenome-
nons which are generally considered as characteristic of the
exlstence of a localized magnetic moment on the impurity are
feund at higher concentrations of Co.
- Firstly, the resistivity shows a filat p(T) behaviour for
the low concentrations but a farge minimum is observed for
concentrations over 0.1% .
=~ Secondly the magnefizaTionz is Paull fike and remains small
compared to alloys of the Cu Mn type, for the low concentra-
tions, but for concentrations over 1% a romanen+ magnetiza-

tion and a susceptibiiity maximum are observed.

o

= Thirdty, above t K, specific heat measurements- show an
electronic term, concentration dependent, for concentrations
below 3%, but for increasing concentrations a Tendency
‘~wards a concentration independent behaviour is observed.
Similar remarks can be made for the Cu Co4 system, In the
carly classification of Blandin and Friede! +his has been
considered a critical case, i.c. one for which +ha criterton
for magnetism is almost reélised : UP(EF)—TNO 5. {(p(E) is the
density of states in the unsplit virtual bound state for one
spin direction),

The thecry of localized spin fluctuations® has given ri-

2 1 ﬂﬁ&EF)\

e To the notion of a fluctuation temperature T.. { S
SFEAKT gF by 'EF

which would separate a non magnotic state (well below TSF) and

a state where the impurity would exhibit all +he properties of




a magnetic impurity 8 Caroli has shown p(Eg) fTo bo sensitive
+o +he interactions with other impurities 9. Thus the fluctua-
tion temperature should depend on the interactinn ; Ledereriims
shown that the susceptibility is different for an isolated
impurlity and an interacting pair IO. Such an analysis Is parTf—
cular!y convenient in the case of Co (where 1-Up(EF)m{ﬁ s tice
a moderate Interaction may be sufficient to make TSF change

by several orders of magnitude. Recently Tournier and B!andin4'
interpreted magnetic results on the Cu Co system with this
argument, attributing a lower ftuctuation temperature to the
groups of ftwo atoms than to the isclated impuritics and a loca-
jized moment to the Co atoms involved in oroups of three and
more atoms.

We report here specific heat measurements between
0.02K and 0.3K on Au Co alloys. The nuclear moment of Co being
vary large (4.6UN), the hyperfine 772 contribution will be main-
ly produced by the effective flield Ho gt of the ordered magnetic
Co atoms on their own nucleus and hence witl be proportional
to the concentration C of magnetic impurities. Then the hyper-

fine contribution allows one to enumerate the magnetic impuri-

ties. In addition, the term linear in temperature will provide

some indication about +he ordering of the magnetic impurities,

and the contributions of the non magnetic atoms.

The samples used for this experiment were prepared




from 99.999% Au and 99.999% Co. The constituants were melted
in alumina crucibles under atmosphere of purified hydrogen,
and held 4 hours at 1150°C, After removal of the cruclbte, the
alloys (@7 mm, 2v20mm) were annealed 24 hours at 950°C and
quenched in a flow of gasecus hydroqen of 120 bars, This pro-
cedure gives ronroducible results and Is more efficltent than
quenhching in water. After quenching, the alloys wore kept at
17K and heated to room temperature only feor the time necessary
to assemble the apparatus. The welched constituants were such
as to produce 0.75, 1, 1.5, 2, 3, 4, and 6 af 2 alloys. A

very extensive magnetic study (0.04K +o 100K and O to 70 kOe)
has been made on the same samples and witl be pubiished else-

H The specific heat was measured with an apparatus

12

where
using the technique of double stage demannetization
fn fig.! we have plotted Cp{T) curves for five of the

seven samnies measured. Each curve was observed to fit laws

13

-2 . '
of the type Cp AT “+BT within experimental ervor,below the

ordering temperature T which was determined ffom'a‘Op TZ(TB)
diagram. The values of A and B determined by a leas¥ squareé
method are plotted as,a function of concentration In fig.2,
The nuclear term appears to vary almost as the third
power of the concentration., This squesTs that a magnetic mo-
ment may be associated with groups of 3 or more atoms. More
precisely et N, = ¢ (1=a'?, N, = 2 (1-o)'8,
Ny = c3{24.u-c)22 e 36 (1-023 + 90 (1-02% ] be +he proba-

bilities for a Co atom to be isotated or included in groups
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‘of two or three afﬁms respectively (c is the concentration);
Then X2 =c - N, Xg = € = (NE+N2), X4 = c-(Nl+N2+N3) are

the concentrations In atoms of Co which are in groups of at
least two, three or four atoms respactively. Assuﬁing t+he va-
fue of the hyperfine flald to be the same for each magnetic
Gobal+, the variation of the coefficlent A of the T 2 term
with the concentration should reflect the variation of the
number of magnetic carriers, On fig. 2 we obsarve that the
best fit of the A(;) faw is obtained with X4 {(c), so that a

magnatic moment Is associated with all Co atoms which are in-

cluded in groups of at tgasi 3 atoms.

From the expression
Awfe - yeNpT RET (L1733 Y2 K % 27R% we caleulate
for the hyperfine fleld on the nucleus the value HeffthOKOe.
This value is not very different from the value of 225k0e
which is observed in hexagonal Co 13. |

But we have neglected the hyperflne specific heat of
the _matrix. One term Is due to the hyperfine field induced by
the spin density oscillations (RKY) of conduction electrons

produced by the magnetic Cobalf, and so0 is proportional to

53 (c). Assuming this term has the same magnitude for Co as

for Fe or Cr impurifties in the same ma’rrlxl4

, we calculated
that the value of H .. would be lowered by |.5% only. Anofhér
+orm (quadrupolar) is due to the electric field gradients
assoéfa+ed to the charge density oscillations (Friedel

osclilations) produced by all the Co impurities and is




therefore proportional to c. The fact +hat we observed a c3

variation shows that, In our concenfration range, this contri-
bution Is negligtble. However, it may be responsfble of some
doviafion such as is observed for the 0.75% and 1% alloys

which give results somewhat higher than +he theoretical expec—
tation (fig.2), (But the experimental accuracy is poor for the
small concentrations and further analysis caﬁnof be made).

Now we turn fo +he linear ferm in temperature BT,
corrected from the contribution of the Au matrix. We assume two
dffferen? values T  and T, of the fluctuation temperature of
+he non magnetic Impurities depending whether they are isola-

eory6’7 they

ted or are in pairs. From the spin fiuctuation th

=2

will then contribute }5 Y]T (for T<<Ti) and F%T (for T<< Tz)

TR TR

with ¥, Ny 5= and ¥, = Ny 57 res?ec+ivefY per mole of

I 2
alioy. The magnetic impurities interacting /ﬁhrough P
long range osciliations of the Cos (ZkFr+Zﬁ/r3 form will con-
~tribute a ¥3T term which is concentratio |ndependen*l6 In

the range T<T_ where T, the order +empe¥a+ure, is proportio-
nal to their concentration : X5(c) in this case.

In the insert of fig.2 the values of B are given for
T <TO (T0 is estimated to be around 8x!0_2K for the 1.5 at.%
alloy from our results). Hence B = ¥] * 3 On the same
graph measurements of B by Crane3 at T %6K, i.e. much greater
than To‘are also given. In this cage B= Y Y% Qur resu]fs
differ from Crane's results by an almost constant term of the
order of 5 md/mole K which is of ‘the right order of magnitude
f
J
!
i
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for ¥ (a term of 3.7 md/mole K2 is observed in Cu Mn and

2 md/mote K2 in Au Fe |6l

We can estimafte ¥ and y, morse accurately from Crane's

results., He fitted the variation of his B term with the con-

b.5 Z

md/mole K

centration by The empirical taw 800 c¢ . An equally

gcod fit is obfained with B = PR OO 38N, +520N, ml/mole K2

which Implies from what has been said above Tl n700K  and

T, V50K, Bt is interesting to note that there exists a loga-
rithmic behaviour of the resistivity proportional o ¢, around
700K H7 and that new results '8 show another chénge of regime

pelow 20K, where the slope of the increase is proportional to
a power 1.5 of the concentration. (Here also this may hide an

aN. + “i., varlation which may be understood as evidence for

i e
short range Interactions).

Thus, our measurements on the Au Coc system confirm
the mode!l proposed for the Cu Co alloys4. The agreement Is
still ketter : this is not surprising siince Au Co being a
better sotid sclution, segregation effects are .xpected to be
of less importance., Our paper supports the suggesfion4‘ that
interaction effects shoutd be of quite general imﬁor?ance in

systems near the |imiting condition for the appearance of a

magnetic moment on the impurities.

We thank Dr. Tournier for advice and M, Picot for assis
tance In performing experiments. We alsc are grateful to the me-

talliurglical group of the laboratory for preparing the samples.
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2 - The A coefficient of the T

FIGURE CAPTIONS

| - Measured specific heat of Au Co altoys versus tem=-

pera?ure'for different Co concentrations.

2 ferm of Cp versus per

cent Cobalt (for the 0.75, 1, 1.5, 2, 3, 4 and

6 at.%2 we find respectively .35, .75, 1.5, 3.4,

1.0, 25.4 and 82.3 pd.K/mole). The solid Iine
shows the best fit of our data with a Xy (c) law,
ylelding H_ .= 190 kOe. The dashed lines were
shtained trying to flf.fhe resufts with ah Xolc) law
and Heff = {00 kOe, and ah X4ﬁc) taw an&‘

Heff = 370 kOe.

The insert shows the B coefficient of the
jinear term in temperature versus percent Cebalt ;
our results below T (black'clrcles), Crane's results
above TO +riangles) (ref.3) and cbfresﬁonding
mJ/mole'ﬁz

theoretical laws ¢ 38 NI + 520'N2

(soiid Iine) and 5 + 38 N, + 520 N, md /mole. K2

|
{dashed linel,
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ABSTRACT

We report here nuclear specific heat of 7 samples
of Au-Co-Fe alloys with different Co (1.5 to 3 at %) and Fe
(0.1 to 3 at %) concentrations, between 0.02 K and 0.5 K. The
presence of Fe in Au-Co increases by a large factor the nuclear
contribution and evidencies the existence of a large fraction
of non magnetic Co atoms in these alloys. The dependence of this
nuclear contribution with the impurity concentration is analized
using auxiliary susceptibility measurements made around the
ordering temperature (v 10 K) of 4 samples. Using a crude molecu-
lar field model the results are well explained when characteris-
tic temperatures Ty, and T¥ 5 of 200 and 14 K are assoclated to

the configurations of isolated and pairs of Co atoms.




INTRODUCTION

A ~ DISCUSSION OF PREVIOUS RESULTS ON THE Au-Co SYSTEM

A model has been proposed in the interpretation of
low temperature specific heat(l) and magnetization measurements(z)
in Au-Co alloys that succeeded to explain the apparently contra-

dictory results obtained previously by electrical resistivity(B),

specific heat(4) and magnetic susceptibility(ﬁ) measurements.

