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INTRODUCTION

Le comportement des impuretés magnétiques, diluées dans un

métal est un sujet d'études expérimentaleset théoriquesd&ji anciennes.

On peut distinguer trois limites différentes :

1) Régime 3 une impureté : c'est la limite des trés faibles concentra-

tions d'impuretds, connu sous le mom de l'effet Kondo. L'interaction

dominante est celle de 1'impuretd avec les &lectroms de conduction.

ii) Régime des fortes concentrations : Par exemple Au,Mn, ol un ordre

magnétique spatial s'installe. L'ordre est dd aux interactions d'échange

(ferro ou antiferromagnétiques) entre les impuretés premidres voisines.

iii) Régime intermédiaire : Les mesures de susceptibilité@ magnétique &

haute temp&rature montrent une temp&rature de Curie-Weiss importante
(Néel, Welil). L’observatﬁon d'un maximum de susceptibilitéd (Kittel),

de 1'hystérésis et du tralnage magnétique (Kouvel, Tournier), des lois
d'achelle en concentration (Blandin, Souletie) est ant2rieure 4 1'usage

du terme ''verre de spins".

L'expression "verre de spins' est apparue il y a une dizaine
d'années pour caractériser "l'ordre' magnétique qui s'&tablit & basse
température, entre les impureté&s. L'interaction entre ces impuretés est

du type REKKY :.%j

3
s
A Cos(szrij)/rij
La découverte d'un pic aigu de susceptibilit& x(T) a T =T,
(par Canneliaet Mydosh) dans ces alliages (AuFe, CuMn, AuMn, AgMn)

explique le regain d'int8r8t expérimental et thBorique de ces systémes.

Le pic aigu sur x(T) suggére une transition de phase a Tg : la

nouvelle phase basse tempé&rature fut baptise verre de spins.




Mise & part 1'anomalie observée sur y(T), aucune "singularité"
caractéristique d'une transition de phase n'a pu &tre observée. Eq
effet, les mesures de chaleur spécifique, de résistivitéd, de résonance
magnétique (Ti’ TZ en RMN par exemple) montrent un comportement continu

des hautes températures vers les basses températures.

Trés vite, on s'est posé la question de distinéuer les deux
régimes T < Tg et T > Tg' L'absence d'une nette différence sur les
mesures thermostatiquesa laissé la place d 1'étude de la dynamique de
ces systémes : le comportement en temps du méme systéme. Les &tudes
magnétiques montrent qu'id T > Tg’ 1'aimantation répond instantanément
d une perturbation extérieure (variation du champ magnétique par exemple).
Par contre, 4 T < Tg, on a observé un phénoméne d'hystdrésis assez nota-
ble, ainsi qu'un type de relaxation, mnon exponentielle, comme ré&ponse

d une variation de champ.

Pour fixer les idées. ainsi que la terminologie, il est trés

utile de décrire certains exemples typiques :

£ S1 1'on refroidit le syst3me depuis une température supérieure 3 I3,
sous champ magnétique H, jusqu'a T <« Tg, on observe une aimantation
Ma(H,T), stable au cours du temps et ne présentant pas d'anomalie 3 Tg.

On peut dé&finir ainsi une susceptibilité notde xa(H,T) définie par :

X, H,TY = M (4,T)/H .
a a
* Si on coupe le champ appliqué B, 3 T < Tg, on observe d'abord une
décroissance brutale de 1'aimantation, mais il reste une aimantation
résiduelle (1'aimantation rémanente) qui décroit tréds lentement au cours

du temps : or(H,T,t).

On appellera, aimantation réversible, la réponse du systime

dans le temps de mesure, & une variation de champ :

Mgy =M (B,T)-0_(H,T,t).



= Ma(H,T)—Ur(H,T,t)
&v. H
La susceptibilité& réversible Xpay dépend donc du temps de mesure t et

On définira ainsi la susceptibilité& réversible par X,
tend vers Xa(H) d temps infini :

X _(H2,T) = 1lim . (4,T,t).
a £ > e Krev, ?
Cette démonstration expérimentale (Tholence) indique clairement la dépen-
dance en t de la susceptibilité réversible et appelle des précautions
en ce qui concerue la définition de la "singularité' 3 Tg : En effet, 3
temps infini, y_.

rév,
a Tg‘ Lla dépendance en temps de la susceptibilité réversible entraine
une dépendance temporelle de Tg. Cecl justifie a posteriori le terme
"verre de spins”, par analogie avec la transition vitreuse dans les
verres ordinaires. En plus des mesures de susceptibilité, les &tudes
par neutrons, effet Mossbauer, par Muons (&chelle de temps de la mesure :
107 sec. typiquement) ont &té& interprétées comme déterminant une valeur
de Tg sup&rieure ‘3 la valeur trouvée par les mesures de susceptibilité

alternative ofi 1'échelle de temps est 10_2 sec.