Down to 20 mK, the magnetic atoms are found to be those belonging
to groups of at least three nearest-neighbours ; they carry a sa~
turation moment of 1.7 Vg with an hyperfine field of 190 kOe.

The number of magnetic impurities varies then as the cube of the
cobalt concentration and decreases drastically with the concentra-
tion, which explains the paradoxical magnetic behaviour observed
by the above bulk types of measurements (ref. 3 to 5) in different

concentration ranges.

pPairs of ncarest neighbours and isolated Co atoms
have been found to have LSF temperatures around 50 K and 700 K
respectively according to ref. 1 when the formula vy, = wR/TK was
used or about 16 K and 133 K according to ref. 2(6 . Then magne-
tic impurities are detected at temperatures about TKl/iO 000,
where Ty, ig the characteristic temperature of isolated impurities.
(7) obtained
on very dilute samples (vhere only isolated impurities should be

In later nuclear orientation results

present) the absolute value of the ratio between internal and
applied field was found to be 1.29 pa 0.11 and a value for TK of
37 K was estimated for isolated Co in Au, which is too small by

one order of magnitude.




Nevertheless, another interpretation for this
nuclear orientation result was to assume a dominant orbital

contribution to the knight shift of isolated Co atoms as have

been found by NMR in Cu-Co alloys(a). The value of

Heff/uint = 1.29 ¥ 0.11 would then lead to a knight shift K of
vy

+ (29 t 11) %. In recent measurements of J9Co nuclear magnetic

(9)

resonance, Narath and Barham

showing that K = +(29.2 I 0.2) % in the temperature range between

confirmed this interpretation

1.2 and 4.2 K. The lack of strong temperature dependance of K
between 1.2 K and 300 K led the authors to estimate 300 K as a
low limit for the TK of isolated Co.

No information about the presence of an absorption
line due to pairs of Co atoms was reported in this paper, despite
the existence of 0.1 at % of Co pairs in the more concentrated
(1 at %) sample studied by them. Moreover the lack of agreement
between the values of Ty, for pairs and isolated impurities

as determined by the magnetization(z)

(1

ments ) may cast some doubt about the model used to explain those

and specific heat measure-

results. Furthermore the value of K determined by the nuclear _
orientation and NMR measurements leads to increase the discrepancy
between the estimation of Ty made in ref. 1 and 2.

In fact, we may write K as the sum of three terms

K= Kg+ Ky + Kok (')

where K_, is an s contact part resulting from the s band parma-

o)
gnetism, X is a core polarization term resulting from the d
electron spin paramagnetism and Korb is due to an orbital parama-

(8)

gnetism. K, is expected to be smaller than 0.2 % , and

5
A
f'(d_Z lﬂh: Xd//"s

brb
Koo = Mhg - Xors/ Mo




where h, . and X are the hyperfine field and static susceptibility
and Mo the bohr magneton. So (1) becomes :

4 1.
11)‘ Xd//us + 1";\{ Xows /48 @-}

Now, using the experimental value of Kl, ag determined by Narath,

=27 nem/at obtained from ref. 2

orb

the value of Xy + Xorb of 15 » 10
for the isolated impurities, and for the parameters hgf and hhf

the values - 100 and 600 kOe, as calculated for free Co atoms
{10) (11)

atoms , we found :
-27
K ~ + 0.34 Xorb = §x 10 wek/at
okh —
ahd o
Ky ~ -o00% Y= F.4x 107" wem/at

The existence of an orbital contribution to the
susceptibility gives origin to the definition of two spin fluctu-

ation temperatures correspondipng to the orbital susceptibility

and spin susceptibility rusgectively(lz). Calling Ty the spin

characteristic temperature of isolated impurities, the above
2 uk (2€+1)
s L
1 4

¢ T‘E.Zd_

value of Xg yields using the formula

Ty = 240 kK

instead of 133 X as would be determined if the measured suscepti-

bility of 15 x 10_27 uem/at was only of spin in crigin.

put now, the existence of a very small Hund's
coupling (J v 2.10“2 eV) deduced from the presence of a large
orbital susceptibility leads to use for the specific heat the

formula(lz)

(26+1) T R/ T3

The measured value of vy yields then TKl = 3 500 K for the isoclated

impurities.




é) r'h,‘

For the pairs of Co atoms, the susceptibility
being an order of magnitude larger than for the isolated impuri-
ties, the orbital contribution may be neglected(IB) and the

characteristic temperature Tg, of pairs will be :

e, = 16 K

Thare is now a factor of about 15 between the
estimation of TKl and of about 3 between the determination of
TKq Such a large difference may not be explained by experimental
errors or by a bad estimation of Xa from the K value and should
pe attributed to the inadequacy of the L.S5.F. theory to describe
the Au-Co alloy, as has been advanced by Marath to explain the

complete NMR results.

B - GTUDY OF THE Au-Co-Fe ALLOY

To confirm the exlistence of 3 distinct magnetic
behaviour associated with the different configurations of isolated,

alrs

Iyy

nd groups of at least three Co neighbours. We studied the

o)

effect of introducting Fe impurities in Au-Co alloys, completing
previous results already reported(l4). The interaction between
the Fe and Co impurities will enable to get informations about

the magnetic states of the different Co confiqgurations in Au.

The study of interaction effects between impurities
of different kind has been already performed in some ternary al-
loys. By the evolution of the M&ssbauer spectra at 4.2 K,

g ELD
Window

concentration was increased, in a Cu-Fe,,-Mn alloy. lle concluded

) observed the effect of Mn lons on 57?@, when the Mn

that iron atoms with manganese neighbours are not magnetic (in

(16)

good agreement with Morya's predictions} but may have large

polarizations induced by the magnetic ordering of the host

{induced moments) . Méssbauer(l7) and magnetization(lg)measurements
have also been dome with Fe as impurities introduced in Cu-Ni al-

loys. For less concentrated alloys the Ty of Fe is lowered by




the presence of Ni neighbours and for high concentrations the
magnetic Fe polarizes the Ni impurities. In Cu~Co, a system

(19)

similar to Au-Co , the introduction of magnetic Mn impurities

has no result, as far as interaction effects are concernad(ZO).
The susceptibility and the line width at 77 K of Cu-Co-Mn were
found to be equal to the simple addition of those of Cu-Mn and
Cu~-Co alloys, showing that no moment was induced on Co by the
Mh ions but the high temperature where these experiments have

been performed cast some doubt on this conclusion.

We report here a study of interaction effects
between Co and Fe in Au, by specific heat and susceptibility
measurements. The specific heat of 7 Au-Co-Fe samples was

measured between 20 mK and 0.5 K using a double stage demaghe-
(21)

i

(22)

tization apparatus with an automatic system of acquisition

and treatment of data
20 mK and 100 mK, the specific heat is dominated by the high

temperature tail of the nuclear Schottky anomaly due to the

. In the temperature range between

Zeeman splitting of the nuclear levels of the impurities which

are magnetic or on which a moment has been induced.

The advantage of using Fe instead of another
magnetic transition impurity on Mn, to study interaction effects
with Co by the nuclear specific heat results from the fact'
that the nuclear contribution of Fe is negligible (due to the
small nuclear moment value and natural isotopic abondance of
57Fe). The nuclear specific heat will then be chiefly sensitive
to the moments induced on the Co atoms.

The susceptibility results of 4 samples have been
deduced from magnetization measurements, made in fields up to

(2 3)

85 Oe using an extraction method around the ordering tempe-
ratures, that is, between 1 and 30 K. The magnetization curves ver-
sus field were straight lines up to the maximum field. These
measurements will enable a quantitative interpretation of the

specific heat results.




The Au-Co-Fe samples have been prepared using the
same procedure described in ref. 1 with the addition of 99%.999 3
Fe, by the metallurgical group of the laboratory.

SPECIFIC HEAT MEASUREMENTS

A - RE3ULTS

In fig. 1 we have represented the specific heat
of four different samples with the same cobalt content (1.5 at 3)
and iron concentrations 0.1, 0.3, 1 and 3 at %. The result
obtained previously(l) with a Au-Co sample 1.5 at % is shown
by a continuous line. In fig. 2 we have reported the data for
another series of samples with three different Co concentrations
(1.5, 2 and 3 at %) and the same amount of iron (0.1 at %). Also
shown 1s the result obtained with a concentrated alloy containing
1 at & Fe and 3 at % Co.

In this temperature range {20 mK to 1 K) the domi-
nant contributions are :

~ A linear term in temperature YT (righ side of
the figures) which 1s the sun of the electronic contribution of
the host, of the concentration independent term due to the orde-
ring of the magnetic impurities and of the one impurity contri-
hution (Kondo or localized spin fluctuation) due to the impu-

rities with a high Ty

- A nuclear term (left side) which is the high

temporature tail of a Schottky anomaly, that may be represented

by a series of ng

+ BT‘Q + - (3)

— -2
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due mainly to the Co atoms carrying a magnetic moment.

B - DETERMINATION OF A AND ¥y

A graphic of CT2(T3) seems adequafe to determine
the coafficients A and y for a specific heat of the form

C= 3T+ AT + é&'h.Tﬁn (q)

when all the e, are negligible ; in our temperature range we
see (fig. 3) that more than half the total number of experimental
points deviate from the straight line CT2 = A + Y(T3), thus
underlining the relative importance of the higher order terms
in the Schottky development below 0.1 K and affecting the
accuracy of the determination of A and y. We then adopted the

@ fr
the slope of a straight line fitting the peints in a CT (T3)

following proceduce : a first det inatio f v is

termination of v is mad om
plot (fig. 3). Then C ~ vT is represented in a log-log plot
(fig. 4 and 5) and A determined from the 772 tangent on the high
temperature side of this graphic. A new straight line is then
drawn from this value of A (the intercept in fig. 3) through

the high temperature experimental points in the CTZ(TB) plot,

(fig. 3), and so on. A few iterations yield values for ¥y

and A consistent in the two diagrams. These values are reported

in table I, together with the corresponding data for the Au-~Co
(1)

system . ",

Although the intrinsic nuclear contribution of

the magnetic impurities of Te is negligible, there is a small

nuclear contribution induced by the Fe atoms on the host 197Au
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TABLE T

Ll -

2 -

Alloy vy {mJ/mole K°) AluI.K/mole) Aexp Ahost‘

{uJT.K/mole)
Au--Col 5 7.9 1.5

r

Au-Coz% 7.7 3.4
AuuCQS% 10.8 i1.0
Au—Coé% 10.7 23.4
Au-CoG% 13.5 82.3
Au=Coy 54 F85, 14 6.5 3.7 3-3
Au-Col.5%~FeO.3% 6.5 5.3 6.0
AU“COI-S%"FE}_% 603 13¢5 l?alg
Au“Col.S%mFes% 6.6 23.6 20.6
A“'Feo.l%"c°1.5% 6.5 3.7 3.6
Au—FeO.lg—Coz% 7.7 5.5 5.4
Au—FeO.l%—Co3% 10 11.5 11.4
Au-Co3%—Fel% 8.5 33.0 32.0




(ot

nuclei via the conduction electrons ; this host contribution
24
e

amounts to about 1 uJ/mole per at. % F and has been substracted

in table 1 (Aexp - Ahost).

¢ ~ QUALITATIVE CONCLUSIONS

The addition of Fe results (fig. 1 and table 1)
in a very large increase of the nuclear specific heat ; for
example 3 at % of Fe atoms increase the coefficient A of the
Au-Co 1.5 at 3% Co cample by a factor 14. This has the following
important implications

1°) There are larqge interactions between the

impuritics of Cobalt and Iron in gold, since the total nuclear
specific heat of Au-Co-Fe is far from being just the sum of Au-Co

plus Au-Fe contributions.

29} It is shown that only a small amount of the

Co was magnetic in pure Au-Co, in agreement with our model where

the magnetic impurities are those belonging to the groups of 3
or more Co atoms. Indeed, the nuclear specific being mainly
sensitive te the Co nuclei contribution acts as a probe for the
electronic magnetism of those Co atoms ; due to the interactions
with the iron atoms a large fraction of Co impurities, that does
not contribute to the nuclear specific heat in Au-Co alloys is

now polarized and sensing hyperfine fields.

As shown in fig. 4 and 5, the experimental points
for a given sample are not doscribed by a single nuclear
magnetic Schottky curve. The low temperature points are situated
above the Schottky curve {corresponding to the Co hyperfine field
of 190 k0e) that fits the high temperature points. This means

that there are Co nuclei with hyperfine fields which values are

less than 190 kOe, suggesting the existence of a distribution of

hyperfine fields and moments on the cobalt atoms. ’




SUSCEPTIBILITY MEASUREMENTS

A -~ RESULTS

We have reported in fig. 6 the magnetic suscep-
tibility versus temperature for the Au-Co, ¢ o-Fey and
§5~C03 %~Fel % samples. Also shown are the curves corresponding

to the susceptibility of the binary alloys (2>} (26)
Au-Fe, o, Au-Coy o 4 and Au~-Co, .

The temperature of the maximum (Tmax) cf the two
Au-Co-Fe samples containing 1 at % Fe is within the experimen-

tal error, the same than that observed for the pure Au-Fe

1%
The same thing is true for the two other samples measured (not
reported in fig. 6), Au-Co, -Fe, . and §E~Co] G—Feo ¢
where the T are raespectively around 16 and 3.5 K, in good:

max
agreement with the general feature of the concentration depen-

dence of Tra in the Au-Fe system, as shown in fig. 7.

X

B - ANALYSIS OF THE RESULTS

The susceptibility of the Au-Co-Fe is obviously
not the simple addition of those the corresponding Au-~Co and
Au-Fe alloys (see fig. 6). This implies the existence of inte-
ractions between Fe and Co impurities in Au and confirms that
the detection of hyperfine fields on Co nuclei are really
correlated to the electronic moments on Co atoms {(such would
be not the case if K, was not neqgligible). The similarity

between Xau and xAu—Fex is not only in the observation

Au~Co-Fe, aud
of the same T __. Indeed, the excess susceptibility

Ax = Xpu-Co-Fe ~ Xau-Co produced by the additlon of Fe in the

Au-Co sample is found to be proportional to xég—Fe around T ax’

as may be seen in fig. 8 where we reported
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BX3 = Xpu-Coy 4-Fey 4 Xpu-Cogy o and &y 5 =

the points obtained by dividing Ax3 and Axl

XAu--Col 5 %-Fel 3
" Xau-Coy g g .5
by the ) factors 4.2 and 2.2 respectively are roughly
confounded with X, _p. . In other words, within a factor,
the excess suscepzibility Ax may be described by the same law

followed bY Xpy.-re-

Now, using a “mean-random molecular field ap-
proximation®, Klein(27) obtain an expression for the high
temperature susceptibility of dilute alloys valid between T
and 2T .- that seems to be verified by different systems

including Au-Fe :

 mc P [ gl (22 6
1(T) = 3 a(T”é) [ (%> T ,. i

Here the symbols have their usual meaning, 0 comes frqm the
"1 6f the
alloy, and A gives the width in energy of the lorentzian function.

mesured high temperature susceptibility x a (T - 0)

obtained in this model for the probability distribution of mole-
cular field.

Then if (5) describes ¥p.. pe’ it will also
describe Ay, but with a different value of p_.¢ depending on the
Co concentration. The addition of Co in Au-Fe alloy results then
in an increase of the apparent moment of each Fe atom which is
now "dressed" with all the moments induced on the Co atoms of
the vicinity. But according to the above model A/K T . is
independent of the moment carried by the impurity, and amounts
to 2.5, as is well verified experimentaly27. Tt follows that we
may characterize the molecular field distributlon created by the
Fe in the Au-Co matrix by the same lorentzian function used to
dascribe this molecular field in Au-Fe. & quantitative interpre-
tation for the nuclear specific heat 1s now possible, using a
simplified model to characterize the response of the non magnetic

Co atoms.




ANALYSIS OF THE SPECIFIC HEAT RESULTS

The distribution P(H) of molecular field created
by the iron atoms produces a distribution of induced moments on
the pairs and the isolated Co atoms, and a corresponding distri-~
butlion of hyperfine fields. lowever, according to magnetization
measurements of Au-Co alloys(z), the pairs of Co atoms respond
to an external field with a susceptibility X, much larger than
the susceptibllity ¥y of isolated Co. It is then expected that
the moments induced on the pairs and isolated Co atoms will be

different for the same value of the molecular field.

The coefficient A of the 'J.“"“2 term will be the
result of three contributions

1°) The contribution of the atoms belonging to
groups of at least three Co neighbours. They are magnetic and
contribute with the same saturated hyperfine field Heff, = 190 kOe.
Phey are responsible for the value of A in the pure Au-Co alloy
which has been yet measured(l). The value of H,gf have been dedu-

eff
ced from the expression
— 2
T(T+4) 2 : A

As: Xy R._m;J_ ¥ t Hqﬂ,/& ()
where I and y are the nuclear spin and gyromagnetic ratio, X, is
the concentration of group of at least three Co naighbours given

in fonction of the total concentration ¢ by

X, c[i- (1-{:)12 - lzc (1—6)”_7

and the other constants have their usual meaning.




2°) The contribution of the atoms belonging to
pairs of Co, in concentration X, = 12 02 (1 - c}lg, They are
polarized and their nucleil experience a distribution of hyperfine

fields H ¢e¢ ranging from zero to the saturation value of 190 kOe.

3°) The contribution of the isolated Co atoms, in
concentration X, = c(l -~ c)lz. They also probe a distribution of
Horg of the same nature but where a molecular field larger will

be needed to produce the same effect as for the pairs.

The total predicted value of A will then ' he

b hyt A [ X0 4% ] (1)
X3

where A3/X3 gives the contribution to A per magnetic impurity
having the saturated value of the hyperfine field and &y and o,
are the mean value of the square of the hyperfine field B, .. divided

by the saturation value H_c¢ for isolated and pairs of Co atoms
o

2

o, - ji'sz‘f, (3)
Heﬁ%
As far as hyperfine fields are concerned, the impor-

tant parameter to know in order to characterize the response of
the Co nuclei is not the magnetic susceptibility determined in
ref. 2 but the knight shift Kl and K2 of isolated and paired atoms.
The coupling between the conduction electrons and the impurities
described by the molecular field is of the type J.g.g, and assuming
no spin-orbit term, involves only the spin part of the iﬁpurity
susceptibility. Then, just the value of K4 is concerned here. The
pairs and isolated Co response to the same molecular field will
then differ by the factor

Kz/kdi: ZZ/X&I: 1€




The polarization of a non maqgnetic impurity
(T << TK) by an external field H is a linear function of this
field for the low values and approaches the saturation for
Honoho™ Tk with a value close to that of the moment carried
by the impurity for T >> T, or when the moment is restituted by
intaraction(ze).
(4 knight shift of isolated Co or knight . shift of pairs) remain

For simplicity we will assume that the X, values

constant up to the molecular field Hy, » for which the moment and
the consecuent hyperfine field attain their saturated value Heffo.
With this assumption and using the lorentzian molecular field
distribution P{Il) created by the iron impurities:

- 2 [ e an e 2 [ 20040 )

L
Hegy, 72 s
: A
with :f Hy: — =
( ) A"" HZ
and A ~ 2.5x Tyax as given by Klein's model

calling X, - O/He,

17 4

o(t_ = A4 4 2/17 j’ x'._‘ - {z£1+‘_J _? f/l; "( Ob])

Since Kz/Kdl = 14, the exprecion (4), may be written as a function

of an unique parameter A/HK2 or 2.5 % Tmax/TKZ'

Fig. 9, shows the experimental results for A
and the three curves dectermined with the above crude nodel for

3 diztinet values of TKz' The best value for TKgr with Tmax = 8 K

cP

per Fe (fig. 7), is obtained for Tk, = 14 ¥ and consequently

TKl = 200 K in very good agreement with the Ty values determined
from the susceptibility.Using these values of Tg,, a good fit is
alszo observed for the second series of samples containing 0.1 at %

Fe and the sample with 3 at % and 1 at % Fe, as shown in fig. 10.
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In spite of the crudeness of the model, the above
results enable to confirm not only the existence of both confi-
gurations of isolated and pairs of Cobalt, but also the good
choice of 240 and 16 K for the corresponding values of Tgg. as

determined by the susceptibility meagurements.




CONCLUSION

The introduction of magnetic Fe impurities in
Au-Co increases largely the nuclear contribution of the Co atoms
to the specific heat, evidencing the existence of a large fraction
of non maqgnetic atoms in Au-Co that becomes polarizaed by the Fe
impurities. This is in qualitative agreement with the model pro-
posed to explain previous results on Au-Co system, wvhere at low
temperatures the magnetic atoms are only the small fraction

belonging to groups of at least three Co neighbours.

The Au-Co-Fe nuclear specific heat are not describedg
by a single Schottky anomaly ; this suggests that the polarized Co
atoms carry distribution moments ranging from zero to the satura-
tion value, corresponding to the hyperfine field of 190 kOe. The
susceptibility results confirms this analysis, showing that the

magnetic Fe atoms arc "dressed" by polarized neighbouring Co atoms.