Etant donné cet ensemble de résultats, il nous semble primor-
dial d'associer les mesures de susceptibilité et le comportement hors

d'équilibre & Tg. La dépendance de ¥(T) et G_ ne peut pas gtre oubliée

dans la définition de Tg et par la suite de la nouvelle phase 4 T < Tg.

Avec cette vision de Tg et de la "phase" verre de spims, nous nous sommes in-
téressés 4 1'8tude des propridtés hors d'équilibre de 1'alliage CulMn,

connu pour €tre un verre de spins. Par exemple, nous avens pu moutrer

que ¢_ est ume fonction de la variable réduite : T Log t/t,, T, &tant

un temps caractéristique. Notre travailil est avant tout expérimental ;
néanmoins, nous nous sommes fixés comme objectif de tirer les conclusions
fondamentales dont il faut tenir compte dans une th&orie microscopique

des verres de spins.
o + - -
Dans la premiére partie, nous avons montré que, & T < T, ¢
% La relaxation de 1'aimantation révadle la présence d'umne large distri-

bution des temps de relaxation. On a associé ces temps de relaxation &

des barriéres de potentiel largement distribudes.

.

coincide avec et ne présente pas le pie caractéristique
N P P




% La relaxation d'énergie, associ&e a celle de 1'aimantation, indique

que ces barridres séparent des dtats d'énergiesdifférentes.

% Le mode de relaxation (franchissement d'une barri&re de potentiel)
est du type activation thermique. Ceci résulte de la dé&pendance en temps

t et en température T.

% A chaque champ magnétique et 3 chaque tempdrature est associd un &tart
d'équilibre (stable ou métastable) caractérisé par une aimantation
Ma(H,T) et correspond & un &tat de basse &nergie, vers lequel le systéme

relaxe (aimantation, &nergie) lorsqu'il est préparé hors d"8quilibre,

%2 L'aimantation thermo-rémanente est fonction de «%—-Lnt/'{o ol T, est de
- =]
1'ordre de 1071l sec dans CuMn, et od T, a la méme dépendance en concen-

tratiom que la température du maximum de susceptibilité alternative

mesurée i fréquence constante.

La conséquence naturelle de ces propriétés générales 3 tous
les verres de spins doit 8tre une nette d3pendance de la température Tg
du maximum de susceptibilité@ alternative en fonction de la fréquence o

(typiquement correspondant i des temps de mesure de 10“2 s ou moins}.

Dans certains cas (LaAlZGd), on observe effectivement une varia-

tion significative de T, en (Log w)y~L.

)
Il est, par contre, surprenant de ne trouver qu’une trds faible
dépendance en fréquence de Ty dans 1'alliage CuMn, et de n'en trouver

aucune dans AgMn.

Dans ces systémes, la discordance entre, d'une part les résultats
de susceptibilité alternative au voisinage de Tg et, d'autre part le compor-
tement en T Log %i- de 1'aimantation rémanente, suggdre que
Tg’ dépendant du temps, ne peug dépasser une valeur maximale To, fixe
dans le temps, au-deld de laquelle le systéme est simplement paramagnétique.
Nous avancons 1'hypothése qu'au—-dessus de T., les corrélations ayant permis
de construire les entités magnétiques entrant en jeu dams la construction

de l'aimantation rémanente, sont détruites. C'est 4 cette température T,



que peut se poser le probléme d'une transitiom de phase s'il doit se

poser.

1'"aimantation ré&manente &tant construite en champ positif &
basse température, il est possible d'imaginer ainsi la réponse du systdme
en champs négatifs croissants : !'aimantation rémanente positive sera
progressivement détruite et une aimantation négative comstruite selom
les propriétés générales décrites plus haut. Le cycle d'hystérésis obtenu
ne montre aucune singularité. C'est ce qui est observé expérimentalement
dans AuFe. Cette image se révéle fausse dans CuMn ol nous mettons en
évidence qu'un chaemp négatif faible va basculer globalement l'aimantation
rémanente construite en champ positif : le systéme se présente comme un
grain monodomaine poss&dant un champ d'anisotropie H, tr&s faible devant
l'ordre de grandeur des champs nécessaires 3 la construction de 1l'aiman-—
tation rémanente saturée o_. L'énergie d'anisotropie macroscopique o..H,
est peu sensible 3 la temp&rature, varie comme le carré de la comcentration
de manganése et dépend de 1'é&tat métallurgique de 1'alliage. Cette E&tude,
exposée dans la seconde partie, momtre une nette différence de répounse
en champ inverse d'un systéme 4 1'autre, alors que les mécanismes de
constru;tion et de relaxation des aimantations & T < Tg sont identiques