A simplified assumption for the response of pairs
and isolated Co atoms to the molecular field created by the TFe
atoms, enable to describes reasonably wall the measured concentra-
tion dependence of the nuclear specific heat coefficient A for
the seven Au-Co-Te samples contalning different amounts of Fe and
Co. Values of 14 and 200 K are then found for the TK of pairs and
isolated Co, in good agreement with the sugceptibility results
of Au-Co.

o The lack of agreement between the values of Ty
for isolated and paired Co atoms deduced from the susceptibility
and specific heat resulte using the formulas given by the LSF
theory makes questionable the application of this theory to Au-Co

syatem, as have been also sugqgested by Narath.
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== FIGURE CAPTIONS =~

Figure 1 - The specific heat of 4 samples containing the same

Figure 2 -

Figure 3 -

amount of Co (1.5 at.%), as measured between
0.02 and 0,5K. The continuous line represent the
result of pure Au-Col 5% sample.

The specific heat of 3 samples containing the
same amount of Fe (0.1 at.%} and a concentrated
Au=C03%—Fal% ailoy.

The product CTZ of the measured specific heat by
the square of the temperature as a function of

T3 below 0.2K for 4 samples,.

Figures 4 and 5 - The nuclear anomaliaes versus temperature for

Figure 6 -

Figure 7 -

the samples appearing in figures 1 and 2, The
term linear in temperature have been substracted
from the total specific heat. The full lines
represent the calculated Co nuclear Schottky
anomalies with Heff=190KOe.

The susceptibillity versus temperature for two Au~Co=-
Fe samples with the same iron content. Also

shown are the susceptibility of the bynary alloys

of Au-Co and Au-Fe obtained in references 25 and
26.

The temperature T of the maximum of the thermal

Max
variation of the susceptibility obtaine for the
four Au-~Co~Fe samples measured. Algo shown the

TMax for pgrg.Aung in ref.25,




o
.
Lz

Figure 8 - The excess susceptibility AX of Ru-Co -Fe,, above
that of pure Au-Co.. The mquares and triangles
show this excess susceptibility divided by factors
(2.2 and 4.2). The susceptibility of Au-Fe,, of
raef. 25 is represented in the lower part of the
dizgram,

Figure 9 - The coefficient A of the l/T2 term of the nuclear
Schottky anomaly ag a function of the iron concentra-
tion for & samples containing 1.5 at% Co. The
ontinuocus lines are the calculated dependence
nf A for three different values of Tes -

Figure 10 ~The coefficlent A as a function of the Cobalt concen-
tration for 5 samples containing two different
amounts of Te (squares and triangles). The wvalues
for pure Au-Co are also shown foircles). The full
lines represent the calculated dependence of A using

Ko
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ABSENCE D'EFFET DES INTERACTIONS IMPORTANTES ENTRE Co ET Ni
DANS L'Au

o ] it S (] e D e [T e £ e (S e [ e 0 e D e 5 e I ot I e T e £ e O B Y S e B e (5 e ] e I e ) et T et O e I e O

La tempfBrature caractéristique de la paire de Co
dans 1'Au ayant 6t8 &valu€e & 50K ou 16K,selon que l'on
considére les mesures de chaleur spécifique ou de suscepti-
bilité magnétique, on pourrait s'attendre & ce que la présenceo
d'une ou plusieurs impuretés de Ni prds d'une paire de Co puilsse
permettre i cette dernildre de remplir le critdre de Stoner et
devenir magnétique. En effet, d'aprds MORYA, le terme de
mélange H,_4 entre les floctrons 4 d'un site de Co et deux d'un
site voisin de Ni pourrait faciliter l'apparition d'un moment
magnétique sur le Cobalt méme si le Ni n'est pas magnétique
dans 1'Au (pour 1'Au-Ni TKﬁle3K). En supposant que la
présence d'un ou 2 atomes de Ni proches voisins de la paire
de Co la rendrait magnétique, un simple calcul de probabilité
montre que le coefficlent A de la chaleur spécifique nucldaire
d'un alliage Au*Col'S% serait multipliépar 3 ou 2 avec 5%
de Mi,

Un &chantillon d'§E~Col'5%—NiS% et un autre
d'Au~N15% ont 8t& préparés par le groupe de Métallurgie
du laboratoire, A& partir de 1'Au, Ni et Fe 99,999%
dans un four a induction.

L'Au-Ni présente une remontSe hyperfine dont
l'amplitude correspond bien 8 la contribution gquadrupolaire
&lectrique induite sur les noyaux d'or par leas impuretés de Wi-
ckel (A=0.8 uJ.K/mole). L'§E~Col'5%~NiS% présanté une contri-
bution nucléaire plus importante, mais 4 1l'erreur expérimentale
prés, la chaleur spécifiique de 1'Au-C01}S-N15% est la slmple




,,
-

addition de celle mesurée pour 1'Au-i . et Au-Coy o
(courbe continue sur la figure). Aucun effet d'interaction
sur l'apparition d'un moment nuclBaire sur les atomes de Co
n'a donc &té observé,

La limitation dans la pré&oision de nos estimations
de la valeur de vy , nous empéche de détecter un &ventuel chan~-
gement des T, de certaines paires de Co. Nous pouvons ndanmoins.
affirmer que le nombre d'impuretés magnétiques dans 1'Au-Co
n'a pas changé avec l'introduction de 5% de i, contrairement
& ce qui pourrait é&tre déduit du moddle de MORYA,
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ALLIAGES AVEC 10 “ < T, < 1 K : Pt-Co et Zn-Mn

A ~ ANOMALIE ASSOCIEE A L'EFFET A UNE IMPURETE ET MAGNETISME
RESIDURL DANS LES ALLIAGES DILULS DI Pt-Co.

(a paraitre)

B - EFFET DES INTERACTIONS DANS LE Zn-Mn ET VALEUR DU CHAMP
HYPERFIN SUR LF Mn.
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ABDSTRACT

Specific heat measurements on dilute alloys of Pt-Co
(0.08 ¢ ¢ ¢ 2.6 at.%) between 0.02 K and 4 K are reported
here. For the less concentrated samples, a one impurity ef-
fect anomaly, due to the Kondo state or localized spin fluc-
tuation effect, is identified near the characteristic tempe-
rature TK = 1.6 K; previously determined by nuclear orienta-
tion and magnetization measurements. As shown by the presen-
ce of nuclear Schottky contributions, a fraction of the im-
purities remains magnetic even much below TK’ probing an |
hyperfine field of 2I0 kOe, corresponding to the maximum mo-
ment of I.7 hB for the Co. This nuclear contribution allows
toc study the concentration dependence of the magnetic frac-
tion which is found to vary as the square of the total con-
centration, for the lowest concentrations. In this limit, the
magnetic impurities are “pairs” of Co atoms, that are less
than about 8 A apart. This quadratic concentration dependen-
ce seems to be a general trend in the appearance of the ma-
gnetism in dilute alloys. A comparison with magnetic measu-
rements shows that the impurities in a "pair" are ferromagne-
tically coupled.




1 -1INTRODUCTION

There has been already a number of experimental stu-
dies on the dilute Pt-Co system, each presenting different
partial aspects of its magnetic behaviour. For concentrations
higher than 2 at.% Co, magnetization measurenents show the
presence of giant moments of 3.6u, per solute atom L. The
existence of ordering temperatures persisting at very low
concentrations was explained by ferromagnetic coupling.
However, no net long range ferromagnetic polarization of.the
host was found by H.M.R. measurements in the paramaghetic
gtate for concentrations lower than 0.1 at.% Co 2, on
the contrary, the fact that the platinum line width was
growing with the Co concentration and was a function of
H and T, as in Cu-Mn, has been attributed to an oscillatory
RKKY polarization. Even more, below 3K, this line width
being no more a function of /T, the existence of a Kondo

state was sugcgested 3 o

In a 1 ppm alloy, the hyperfine field acting
on the Co nuclei, as measured by nuclear orientation % was
found proportional to the externally applied field up to
4 kOe. From the value of this susceptibility,zzcharac%cristie or
Kondo temperature, TK, of 1.6X was deterninecd. For 2 at % Co,
the saturation hyperfine field of -180 kOe obtained in 4kOe
was attributed to the destruction of the Kondo state by inter-
actions between impurities. The resistivity 3 finally has
the same type of variation than that of nickel in.palladium,

which is explained by the local spin fluctuation model.

Thus, this system appears to vary from a non magnetic
state (Kondo or local spin fluctuations) at the lowest '

concentrations to a magnetic state with glant moment and




ferro-magnetic order for high concentrations, via the g
progressive apparition of localized moments coupled by RERY

interactions near a critical concentration.

The point to be cleared here concerns the appearance
of those maghetic momonts on the impurity due to interactions
between them below the observed characteristic tamoerature
Tk and also the way in which they appear aear the critical
concentraticn : smoothly, all the impurities carrying the
same moment increasing with the concentration, or abruptly,
some impurities belng magnetic with thelr total moment and
others being non magnetic, depen wding on their environment
(1 ~ O medel). In that casc, just the fraction of maghnetlc

atoms would increasc with the concentration.

This second kind of wodel has already cuplained
succcssfully the results on other systens with noble metal
G -1 2
hosts « Cu-i'c , ha=Tc 7, Cu~Co 8 ¢ Bu-Co 9-10 and the

magqnetization of the same Pt-Co system ll.

e have made a oystematie study of the spectfic
heat of this Pt-Co system as a function of the Co concentra-
tion in a large range of temperature, from 20nk to 4K, that ig

to gay from well below to above Tg-
L

The contributions to tha gspecific heat are nalnly
from nuclear and electronic origin, apart from the lattlco .

contribution which will be gubstracted.

From the contribution of the cleetrons for the low

concentrations, we specially expect to get the anomaly asso-~

ciated with the Kondo effect or localized spin fluctuations

around 1.6X and clarify previous results obtained at

higher temperatures.

ffectively, specific heat measurements made by
Wheeler 12 botween L.4K and 20% show, for concentrated alloyd
(c>lat.%), a peak in the excess specific heat, rislng with the

concentration, that he attrib uted to magnetic ordering.




For lower concentrations (c<l at,.%), the nearly flat

excess specific heat was explained by a broadening in the
magnetic anomaly due to inhomogeneities in the Co concentra-
tion. Boerstoel and Van Baarle 13-14 150 observed for
concentrations down to 0.067 at$% the tail of a specific

heat anomaly, which was shifted to higher temperatures by
application of an external field and also attributed to

ordering effects.

From the contribution of the nuclei, we intend
to study the effect of interactionsg bhetween impuritiés?on

the appearance of localized moments below TKpusing thaﬁn

hyperfine field as a probe for the existence of elact“onic
magnetism. Such concentration effects could already be '
guessed from the nuclear orientation results > ana also

from polarized Mossbauer experiments at very low temperaturel5

which yleld a mean hyperfine fileld of-112 kOe on the 57c
parent nuclei for a nominal concentration of 0.1 at&

instecad of - 180 kOe in a 2 at.$% sample by Nuclear Orlentation.

The nuclear specific heat has been used sinéé a
long time in the dilute alloy problem as a probe to answer
the "Yes or No type of question" to £ill the Friedel's
takle 16 or to measure the r.m.s amplitude of spin oscilla-
tions produced in the host by magnetic impurities 7,

More recently, it appeared as an interesting tool to count
the number of magnetic impurities, for the study of
interaction effects in the appearance of localized moments
in Au-Co ? 18

N.#®.R., M8ssbauer or nuclear orientation, is that of measuring

and Au-Co Fe . Its advantage, compared to

a parameter directly proportional to the concentration of
magnetic impurities ; compared to magnetization, it is

only sensitive to the magnetic impurities (since the
electric quadrupole contribution is generally small) but

as well to the anti-ferromagnetically than to the ferro-
magnetically coupled impurities. Furthermore, the oxperiments

are performed in zero external field, and the results are




- EXPERIMENTAL DETAILS

iy "
o

mainly sensitive to the highest hyperfine fields, since

they are proportiomal to the square of the hypexrfine field
This insures that the main contribution comes from the magnetlc
impurities and that the influence of the small induced moments

or of the & contact term may be neglected.

Finally the Pt-Co system is very adequate for specific
heat measurements in the range 20 mK to 4K. In fact, ﬁ?.tg_:
now the one impurity cffect anomaly has only Dbeen observ¢&
in two systems namely Cu-Pe and Cu-Cr. As for gg—Cr;;ﬁﬁéAlow
valuc of T, enables the one impurity anomaly to be eaéiiy?ﬂ

observed, since the lattice contribution will be small ,F,rthex«
more the nuclear moment of Co being much bigger than tha Pe
or Cr ones, the nuclear Schottky ancmalies will bea la:gu_and

therefore easily measured.

The spccimens were induction melted Dy a gemi 1ev1—
tation technique on a water cooled base plate and cast in a
water—coolcd copper mold under wacuumr by the meLalluxgy 5ection
of our lanoratory.lg. The first serie of samples with nom;nal
concentrations of 0.1, 0.2, 0.4 and 2.0 at.3% were prepared
from 99.999 % platinum wire and 99.999 % cobalt sponge (both
supplicd by Johnson Matthey and Co.). The other samples with
nominal concentrations of 0.3, 0.75 and 1 at.% were prepared
from 99.999 ¢ Leicc platinum wire anleohnson Matthey cobalt
sponge. The abscorption spectroscopy analysis used to determine
the actual concentrations of the samples gives respectively
0.08, 0.16, 0.31, 2.6, 0.27, 0.66 and 0.88at.%. The differences
between nominal and measured concentrations can be accéunted
for by the losses of cobalt during melting due to the high
cobalt vapor pressurc above the platinium melting temperature.

T




A sample of pure platinum has been also prepared
from Johnson HMatthey platinum wire in the same manner - than
the alloys.

The concentration of magnetic impurities detected
by magnetization measurements is equivalent to less than

. 11
¢ ppm of iron .

The weights of the samples were about 11 g for the

two less concentrated alloys and 15 g for the others.

2) Measurenents bectween O.B'and 4K

The measurements between 0.3K and 4K were madgii

20

in a He3 Cryosta . A pulse technigue was usediwith'the

sample in partial contact with the cold source. The ex9crimental§
ST . ~ :
details of the measurements have been discussed previously“l

and ouly a brief description is given here.

The specimen was thermally attached to the.3He.pot
via a stainless steel tube. The ratio of the langth:to the
area of the stainless steel tube was chosen so that the time
constant (71, = R.C, wherea R is the thermal impedance and C
is the heat capacity of the sample and sample holder)was
large compared to the internal thermal relaxation times of
the sample and sample holder. T, varies from 250 s to 800 s
between 0.3 and 4K for the different Pt-Co samples. The

total time constant of the measuring system was about 2 seconds.

The specimen temperature was monitored by germanium
resistors calibrated against the susceptibility of C.M.N,
3fie and 4He pressures. The voltage drop across the germanium
resistor was compared to a constant DC voltage source

(= 200uV). The heater was a constantan wire(~2000) wound




non inductively around the sample holder and attached with

a thin layer of GE 7031l. The 3ie pot was stabilized at the
desired temperature by an electronic regulator and the speci-
men temperature kept constant. A small heat pulse was
supplied then to the specimen. The specific heat was deduced
from the exponential decay of the tcmperaturc rise due to

the pulse. This procedure was repoated with various heating
currents at various temperatures. The heat capacity of the

4

sample holder was equivalent to 15 g of copper.

3) Measurements between 0.02K and ©.3K.

The measurements between 0.02K and 0.3K were made
on a double stage demagnetization apparatus described previous—
1y 22. An adiabatic method was used. The temperature was giveﬁ
by the magnetic susceptibility of a small spherc constituted
by 5 C.M.J slabs glued to the sample holder with Apiczon I
grease. The correction due to the uanagneti“atlon factox was
found to be negligibly small (<0.5mK). The heater was pressod

between the sample and the sample holder.

The equilibrium time constant of the system was

rather long and approximately given by
1= 3.20 173 us

for teanratures lower than 0.07K. At temperature around 20mK,
"20 minutes were uometinaﬂ'nacessary to reach an internal aquili-
hpdnm afkev hanting, To have a gool precision in the extrapola-
tion after each heat pulse, the temperature drifts had to be
recorded during an equal time period after equilibrium was
reached. Dut the heat capacity of some samples being small, the
usual linecar graphical extrapolation introduces large systenatic

error in the dectermination of the temperature rise AT.




A systematic analysis of the equilibrium heat leak
has been made and the extrapolation of the temperature drifts
was performed by a computer from the data punched in a paper
tape during the experiment. The recording of the time deriva-
tive of the mutual inductance bridge signal was used to deter-
mine when the cystem wag in internal equilibrium after heating.
The precise description of all the systenm will be published

later23.

" I11 - RESULTS ABOVE 0.3K

The "high temperature" results obtained for the
pure Platinum and Pt-Co samples are reported in fig.l.
The specific heat of all the alloys presents a net excess
with respect toc that of pure Platinum.

In this temperature range, the specific heat of
platinum may be written '

C = yT + 8T3 (L)

where YT and 8T3 are the electronic and lattice contribu-
tions. The experimental results plotted in a ¢/T versus T2
diagram in fig.2 were analyzed by a least square method using
eq. (1) and vyield to

¥ o= 6.6 mJ/K2 mole _

8 = 0.152 mJ/K? mole (2)

which corresponds to a Debye temperature of 234K. Those values

are in good agreement with the other available data 24




| T | - T
e .2. @ —~
5~ 6" o~ <
i =
IR =
D (o I~ -
g ! Lood
> <
p‘:o O € B
> L @)
D -]
D>
> @ €
B <
> < -
> B 40
> .40
b -
L0
>
B a0 a1
D .QO |
b B4 o~
> B o4 0 .
[ EQO& —
> >
B g O 4
> B 40 ke
8
O [ '*O
> <
O > B
l D,'Ju d -
% .
o o ‘40
> B O
B> O
AN
>
2o
Lo 1 | | 60
o () - - 9
~I N

™
(Blow yfw) D




(1)L

£

491

TOId

°61e 9°¢
°/e}® 880
% ¥ 990
°,, 1® |E0

]

<1

O

00 ~id

S U

]
o
™

|
o
~J
(Blow Y /Tur) D

|
-
Lo

- 04



(M) 1 ¢ -ora
FAGN/
Sl Ol S 0
I [ _
L £ Fé l 0
=< T3 _ I £-
7 ’ 0 %H W
2 O oo
. o0
. lm ]
¥/,

\d

Cli



The experimental points scatter between +2% and - 3% around
the calculated curve, with y and 8 given in {2), as may
be seen in the insert of fig. 2.

The excess specific heat of the various alloys
AC = C alloy - CPt

of Co atoms produces. only a very small rmodification of the

is reported in fig.3. The presence
lattice contribution, so that AC represents the electronic
and magnetic behaviocur of the alloys.

Indeed, assuming a linear variation of the Debye'temperature

with the concentration, given by the isotopic formula :

dm . (3)

d 8_(c) = - % ept oy

where m is the atomlc mass of Pt, the effect upon AC in the
less favorable case of 2.6 at.% corresponds to about 1% of
AC at 4K.

The excess specific heat of the 4 less concentrated
samples, 0.08 € c<0,31 at®, has very similar variations ;
the different curves exhibit a f£flat maximum between 1 and 2ZK.
The amplitude of this maximum is proportional to the concen-
tration, as may be seen from the rough superposition cbserved
in the AC/c versus T diagram of fig. 4. This is the evidence
for the existence of a one impurity effect in the Pt-Co

system, that can be attributed to the formation of the Kondo
state or to the anomaly due to the localized spin fluctuations.
The maximum is almost independant of the temperature, around

Ty=1.2K, not very different from the value of TKsI.GK obtained
by nuclear orientation and magnetic susceptibility measurements.’

For larger concentrations, ¢ »>0,.,31at.%, the maximumnm
shifts to much higher temperatures (2K for 0.66 at.3% and
more than 4% for 2.6 at.$). This departure from the one
impurity effect results from the existence of a dominant magne-
tic ordering effect which will be discussed later.
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1V - RESULTS BELOW 0.5K AND NUCLEAR CONTRIBUTION

A - RESULTS

The specific heats obtained below 0.5 for the .
Five more concentrated gamples are plotted against the
temperature in fig. 5. On the low tempecrature side, for all
the samples measured, an upturn corresponding to the
high temperature tail of a nuclear Schottky anomaly is
observed. As will be discussed later, such a nuclear contriF
butions is produced by the magnetic cobalt atoms frozen
in their molecular field. Therefore, there are impurities

which remain magnetic far below Tr, even in samples

for which a one impurity effect is observed at higher
temperaturec. On\theAhigh temperature side, the lattice
contribution is negligibly small and the specific heat varies :
almost linearly in temperature. The total specific heat may |

be written

2 (4)

C=+yT + AT ° + higher order terms of %

-2

whaere A T is the main nucleoar GSchottky term.

3 ig a straight line,

The graphic of ¢ 2 against T
as observed in fig. 6. The values of y are obtained from the
slope of this line and those of A from the intercept (see
table 1). The deviations from the straight line at the lowest
temperatures are due to the higher order terms of % . The
departure also observed at higher temperatures for the less
concentrated alloy (0.27 at.$% Co) is attributed to the proxiﬁity

of the ordering temperature. Effectively, the ordering
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temperature assoclated to the maxirum of low field suscepti-~
bility is found to be 0.14K for this concentration. For the
two less concentrated samples (0.08 and 0.16 at.3 Co), the
ordering temperatures are lower than 0.1K. Those samples

have not becn measured below 0.3K, since it is important that
the magnetic impurities be in a frozen state to obtain the
saturated hyperfine field (see appendix) and also because

the sensitivity of our apparatus was not sufficient.