pour tous les verres de spins. Peut-onm pour autant introduire une nouvelle

classification parmi les verres de spins 7

Pour comprendre cette différence, nous avons introduit dans
CuMn des impuret&s ne changeant pas la valeur de l'aimantation rémanente
mals qui sont connues pour leur fort couplage spin-porbite : nous montrons
que 1'Energie d’anisotropie macroscopique croit linéairement avec la
concentration de ces impuretés 3 un taux proportionmel 4 la section efficace
du mécanisme de diffusion spin-flip dU au couplage spin-orbite. L'introduc-
tion d'atomes d'or ou de platine 2 une concentration aussi faible que 1 %
atomique suffit & modifier le cycle d'hystérésis du systéme CuMn pour le
rendre &quivalent & celui d'AuFe.

Ces résultats, présentés a4 la fin de la seconde partie, lévent

dans les propriétés générales des verres de spins une ambiguité& gui pouvait




subsister par 1'examen des cycles d'hystérésis : Si les électrons de
conduction a'ont aucune interaction d'ordre magn&tique avec la matrice,
l'ensemble constitud par les spins des impuretés magnétiques et les
glectrons libres fournira, lorsqu'une aimantation est comstruite dans

une symétrie,une réponse collective et instantande 3 toute sollicita-
tion d'un champ extérieur de symétrie différente. Cette propriété, confir-
mée par des expériences de RPE et RMN en présence d'aimantation rémanente,
prouve que seule une interactionm isotrope par rotation est responsable
des barridres et différents niveaux d'énergie caractérisant les verres

de spins métalliques : nous pouvons conclure que cette interaction est de
type RKKY et exclure des mécanismes tels que 1'interaction dipolaire i

laquelle certains auteurs ont prété un rSle important dans ces systémes,

Une interaction d'ordre magndtique des &lectrons de conduction
avec la matrice (via le couplage spin-orbite) introduit un couplage
indirect des impuretés magndtiques (interagissantes par le processus RKKY)
avec le réseau. Il en résulte un couple macroscopique s'opposant & la

rotation ou au basculement.

Dans la troisiéme partie, nous présentons un travail plus
ancien portant sur des systdmes supraconducteurs :

L'observation d'un effet réentrant dans la dépendance en tempé-
rature T du champ critique H. dans le composé LaB_cInGdc (Crow, Guertin,
Parks) avait &té interprétée (Bennemann) 3 1'aide de moddles mettant en
jeu l'aimantation des impuretés magndtiques. Nous avons testé expérimentale~
ment la validité de ces moddles en mesurant directement 1'aimantation M de
ces impuretés dans 1'é&tat normal. Celle-ci ch&it aux lois d'échelles en
concentration (M/ec = £(H/ec, T/¢)) caractéristiques des verres de spins.

Nous montrons que la décroissance de champ critique due 3 la présence du

gadolinium peut &galement s'exprimer selon une loi réduite

c

HC(T,c-.:O) - H,(T,¢) . f(M(HC(T),T,c))
[









CHAPITRE I

RELAXATION DE L'ATMANTATION REMANENTE SATUREE

ET DE L'ENERGIE ASSOCIEE A T < Tg

La relaxation trés lente et de nature logarithmique des aiman-
tations de verres de spins 4 des températures inférieures & Tg avait

suggéré les hypothéses suivantes :

1 - L'existence de barriéres de potentiel, importantes et
distribudes sur de larges domaines d'énergie, est respousable du retard

d la relaxation.

2 - Des processus d'activation thermique gouvernent le

franchissement de ces barridres (leoi d'Arrhénius).

C'est le second point qﬁe nous avons démontré expérimentalement
en &tudiant la relaxation de l'aimantation rémanente saturée sur une gam-—
me de- temps t supdrieure i 2 décades {de 1 mm & quelques centaines de
minutes apré&s coupure du champ) et sur toute la gamme de température T

oli cette aimantation peut &tre observée (T < Tg).