B - ANALYSIS OF THE NUCLEAR CONTRIBUTION

The values of A appears in fig.7 as a function of
the Cobalt concentration c. A is net a linear fonction of ¢ ,

but varies roughly as the square of this concentration for

the low values cf c.

Using a 1-0 local model, the alloy may be considered
as a nixture of magnetic cobalt atoms, in concentration cm,with'
a unique value of the magnetic moment and of the hyperfine field

f non magnetic impurities with zero hyperfine field, in

—~
(S

[or)

il

£

concentration ¢ - c
In that case, the nuclear -term is directly propor-
tional to the concentration of magnetic carriers and
neglecting the matrix contribution :
I{I+1} 2

A=c Ry, n%u? _ /x? 5
A = Cm S 5 Y . Off/ ( )

where I and y aro respectively the nuclear spin and gyroma-
gnetic ratio of the Co nuclei and Il ., the hyperfine field
of the magnetic Co atoms ; the other constants have the

usual meaning.

The dependance of A  with the total cokalt concen-

tration directly reproduces the variation of the magnetic
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cobalt concentration Cp with the total concentration.

Therefore ¢ varies with the squarxe of ¢ Zor the low
e

concentrations
c_ac (6}

This quadratic dependance suggests that for low

concentrations the magnetic atoms are "pairs" of Co atoms.

Thig behaviour has been already observed in
Cu-Fe 6 alloys and seems to bc a general fecature for the
appearance of magnetism in dilute alloys, due to interactions

between impurities.

Quantitative informations may be obtained-from'&:
more detailed analysis. Thce nuclear cmaliesc found by |
substracting from the total upLCifiC heat the linear contri—
pution yT and the nuclear host contribution (as will

be estimated later) are reported 1in fig. 8.

The saturation magnetization per impurity being
1
already maximum for 2.6 at.% Co ~, all the impurities are
considered magnetic for this concentration, that is ¢ = cy.

According to eq. (3), the A/T2 term (straight line in £ig.8)
corresponds to an hyperfine field of 210 kOe. The curve  °
representing the Schottky ancmaly associated to this field
and this concentration fits very well the curvature observed
for the experimental points. The results obtained for the
other concentrations have been fitted with Schottky anomalies
corresponding to this same hyperfine field of 210 kOe. The
scaling factor provides the concentration ¢ of maqnetic
carriers. The detormination of A obtained in that way from
the high tcmperature part of this anomaly is more precise
than from the ¢t (r3) diagram, and in fact the values of A
and ¥ presented in table I havc been obtained by iterations

between these two types of diagrams.
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C - 5T(mJ/ mole K)

Hope =210 kCe
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This field of 210 kOe is in very good agreement

with the value of 215 kCe found for pure cubic Cao 26

and
with the 213 kOe observed for Co diluted in Pd 27.-As in
the last case, it is natural to believe that the magnetle Co
in Pt has the same magnetic moment than the ferromagnetic
fcec cobalt, that is 1.7 U5+ One may conclude that the magnetic_;

impurities carry their maximum magnetic roment.

The fraction cm/c of magnetic impurities o?iaingd
in that way and from the magnetization measurements is
reported in table I and plotted in fig.9 as a function of
the total concentration. A good agreement is observed for
the more concentrated samples. When the concentration

decreases a deviation appears between the two determinations.

The fact that the nuclear specific heat never
provides values of G, /c larger than those deduced from the
magnetization shows that the magnetic impurities forming the

*pairs” are coupled ferromagneticaly, since the magnetizaion is

mainly sensitive to the "ferromagnetic pairs” while the
nuclear specific heat is sensitive to both "ferro" and

"antiferromagnetic pairs®.

For the less concentrated samples the low values
of the ordering temperature may lead to an incertitude in the
graphical estimation of A, and may explain the different
determinations of cm/c. However, there are also physical .
reasons to these differences. The magnetic measurements have
been performed in a field of 2kOe, while the specific heat mea-
surements were performed in zero external fiecld.As a consequence,
some moments will be induced and counted as magnetic impu-
rities in the magnetization measurements. For the concentra-
ted samples (c)O.Bl at.$), the molecular field produced by
the magnetic Co atoms will take the place of the external
field and both types of measurements will give the same values
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for cj/c. The existence of such'nearly magnetic impurities”
on which a magnetic moment is easily induced by an external
field has already been pointed out in the Cu-Fe system 6.

In that case, fields up to 50kOe are necessary to saturate
these "nearly magnetic impurities” instead of 2kCe in

our case, which corresponds roughly to the ratio of the
respective characteristic temperature T, (30K instead

of 1.6K). In the case of Cu-Fe,an equal number of magnetic’
and"nearly magnetic impurities" has been experimentally
found ¢ and explained by considerations of density of charge

o

ogscillations 8.

In the rough statistical model already used for
the interpretation of the magnetization mecacsurenments of the
Cu-Fe ¢ alloys, the non magnetic atoms are assumcd to be
the isolated ones, which have no other atom of same kind

AR

among their Z neighbours. Their probability will be

c (1 -a)F (7)
the probability of the "pairs” will then be the complementa-
ry one

cp =c e (1~ c)® (8)

The functions
P, = cp/c =1~ (1 -c)f (9)

are the full curves on fig.9 for 3 different values of z,
z = 100, 150 and 200. A good estimation of z will be
cituated between 100 and 200, whiclh means that the charac-
teristic distance between the Co atoms forming the
nagnetic paifs,in the limit of low concentrations, will

be around 8 A .
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C- DISCUSSTION

In those analysis some hypothesis have been made,

that aead to be precised now.

The nuclear term measured is the sum of two
contributicne : that produced by the impurities on theilr
own nuclei, which is the most important, and that produced
by the impurities on the host nuclel. Both of them are
from magnetic and electric origin.

- The electric quadrupolar term is zero for the
hest nuclei since I=1/2 for IgsPt and assumed to be
negligibiy small for the impurities, as in the case of other
dilute alloys in a cublc host . Anyway this term would

yield a contribution linear in ¢ (the total impurity concen-

tration) that has not been observed.

~  The magnetic contribution of the matrix nuclei
may bc es

of a Pt-Fe alloy. Indeed, for this alloy, the intrinsic

contribution of the

imated from the nuclear specific heat measurement
Fe atoms to the nuclear gpecific
heat is negligible due to the small value of the nuclear
morment (less than 0.1 nuclear magnetons) and its small isotopic
abundance (2 at.$%). There only remains the magnetic contri-
bution of the matrix. Furthermore, the value of the giant
moment and of the ordering temperature being rather similar
in Pt-Fe and Pt-Co, the spin density oscillations amplitude

in the host, and thus the contribution of its nuclei,

should be comparable for equivalent concentrations of magne-
tic impurities. This is the case for noble metal hosts, in
which the matrix contribution is ncarly independant

of the nature of the transition impurities, provided they

are magnetic 17 .




The specific heat measurement of a Pt-Te

ganple containing 1 at.% Fe, where all the impurities are
nagnetic 29, leads to a value for A of 3.5 uJd. X/mole. The host
magnetic contribution being proportional to the concentration
of magnetic impurities 17, we may estimate it to be 35 erg. K/mol
per atomic per cent ol magnetic impurities in Pt-Te and

in Pt-Co. For all the samples, this corresponds to about 7%

of the nuclecar specific heat measured as may be calculated for
the Pt-Co 2.6 at.%, where all the impurities arc magnetic.

The results that appear in f£ig.8 have been corrected by this
same ratio for all the samples.

- A unique value of the hyperfine field has been

attributed to all ‘the magnctxc atoms. However, for others
exchange enhanced mctal based alloys in which all the
impurities are magnetic, a distribution of hyperfine field
has been observed 30 | 7his was accounted for by the
molecular field distribution P(H) which introduces a distri-

bution of ‘SZ’ and thus of hyperfine field on the impurities.

o
[
However, it 15 shown in the Appendix that provided the marents are
coupled by R.K.XK.Y. interactions, the nuclear specific heat

cannot distinguish between such a distribution and the case

where all the impurities have the same saturated hyperfine .
field.

~ The hyperfine field value of 210 KkOe obtaincd
here is slightly difforent from the value of 180 kOe obtained
by nuclear orlentation 5. However, the external field of 4 kOe
applied in those experiments was not sufficient to saturate

the 2 at.% Co sample, as observed in the magnetization

measurements on the sample containing 2.0 at.% Co ll

Furthermore the value of 210 kOe determined here agrees
very well with the value of 216 kOe deduced from the

comparison of magnctic and nuclear oricntation mcauuremants
11

in Giiute samples under fields up to 50 kOe’
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- The result of polarizedbﬂssbauer experimentle
scems alsoc to give a different value, - 112 kOe, for the
hyperfine field on Co nuclei. But in spite of the low -
concentration of Co, estimated to be 0.1 at.%, all the Co
impuritices have been assumed to be magnetic. llowever, this
measurement gives a mean value for the hyperfine field and
may also be explained using a 1-0 model. The polarization
may be accounted for by the existence of a fraction cm/c= 0,4
of magnetic impurities with a field of 2I0 kOe.

According to fig. 9, thie corresponds to a concentration
arcound 0.3 at.%, which differs from the estimated-q@éy but
which agrees much better with the ordering temperafﬁﬁé that

may be deduced from the M8ssbauer spectrum 15 l*{ﬁg

Y - ONE IMPURITY EFFECT ANOMALY

ted in fig. 1O for the 0.31 at.% sample after substraction

of the nuclear Schottky contribution. The cntropy  has been
evaluated by a graphical determinations of the area ﬁnder the
curve AC/(c-cy,) up to 4K and extrapolating with a I/T law aove
4. From R log (2 S + 1), the value of 5 1ig foundftq’be

about 2., If AC was divided by the total concentratipﬁ, this
value would be around 1, in agrecment with the previ@ﬂs esti-

nations 1z - 31.