Dans la premiére publication {"'Time and temperature evolution
of the saturated thermoremanent magnetization of a spin glass™), nous
présentons nos résultats expérimentaux réalisés sur 3 Zchantillons de CuMn
(.5, 1, 8 at% Mn) et montrons sans ambiguité qu’il est possible d'exprimer
les déperndances en temps et température de 1l'aimantation rémanente saturée

en fonction d'une variable unique T Ln t/T_ (T de l'ordre de 10_11 s).

Louis Néel a utilisé les deux mémes hypothéses que celles
énoncées plus haut pour développer sa théorie des grains fins, ce qui a

conduit de nombreux auteurs 3 développer, dans le cas des verres de spins,




des modéles issus de cette théorie.

I1 est alors supposé que le systdme est divisé en "domaines"
("nuages", "objets magnétiques™) et que les barridres de potentiel de
hauteur W séparent des orientations faciles d'aimantation Mg de ces

parties du systéme.

L'expression de l'aimantation rémanente 0, est alors obtenue
en intégrant, sur l'ensemble des temps de relaxation T, la relaxation

de 1'aimantation des objets magnétiques de moment Mg :
o, = f Mg exp(~ t/T) avec T = T, exp(W/kBT).
T
Si t >> T,, on peut considérer avec une trds boune approximation que
exp(-t/1) = 0 si W < kT Ln t/*rc
=1 siW>kT Lu /T,

ce qui impligue o, = f Mg .
WrkTLnt/T

Ce modéle simple peut rendre compte de situations microscopiques
plus complexes comme nous le verrons plus loin. Le résultat finmal montre
que, si la distribution des barridres de potentiel est peu dépendante de
la température, l'aimantation rémanente est fonction d'une variable unique

T La t/T .
aQ

Nous observons expérimentalement par exemple que toute déviation
d un comportement linéaire en température 3 temps constant implique une
déviation correspondante par rapport 3 un comportement linéaire en Ln t

d température constante.

Dans ce probléme, il existe une inconnue supplémentaire dont

1l'existence ne peut pas 8tre déduite a priori de 1'étude de la relaxation



de 1'aimantation ré&manente : les &tats d'énergie sépards par les barriéres
de potentiel sont-~ils différents ? La réponse a &té domnée par J. Odin

qui a pu mesurer directement une relaxation d'énergie en présence d'ai=-
mantation rémanente dans le systéme éEfFe (et, trés récemment, dans

-(Gds
sz~ (048) 507
avec celles de relaxation d'aimantation, que nous avons effectudes sur

CuMn et (EuS) Y. La corrélation trés simple de ces mesures
un méme &chantillon {dans les m@mes conditions d'histoire magnétique et
thermique), est présentée dans une seconde publication ("Magnetization

and energy relaxation in spin glass AuFe,, below Tg").
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TIME AND TEMPERATURE EVOLUTION OF THE SATURATED THERMOREMANENT MAGNETIZATION OF A SPIN

GLAS3

J.J. Prejean,

Centre de Recherches sur les Trés Basses Températures, C.N.R.§5., BP 166 X, 38042 Grenoble Cédex,

France.

Régumd.- Nous avons &tudié la variation avec la température T et le temps ¥ de l'aimantation thermo-

rémanente saturée @

d'un verre de spin pour 3 concentrations de Mn dama Cu. La relation entre les

p ~I8 - P . . : -
dépendancesen temp@rature et en temps est gemblable A celle résultant d'une distribution de systémes
% deux niveaux thermiquement activés (loi d'Arthénius).

Abstract.—~ We have studied the dependence of the saturated thermoremanent magnetization O

of a

spin glass on the temperature T and the time ¥, for 2 concentrations of Mn in Cu. The temperature
and time dependences are linked by the type of relation which the assumption of a distributiom of
thermally activated two level systems implies (Arrhenius law).

Wa have studied the saturated thermoremanent
magnetization,. for 3 concentrations (C = 0.5 %, 2 Z
8 %) for the spin glass system Cu Mn.

The thermoremanent magnetization o is obtai-
ned by cooling the sample from T > Tg (Tg is the
temperature of the cusp in the revarsible a.c. sus—
ceptibility /1/) down to a final temperature T < Tg
with a magnetic field Ha applied. Then the magnetic
field is withdrawn and the remanent magnetization
ur(T,Ha) {s measured as 2 function of time T : the
origin of time is taken at the moment when i be-
comes null.

For a given measuring time Ty and a given
temperature T, Ur(T, Tm) depends on Ha as shown on
the insert of figure 1 it increasas, goes through
a maximum and reaches a saturation value O, (T;rm)

The figure ! shows the dependemnce of Ors' at
o 60 s, with the external temperature T. On this
diagram, one observes that for wore than 90 7 of
its variation, T.q follows closely an exponential
behaviour :

g, = 9, exp(~ aTl) (1

rs
On figure 2,

the dependence on time at T =
6.13 K of Upg of a CuMn 2 Z is observed to show
sizable deviations to an initially logarithmie
behaviour.
DISCUSSION.+ The remanent properties of spin glas-
ses have been intarpreted with models /2/ derived
from the Neel's theory of fine magnetic particles

/3/. This theory relies on two main assumptioms :

1
1 E
RN 8 % Cu-Mn

a
—~ 0
o
3. —:
H ! ‘
0 2
o g
a2
001 &
E , u° O L 1 H % ] 1 1
r 0.5°% 0 50kCe 4
| 1 1
10 Z20 30
T (K)

Tig. | : Temperature dependence of ¢__ at time T =
60 s for the 3 studied concentrations of Mn.

Insert : dependence of ¢ s {at T = 4.2 K, T = 60 g)
on the cooling Field H E3r the Cu Mn 8 7 sagmple.

a) Potential barriers of energy W separate two easy
orientations for the magnetization of some small do-
mains or regions of the system. The average time ne-
cessary for the magnetization to jump over the bar-
rier, due to thermal fluctuations, is thus givem by
the Arrehenius law :

T =T, exp (W/kT) {2)

B) To first order, it is agsumed that the distribu-
tion P(W) of the emergy W is a2 constant over a wide

range of temperature.

15 -T2
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Fig, 2 : Dependence on time at 6.15 K of @ of the

Cu Mn 2 % sample. 2 diagrams are presented ? Grs Vs
Log T, Log grs vs Log T,

This model is able to account, for example,
for the logarithmic dependence of the magnetization
with cime which is very generally observed on a li~
mited extension of time.

For large vatriations of the reamament wmagne-
tization (as shown on figure | when Urs varies over
twe orders of magnitude}, assumption (b) is not suf-—
ficient as pointed out by Tholence and Tournier /2/
who accounted for the exponential dependence of g
on the temperature in the frame of a slightly more
sophistical model : independent "antiferromagnetic
clouds", each containing n spins, having ea aniso-
tropy energy W ™ n, and contributing with its un—
compensated moment Mg = 1 /4 to Urs below 1t3 bloe-
king temperature Ty = W/k 1n %L . A gaussian distri-
buticn of the moments Mg is nedded : P(Mg) " exp
(= M;-/zuéo) .

, It is the purpose of the present paper to
show that, although assumption (b} thus fails to be
valid when the temperature s varied over a very wi-
de range, assumption {a), namely the relevance of
the Arrhenius law, seems to remain established all
the same.

The main feature associated with eq. (2) is
that it associates the time and the temperature in

the same unigque variable which is actualy : kT Ln

T

o

Thus expression (1) should be generalized as

< ~ T
Tpg = Ty exp (= 7 Lla =) {3y
o o
which implies :
T
= A - —
3 TO )
It is observed (figure 2) that Ln &

Ln Gr Ln 7T for a fixed temperature.

remains
rs

a linear function of Ln T over 3 decades in time.
The values of the parameters TD and T by checking,
at each temparature T, the validity of eg. (3) in

s with time, have been
to be nearly constant for each concentration,

describing the evolution of a,
found
and the typical values are reported on table I. It
is thus seen that the temperature and the time de—
pendences of the thermoremanent magnetization are
indeed closely corralated in agreement with the pre
dictions of eq. (2). The theoretical justificationm
of the experimentally determined values of T, re-
mains, so far, a weak and difficult point in these
types of approach, even when they are applied to sys-
tems of fine particles which are more accurately de-
fined.

Besides eq. {(2) is a simplification even in
Meel's approach where it is shown that T, should de-

pend on the external Field as well as on temperature.

M !
Concentration do(emu/g) TD(K) Ln T
0
0.5 % 0.028 32 39
2 4 0.185 84 30
8 z 1.25 273 ki
Zable 1

CONCLUSION.- It is confirmed that the memory effects
observed in spin glasses below Tg are connected with
an activated process.

The exponential behaviour noticed previcusly
in the 0.4 Versus T dependence is confirmed through
the time dependence of the saturated thermoremanent
magnetizaticn. Notice that this feature was alsc pre—
sent in the data of computation experiments /4/,
with a2 Monte-Carlo method and samples slaborated ac-
cording to the requirement of the Edwards and Ander-

son model.
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MAGNETIZATION AND ENERGY RELAXATIONS IN SPIN GLASS AuFe 4 at% BELOW T,

A, BERTON, J. CHAUSSY, J. ODIN*, I. J. PREJEAN, R. RAMMAL, I, SOULETIE and R.