Phenomenologically,it is possible to compare the o

32 L
, which

behaviour of the Pt-Co anomaly tc that of Cu-Cr
has approximately the same T),, as may be seen in fig. 1O.
In the case of Cu-Cr the excess specific heat AC has been
divided by the total Co concentration since the fraction

of magnetic impurities is very small in the range of concentration
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studied. Some tentative fittings to theoretical curves have been
made to explain the experimental results on Cu-Cr and Cu-Fe.
Bloomfield and Haman's curve fits sucessfully the Cu-Cr results33
when normalized to spin 3/2. Schweizer's curve agrees also with the

34

EE*:Q experimental points . Figure 10 shows those curvas

normalized to spin 2. The values of Ty obtained are»resPQCtiwﬂy
4.5 and 3K.Nevertheless the validity of such fittings is subject
to discussion. Indeed both models assume a good localizea moment
on-the impurity (U/M»1) and so predicts a minimum in the

resistivity which is not observed in Pt-Co 4 =35

~ Some other remarks should be made. Above Ty
the one impurity cifect anomaly seems (0 become more eatended
in temperature when the concentration rises (fig.4). This

may just be due to the contribution of the high temperature

tail of the ordering ancmalies situated at lower temperatures
{(coming from the fraction of impuritles which remains magnetic)
but also to the existence of a distribution of T and so of T

. M
increasing with the concéntration28

According to the results of this paper, the effect
of an external magnetic f£ield on the specific heat has to be
understood differently in the Pt Co and in the Pd-Co
alloys 13 - 14. For the last system the tail of the anomaly
observed above 1K is due . to an ordering anomaly (TxcclK),
and the application of an cxternal field just changes the
distribution P () of molecular ficld. For Pt-Co however,
the tall arising from a one impurity effect ancnaly , the
field destroys gradually the Kondo or spin fluctuation state

and the anomaly approches a Schottky one, as in Cu-Cr 33,
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- MAGNETIC CONTRIBUTION ABOVE 0.3K

Knowing the proportion of magnetic atoms, it is
possible to come back to the results of the more concentrated
gamples (c >0.6 at %) above 0.3K. The excess specific heat AC
may be considered as the sum of two terms : Agldue to the
isolated Co atoms and AC2 due to the magnetic ones.

For the concentration ¢¢ = 0.31 at.% the magnetic contribution
rnay be ncqlectea since the ordering temperature is about 0.2K
and Acl = AC For larger concentrations c, Acl is taken to

be proportional to AC®, with a proportionality factor given ’
by the ratio of non nagnetic cobalts in the respactive con-

centrations ¢ and c®

- BACy = AC° i S0 Jc® (10)

i

with ¢p/c given by table 1.

Substrating this calculated 4C; from the experi-
mental AC yields the AC, which are plotted in a reduced
diagram 36 Acz/cm versus T/cm in fig. 11. Below the maximum,
the superposition of the points on a straight line is rather
good. The magnetic specifilc heat AC, is linear in temperaturc
up to the ordering temperature

ACy, =y T, (I1)

Y is roughly independent of the concentration in the whole
rainge of concentration. Its value, ?m = 7mJ/K2_molefand the
superposition of the curves in the reduced diagram are compa-
rable to those obtained for the Cu-Mn system. Thus, it secems
that R.K.K.Y type of interactions between magnetic impuritiec
are responsible of this behaviour, but this is relatively
surprising since the ferromagnetic character is expected to be

preponderant f{or the higher concentrations.
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CONCLUSION

The low temperature specific heat measurements of the
Pt—-Co system show the existence of two different types of impuri-
ties.

- Non magnetic impurities which produce a one impurity
effect anomaly around 1.2 K, not far from the critical temperature
T = 1.6 K determined by nuclear orientation and magnetization

K
measuraments.

~ Residual magnetic impurities which order much below
T, andare easily detected by their magnetic hyperfine contribution.

The hyperfine field of the magnetic cobalt atoms is
found to be 210 kOe, nearly the same as in f.c.c. ferromagnetic
cobalt, thus corresponding to the same maximum moment of 1.7 By
In the giant moment of 3.6 u, determined by the magnetization
measurements, the excess is due effectively to the host polariza-
tion around the impurity as in other glant moment systems like
Pd-Fe and Pd-Co.

For the lowest concentrations, the fractlon of these
magnetic impurities varies as c2, the square of the total Co
concentration. Thus, even in a giant moment system, the "residual
magnetism" appears much below Ty in the same way than in classical

"Kondo alloys” as Cu-Fe.
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APPENDTIX

The concentration Ch of magnetic impurities has

been deduced from equation (5)

A= ¢ R li%ill B

m efE/ K2

assuming a unique and same hyperfine field value for all the

magnetic impurities. However, this is not the case when the
magnetic impurities are coupled by RKKY interactions since
the distribution P(H) of molecular field leads to a distri-
butien p(Heff) of hyperfine field. Nevertheless the existen-
ce of such a distribution does not modify the estimation of

C, as will be shown below.

Indeed, when working with dilute alloys where the
contribution of the conduction electrons to the hyperfine
field may be neglected, the hyperfine field Hogs will be pro-
portional to the mean value of the z component of the elec-
tronic spin S :

T <85 >
Hefr = Hepf . 2 (12)

where Heffo is the saturation hyperfine field and the z di-
rection is defined by direction of the molecular field pro-
duced on the site of one magnetic impurity by all the cthers.
Assuming for simplicity S = I/2, the equation (I2) becomes :

- | 13
Hopr = Hepg . tand (uH/kT) (13)

where y 1s the electronic moment, H the molecular field and

T the temperature. This equatien shows that if there is a dis-
tribution function P(H) of molecular field, there should exist
also a corresponding distribution p(Heff) of hyperfine field,

where H c¢ varies from zero to H, Even more, according to

ff,
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equation (I3} p(Heff) will be temperature dependent even
for a temperature independent P(H),

Another way to see this is by recalling that the
existence of a magnetic contribution to the specific heat
vT, where y is concentration independent, is due to the
ordering of electronic spins located inrsites of near zero
molecular fields. For such impurities, fgﬁi is different.
from one and according to equation (I3) the hyperfine field
on their nuclei will be different from the saturated value

H
eff0

Let us see now the influence of this hyperfine field
distribution on the coefficient A of equation (5). Assuming
also the value 1/2 for the nuclear spin, its energy will be

py H
e = - ___,_,I,___Zﬁf_f tanh (UI'Heff/kT (14)

where w; is the nuclear magnetic moment. The temperature de-
rivative of this expression gives the nuclear Schottky anoma-
1y in the specific heat, the high temperature tail of which
is observed in our experiments. Indeed for 3d impurities, the
conaition kT >> pI.Heff is fulfilled above 40 mK and eguation
{I4)} will be dominated by the term

2 .2
M1 eff
© 7 TTTERT (15)
‘And using H given by equation (13)
eff -, 2
nop-Hersr 2
g= -k ——- — tanih™ (uH/KT)
K27 (16)

Considering now the distribution P(H), the total ener-
gy of the nuclear system for one mole of the alloy, will be :
+ 0

E = - $.[ P(H).tanh? (uH/KT)dH (17)

oo




with A given by (5) or :
. 1" effg
A= ¢ R ——mennp=ll0

Cn being the magnetic impurity concentration and R the uni-

versal gaz constant. Using the normalization condition

+on
/ P(H).dH = 1 (19)

equation {I7)} becomes

+m "
E = - Q,[] / P(H) sech® (uH/kT)dH] (z0Y

Working at temperatures much below the ordering tem-
perature TG of the alloy, where the magnetic T term is obser-
ved, we are able to make the same simplifications that leads
to this yT contribution. In other words, the hyperbolic func-
tion in equation (20) will be negligibly smail except for ve-
ry small values of H, where P(H) may be substituted by the
constant value P(o). Then

E=_ﬂ+2.££“PO
T "

(21)

This may also be expressed using the magnetic coefficient v by :

2 R

w

E = - % s 22 Ay (22)
Cm.

Thus, the distribution P({H) of molecular fields just
shifts, by a constant value, the total energy of the nuclear
system. The nuclear specific heat will then simply be :

C =A/TE

with A given by (5) or (I8). In other words the nuclear speci-
fic heat will be insensitive to the distribution of hyperfine
field and will give the same result as if all the impurities
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had the same saturated hyperfine field Heff . This result is
obtained equally in the general case of spigs different from
1/2, with the use of Brillouin functions.
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The specific heai o4 pure PLatinum and 0§ seven
Pt-Co samples measuned above 0.3K.

The specific heat ¢ divdided by the temperafunre
T as a funciion 0§ rt {on pure PL. The

indent shows the scattening of the axpe&imentaﬁ
podinis.

The excess specific heat AC of the alloys obiadined
by substracting the pure platinum contrnibution
gon T2>>0.3K.

The excess specdfic heat AC divided by the
concentration ¢ of Co atoms as a gunction of

the temperature, fon T> 0.3K, The error barns are
given fon the 3 Less concentrated alioys.

The specific heat of the 5 more concentrated
samples as measured below 0.5K

- The product c1? 04 the measured gecific heat by

the square of the temperature as a function 0f Tsﬁm
T <0.2K. The temperatures of 0.1 and 0.2K are
indicated by arhows.

The coefgicient A of the I/TZ team of the nuclean
Schotthy anomaly as a function of the cobalt
concenthation. The broken Lines nepresent Lineaxn
and guadratic dependences in this Log.log. diagram.




Figure & - The nuclear Schotiky anomafies versus Zemperature.
The term finear in temperature and the matrix
contnibution have been substracted from the total
specifdc heat. The full Lines nepresenting the
calowfated Schotithy anomalies wiih He55=210h0e
provide the values of ¢ reported An figure 9.
Also shown fon the 2.6 at.% a tentatdlve §4tting
conrcsponding Lo 180 and 240 kROe fon the hypenrfine
(iekd (—-—) and the A/T® zem.

Figune 9 - The 5ndction cm/c 0§ the magnetic Co concentration
to the. total concentration as a funciion of the
total concentration c, deteamined grom ocun
nesufts (0) and magnetization measurements (O).
The §ull &ines nepresent P, fon Zhe different
values of L.

Figune 10 -The excess specdfic heat AC divided by the concen-
thation e-e, of isolated Co atoms for Zhe 0.31 af.$
sample, showing the one impurity efgecd anomaly.
Fitled circles ane nesults obtained with the He®
apparatus, the othens beding those obtadined wilh the
demagnetization apparatus. Cunve a shows the anoma-
Ly atready obsenved in Cu-Cr [32]) and assoclated
with the Kondo effect, curve B-H, Bloomgield and
Haman's phrediction fon tne Kondo anomaly normalized
to spin 2 and curve Sc, Schweditzen's prediction.

Figure 11 -The nreduced diaghram of the magnetdic conirndibution
Aczlcm against T/ec . Concentrations of 1.6,
1.9 and 3.5 at.% are obtadined from Wheelern's
nesults (12},
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L'EFFET DES INTERACTIONS DANS LE Zn-Mn ET VALEUR DU
CHAMP HYPERFIN SUR LE Mn
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Les alliages de Mancanése, comme ceux de Cobalt,
se prétent bien & la mesure de la chaleur spécificue nucléaire,
vu 1a valeur importante du moment nucléaire du Mn. Les
interactions & courte distance jouent probablement un réle
important dans le Al-Mn (T, =10%K), mais les difficultes
métallurgiques associées & la fabrication de cet alliacge
ont rendu impossible une telle &tude. L'effet des interactions
2 longue distance doit aussi &tre observé sur le Zn-Mn qui,
malgré quelques problémes, s'avére &tre un systéme métallurgi-
quement plus stable.