TOURNIER

CRTBT-CNRS (associated USMG), B.P. 166 X, 38042 Grenobie Cédex, France

We present data on AuFe 4% showing: a relaxation of the saturated remanent magnetization significative of a wide distribution
of barriers; an associated energy relaxation implying that the barriers separate levels of different energies; a time-temperature
correlation of these relaxations which implies thermally activated processes.

We present the results of measurements of the
isothermal relaxation of the saturated remanent
magnetization Mgyg and of the associated energy
flow ¢ in spin glass AuFedat®at T <T7T,~20K.
The sample is cooled from T > T, down to T} =
1.4 K in a field (25 kOe) sufficient to saturate the
thermoremanent magnetization. The field is then
removed at T' = T, Next the temperature is raised
up to T} > 7, at a time which establishes the origin
in the measurement of the relaxation of My and
of O vs. time ¢, After about one hour of observa-
tion the energy flow  becomes of the order of the
sensitivity (0.01 uW) of our detection. The temper-
ature is then raised to T, =~ L.27T| and the relaxa-
tions of My and Q are studied at T,. Figs. 1 and 2
show that My varies like log ¢ [1, 21 and Q like ¢~
{3, 4] at different temperatures 7|, T, etc. No
relaxation is observed on a pure Au sample
whatever ifs history. In contrast the relaxation of
Mgs and Q is always associated with a variation of
the applied field with respect to the value in which
the sample has been cooled. These observations
lead to the following remarks: there are objects
{clusters, clouds, etc.) carrying a magnetic moment
which have a slow evolution towards “equilibrium”
indicative of the existence of very high potential
barriers W. These barriers W separate configura-
tions of different energies as’ shown by the ex-
istence of a ). These remarks lead us to adopt the
picture of asymmetric double well potentials char-
acterized by a barrier height W (which fixes the
time scale) and an energy splitting e. The nonex-
ponential relaxation of Mpg and of  shows that
there is a wide distribution of the barriers W and
of the splittings e. This is not unexpected in a
disordered system where no special value of the
energy is anticipated. The evolution of the
saturated remanent magnetization can be described

*Also with Laboratoire ¢’Electrotechnique ERA 534 of CNRS.

1] T T I T . 1 T

l—?.—(_IK‘VutFe)i
0. 10x10-27
9.
8 4
7
B 4

Tlogt T{K)
Fig.1. Left: remanent magnetization versus Tlog: (¢ in
minutes) at varieus temperatures for AuFe 4% at. Right: tem-
perature dependence of Mg (O) and of tQ/ T {A)at t = 60 s
for AuFe 4 at%,

in terms of the reduced variable T In(¢/7y) (fig. 1)
with 1,2 107" s, This particular time—tempera-
ture dependence occurs because of a cut off at
W, = kT In{t/ 1) which limits (in an activated
process) the barriers which can be observed at a
temperature 7" on the scale of the measuring time ¢.

An object will therefore have to cross a barrier
W — ¢ to reach “equilibrium”. Let Mg be an
average value of the moment of an object. If % ()
and P(J¥) are the distributions of the energies ¢
and of the barrier heights W, we can write the
saturated remanent magnetization Mpg and the

Journal of Magnetism and Magnetic Materials 15-18 (1980) 203-204 ©North Holland 203
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which justifies the leading term in ¢ ™' of the energy
flow relaxation seen in fig. 2. The validity of this
equation is better seen in fig. 1 where the variations
of tQ/kT are compared to those of Myps. We
obtain for the average moment of an object M, =
95up which compares with previous mdependent
estimations,

The results of fig. 1 are well approximated by a
law [2]:

Mys(T, 1)/ Mps{0) ~ exp(— T/ Ty)ln{¢/ vy}
= (1/r) "™, M
with Ty = 49 K & 2.5T,. It is remarkable that the

204 A. Berton et al./ Magnetization and energy relaxations in Au Fe 4 at%
T T T T T
0'1(}.LW"1)
50 -
=} &
=]
40 a -
a &
& —
30 ° . a o a . . °
a a o LI o o
Q
20_ a Aaﬂ Aaaaa 00000 0@ _
5 a a 00927
o Q
101~ 5 i naMAQ 00" -
0 I L : ! |
0 100 200 300 400 500 t(s)

Fig. 2. Time dependence of reciprocal power delivered by a 10
g AuFe 4 ai% sampie at various temperatures: (O) 1.65 X; (A)
MK, (D4l K

stored energy @ as:

MRSme P(W)dwfD P (&) deM,

i Xexp(HZ‘!‘)s {1)
0= [ P aw [ @elesp(—1/7)] e
(2)

where for an activated process 1 = 1, exp
(W ~ &)/ kT. The same cut-off argument as above
implies:

Mg = Esf:P(W)deDW'

f:P(W)deDW

Derivating under the mtegrand the expression for
the energy one obtains:

¢ =5

H

"9 (e) de, (3)

%) P(e) de.  (4)

P(WYW — WP (W — W) dW.

(3)

Inasmuch as % (&) does not vary too much on the
scale of the variations of W — W_ it is easy 1o see
that Q and st are related by:

= (kT/)Mys[ T In(t/7)] /M, (6)

saturated remanent magnetization {and therefore
the energy) seems to follow a power law Mpg(f) ~
Q1) ~ t7¢ where the exponent a = T/T, ~
0.47/T, is linear in temperature. Except for a
difference in the numerical factor, this is in agree-
ment with results of numerical simulation [5] on
simplified models of spin glasses yielding in the
vicinity of T, a = (d/4)T/ T, in dimension d. This
unusual behavior is indicative of the importance of
the fluctuations over ail the domain T < 7, Expo-
nents linear in temperature have been derived in
the ferromagnetic xy model [6] through a correct
treatment of the transverse spin fluctuations. It is
to be feared that; like for this case, the search for a
solution of the spin glass problem will have to go
through a description of the defecis and of the
textures (the objects?) which would characterize an
eventual new phase.
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CHAPITRE I1I

MODELE DE SYSTEMES A 2 NIVEAUX DANS LES VERRES DE SPINS
CONSEQUENCES SUR LA CONSTRUCTION ET LA RELAXATION
DES AIMANTATIONS A T < T,, COMPARAISON AVEC L'EXPERIENCE
SUR LEVSYSTEME CuMn

L'étude expérimentale du comportement de 1l'aimantation
thermotrémanente saturée et de 1'énergie associée mous a permis de tirer
trois conclusions essentielles dans la caractérisation de 1'état verre

de spiuns

1 - La relaxation de cette almantation est significative

de la présence d'une large distribution de barriéres de potentiel.

2 - La relaxation d'énergie, associée & la relaxation de
cette aimantation, implique que ces barridres séparent des niveaux

différents largement distribués en &nergie.

3 - La corrélation temps-température de ces relaxations montre
gans ambiguité que le franchissement des barrilres est gouverné par des

processus d'activation thermique.

Ces conclusions font immédiatement penser 3 l'utilisatiomn
d'un mod3le classique de doubles puits de potentiel asymétriques pour

rendre compte phénoménologiquement de 1'expérience.
Les questions qul se posent 4 ce stade de 1'étude sont :
1 - Le développement d'un tel mod&le pour décrire 1'état

d'8quilibre du systéme en présence de champ, la construction et la

relaxation des aimantations, la susceptibilité@ réversible, est-il
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compatible avec les cbservations expérimentales ?

2 - Quelle réalité physique et microscopique se cache derridre

l'abstraction des systémes i 2 niveaux ?

Avant de tenter de résoudre ces questions dans la publica-
tion présentée plus loin ("Two-Levels-Systems ..., nous devons
préciser le mod&le que nous allons développer et son domaine de

validita,

Dans un premier temps, nocus supposons quelques hypothéses

gimples

1 - I1 existe des objets magnétiques, de moments My, possédant
une Eénergie d’anisotropie uniaxiale W (d'origine non définie), en pré-
-sence d'un champ interne h (constant dans le temps) et d'un champ externe
H,paraliéles & 1'axe d'anisotropie. L'axe positif des champs et aiman-

tations sera pris dans le sens de H.

2 - Dans un systéme dé&sordonné comme le sont les verres de
spins, il n'existe aucune valeur privilégiée de 1'énergie d'anisotropie
(W) ou dessplittings (g, = Mg!hl) : nous supposons que W et h sont large-

ment distribuds, ce que confirme 1'expérience.

3 - Les distributions de W (P(W)) et de h(P(h)) ae sont pas

affectées par la température T et le champ externe H.