Des mesures de résistivité électricue (1) et
d'orientation nucIéa1re(2) sur le systéme Zn-Mn donnent
TKuO,ZBK. En estimant la dépendance de la température d'ordre
avec la concentration & 20K par %(3), nous pouvons &valuer la
concentration "critique", autour de lacuelle des effets non
linéaires en concentration pourraient &tre observés, & 0,01% at.
Effectivement, 1'existence jusqu'd 0,02% at. d'une fraction
prépondérante d'impuretés magnétiques parait &tre confirmée

par une dépendance linéaire avec la concentration du maximum

de 1'anomalie observée par des mesures de chaleur spécifiaue
entre 0,4 et 3K (T = 0,4K pour 0,02% at, et T_ x=f1K pour

a
0,05% at.)¢3),

max

Néanmoins, des effets non linéaires en concentration
ont &té observés jusqu'a 0,8% at. dans le Pt-Co, ol la concen-
tration "critique"définie comme celle pour laquelle Tordre
serait de 1'ordre de 0,1% at, 11 parait donc possible d'observer

=TK




Pl
sur le Zn-Mn 1'existence de tels effets de concentration,
pour des concentrations supérieures & cette "concentration

critique" de 0,01% at. et correspondant mieux & la gamme de
sensibilité de notre appareil,

Des mesures de chaleur spécifiaue ont &té effectuées
sur 4 échantillons de Zn-Mn, préparés psr le groupe de métallur-
gte du laboratoire & partir de Zn Psarco 99,999% et de Mn
Johnson Matthey 99,999% suivant la procédure décrite dans
1a référence 3 et avec des concentrations nominales de
0,2, 0,1, 0,05, et 0,03% at. Les analyses spectroscopiaues
ont donné n&anmoins des concentrations réelles bien inférieures

0,17, 0,082, 0,042 et 0,024% at.
Des anomalies observées dans les mesures d'aimantation des
alliages moins concentrés ont conduit & craindre 1'existence
d'une ségrégation produite au cours du refroidissement des
alliages. Les résultats présentés ci-dessous semblent indiouer
que de telles craintes &tafent sans fondement. Trois conclusions
intéressantes peuvent &tre décacgfes de nos mesures. ;

(1) Pour les deux concentraticns plus élevées (1700 et

820 ppm) les points expérimentaux portés dans le diagramme
CTZ(T3) se trouvent sur deux droites de méme pente, confirmant
par 14, 1'existence d'interactions du type RKKY entre impuretés
magnét1ques(34). La valeur du coefficient vy du terme linéaire
en température correspondant est de 4,7 t 0,3 mJ/K2 mole,
valeur supérieure & celle déduite des résultats de Smith(4)

(4,1 m3/K2 mole) et de Martin (3} (3,7 md/Kk% mole).

(2) Pour ces deux concentrations, la contribution obtenue en
soustrayant le terme T de la chaleur spécifique mesurée,
est bien décrite par une anomalie Schottky correspondant &
un champ effectif Heff = 225 Koe sur les noyaux de manganése
(fig.1). I1 s'ensuit que pour ces 2 concentrations toutes les

impuretés sont magnétiques et ont le méme champ hyperfin.

Ce champ est supérieur de 20% & celui déterminé en orientation
nucléaire d'aprés la valeur & saturation obtenue par extrapola-
tion de la courbe donnant le champ hyperfin Hoge €D fonction
du champ appliqué sur un alliage contenant moins de lppm de
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Mn(z). Cet &cart entre le champ effectif & saturation d'une
“impureté isolée" déduit par orientation nucléaire et le champ
effectif mesuré par la chaleur spécifiocue nucléaire sur des
impuretés rendues magnétiques par interaction a é&té aussi
observé sur le Pt-Co., En effet, 1a saturation de"1'impureté
isolée" est difficile & atteindre en champ extérieur(s’ﬁ) et
1'extrapolation des champs hyperfins effectuée n'est proba-
blement pas exacte,

(3) Pour les deux échantillions moins concentrés (420 et 240ppm)
la chaleur spécifique mesurée, une fois déduit le terme ¥T,
est supérieure 3 1'anomalie Schottky prévue si toutes les

impuretés étaient magnétiques et portaient le champ effectif
de 225K0e déterminé précédemment (fig.2). L'excés observé
doit probablement &tre attribué & 1a contribution de Vanomalie
3 une impureté situfe autour de TK , qui est due & 1'existence

d'une fraction d'impuretés non magnétiques.

La proximité des anomaiies Schottky nucléaires
des impuretés magnétiques et des anomalies & 1 impureté des
impuretés non magnétiques d'une part, et 1a Timite de
sensibilité de notre systéme de mesure d'autre part empéchent
de refaire pour Te Zn-Mn une analyse aussi détaillée que pour
le Pt-Co. Nous pouvons néanmoins affirmer 1'ex1$tence d'une
anomalie de chaleur spécifique autour de 0,1K dans 1'alliage
In=Mn,

L'existence d'une telle anomalie a &té aussi mise en
évidence par des mesures récentes de chaleur spécifique entre
0.7 et 4K. En effet, Smith(4) ohtient une superposition de
courbes AC/c en fonction de T, pour des concentrations de
60 et 112 ppm, permettant de conclure & 1'existence dtune
anomalie & une impureté dont le maximum doit se trouver & des
températures bien inférieures & 0,7K.

11 est intéressant de noter que 1'observation de
cette anomalie impliguant 1'existence des impuretés non
magnétiques a &té fafte sur des allifages 200 et 500 ppm pour
lesguels la températufe d'ordre est proportionnelle & la
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concentratioﬁ(3). Ceci provient probablement de ce que la
température d'ordre est donnée par les impuretés oui sont

5 1'intérieur du rayon de corrélation et est donc indépendante
des impuretés qui se trouvent sur des sites ol le champ
moléculaire est proche de zéro. Une fraction de ces derniéres
peuvent alors donner origine 3 1'anomalie & 1 impureté.
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Les mesures de chaleur spécifique 4 trés basse
température nous ont permis d'étudier l'effet des interactions
sur la comportement magnétigque des impuretés dans quelgques
alliages diludés. Les effets observés dépendent de la valeur
de la temp@rature caract@ristique T, de l'alliage, mesurée
aux concentrations &évanescentes.

pans le cas du Cu-i¥n pour leguel Tp<= 16"2K, la
mesure d'un échantillon contenant 0.9% at. de Mn a permis de
séparer la contribution nucléaire de l'impureté de celle de la
matrice. Le champ hyperfin sur le Mn d8duit de cette mesure
(290 10KOe) se trouve &tre le méme, & l'erreur de mesure prés,
que celui déterminé par orientation nucl@aire dans un échantillon
contenant seulement de l'ordre du ppm de Mn (280%10K0e) .

L'interaction entre impuretés ne semble donc pas affecter la

valeur du moment portd par le Mn dans cette gamme de tempéra-

ture et de concentration.

Pour les alliages de Co dans 1'Au, avec TK>> iR,

1'étude de la variation de la contribution nucléaire avec
la concentration, montre que l;éffet des Interactions entre

impuretés proches voisines est prépondérant et fait apparaltre
un moment magnétique correspondant & un champ hyperfin de 190KOe
sur les atomes de Co appartenant 4 des groupes d'au moins

3 atomes proches voisins. La contribution 1linéaire en
température, YT, peut &tre séparfec en un terme
indépendant de la concentration et caractéristigue de
l'interaction RKKY entre impuretés magnétiques, et de deux
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autres termes variant l1'un comme la concentration, l'autre
comme le carré de la concentration et pouvant &tre respective-
ment associés & la contribution des impuretds non magnédtiques
iso¥es et en paires. En sec plagant dans le moddle LSF et en
supposant un fort couplage de Hund, ces 2 derniers termes
permettent de déterminer des valeurs de Ty de 700 et 50K
respectivement assoclés aux impuretés isolées et en paire.

L'importante augmentation de la contribution
nucléaire observiée lors de l'introduction d'impuretds de Fe
dans 1'Au~Co montre que la fraction d'impuretfSs de Co non
magnétiques dans 1'Au-Co est prépondérante, comme prévue
8i les impuretés magnétiques sont celles appartenant aux groupes
d'au moins 3 atomes de Co. La variation avec la concentration
de la contribution nucléaire a la chaleur spécifique a &t8 .
traltfe dans un moddle de champ moléculaire et a mené A assocler
les valeurs de 14 et 200K aux Ty des paires et isolés de Co.
L'6cart existant entre les valeurs de Tk détermindes par les
nesures de chaleur spdcifique effectufes sur 1'Au-Co d’une
part et celles obtenues par susceptibilitd sur 1'Au-Co et
chaleur spécifigue sur 1'Au-Co-Fe d'autre bart, met en doute
la validité du moddle LSF pour décrire le comportement de ces
alliages.

Contrairement 3 ce qui se passe pour le fer, 1! intro~
duction de 5% at d'impuretés de Ni danc un alliage Au-Co 1,5%
n'a aucun effet sur le comportement magnétique du Co, la chaleur

spécifique de 1' Au-Co-lli &tant la somme de celle de 1'Au-Co
et de 1'Au-Ni.
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Pour des alliages avec lQZ?Kstm,$1K , comme Pt~Co et Zn-Mn,
1'effet des interactions entre impuretés 3 longue distance sont

dominants. Pour le Pt-Co, la contribution nucldaire permet

de compter le nombre d'impuretés magnétiques dans l'alliage et
1'étude en fonction de la concentration de Co montre que ce
nombre croit avec le carré de la concentration totale, pour

les faibles concentrations, les impuretés magnétiques portant
un champ hyperfin de 2I0KOe. Ces rdsultats sont en tré&s bon
accord avec les mesures d'aimantation effectuées par M. Tissier
sur les m@mes &chantillons et les atomes magnétiques sont
associés aux atomes distants de moins de gi d'un autre

voisin du méme type. La contribution des impuretfs non magné-
tigues produisent une anomalic 3 une impureté dont le maximun
se situe avtour de 1,2K (TK~1,6K), comme le montrent les mesures
de M. Saint-Paul.

Pour le Zn-Mn (TKnJo,zK), 1'anomalie 3 une impuretd
produite par les Mn non magnétigues et la contribution .
nucléaire Schottky des atomes magnétiques, sont superpostes
pour les deux concentrations les plus faiblos mesur&es. Pour
les &chantillons de plus forte concentration, l'anomalie
Schottky est seule pré&sente, toutes les impuret&s &tant
magnétiques, et permet de déterminer un champ hyperfin de

225 KCe sur le Mn.
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