Considérons la collection de N moments Mg ayant la méme
€nergie d'anisotropie W et soumis au méme champ h. Si1 PM désigne la
probabilité de retournement d'un moment Mg d'une position paralléle 3
une position antiparall&le # 1'axe positif et P++ la probabilité de
retournement inverse, les &quations classiques de relaxation des ¥ moments

Mg‘conduisent 34 1l'expression : |

M _ _ _ T&q (1)
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oii M est 1'aimantation résultante des N moments, Méq cette aimantation

i 1'équilibre et

P - P
1 v+ 4
= P + P M. =8M, ¥——— (2)
Toff 4 4 gq g P++ + P++

Dansg ie cas oG h et H sont nuls, les probabilités P++ et P++

sont équivalentes et nous supposerons qu'elles sont gouvernées par des

processus d'activation thermique permettant de surmonter 1'énergie
d'anisotropia W
1 1 W
P H=h= = P =h= = L e - —
pp (Bh=0) = P (Heh=0) = % = = exp (= ) €)

Les expressions (1) et (2) montrent alors gue l'aimantation M

relaxe vers une valeur nulle, le temps de relaxatiom associ? &tant donné
T

par Tagf = —3-exp(W/kBT) et 1'énergie totale du systéme &tant conservée

2
(image d'ur double puits de potentiel symé&trique).

La présence d'un champ h + H introduit une différence d'énergie

€gale 3 2 Mg {(H+h) entre les 2 mniveaux correspondant respectivement &
des Etats d'aimantation Mg de méme sens et de sens contraire au champ

H+h. Les probabilités correspondantes P¢¢ et P¢+ deviennent :

P = }.exp(— Mg %_) P :lexp(-{-M H.i-{l

4 T +4 T g kT)

oli les exponentielles sont le facteur de Boltzmann et o 1 est donné par

1'équation (3).

Un calcul rapide utilisant les expressioms (1) et (2) conduit

o

12 H+h i H+h
T = = ch(My ), Méq = N M, th(M, @-17) (&)

Le temps de relaxation Toff de 1'aimantation peut &tre assimilé
au temps moyen nécessaire pour franchir une barriére effective weff au

moyen de processug d'activation thermique
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T Ln [ZCh(M m)}

W = kBT Ln g T

= LI
off = kT Ln — - k

=] Q

B

Hth, _ [H+h | [+ |
g @T) = eXP(Mg —k"];-:f-—) 1 + exp(-2 Mg kBT

)1

et, comme 2 ch(M

on obtient finalement

|H+h[

kBT

)

Wogp =W = Mg|H+h! - kgT Lo |1 + exp(~2 Mg

v . H+h
Le troisiéme terme, compris entre k. T Ln 1 = O {(pour —— + =) et

H+h B T
ka In 2 = 0,7 kBT {pour — 7 0), est borné par 0,7 kBT.

En conclusion, notre mod2le peut 8tre décrit par une distribu-

tion de syst@mes i 2 niveaux

* Un niveau correspond 4 1'aimantation initiale Mi d'une collection de
moments Mg ayant la méme énergie d'anisotropie W et soumis au m8me champ

interne h.

% Le second niveau (&tat fondamental) correspond 4 1'aimantation i

1"équilibre Méq de ces moments dans le champ H. Méq est indépendant de W.

% La barriére 34 franchir pour passer de 1'&tat initial 3 1'é&tat final

est : W £ = W - M

of H+h! ao,’7 kpT prés.

o
*® weff et Méq ne dépendent pas des conditions initiales de champ et

d"aimantztion,

Nous allons maintenaunt &tudier 2 cas particuliers : le champ
extérieur est amené 3 une valeur nulle ou bien le champ extérieur, d'abord

nul, est amend 3 une valeur H.

a) L'état du systdme présente sous champ une ailmantation, le

champ extérieur est ramené 3 O (H = 0).

P(h) &tant ume fonction pa&re, pour un méme module de h,

Moh
1'aimantation & 1'équilibre N M th(TEFJ P(h) + N M, th(- T§F° P(-h) est

g

nulle.
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La barriére effective est W =W -M Ihl.
of £ g

Soit g = Mglhl : le syst@me se réduit 3 un modéle 4 2 niveaux
d'énergie différent de 2 ¢_, 1'état fondamental &tant celul correspondant
i une aimantation nulle, la barridre effective i franchir pour relaxer
de 1'&tat excité (aimantation non nulle) au niveau foundamental &tant

W - €, 32 0,7 kyT prés.

b) Le syst3me est 3 1'équilibre en champ nul (aimantation nulle).
y

Un champ positif H est appliqué & t = 0.

Nous allons successivement tralter le cas ol h est dans le sens

ou en sens inverse de H.

M h

H+h
1°)Y h > 0 M. h(-B_ B ariy
) ;W e (kT Meq " th(Mg kT)
Si Mh = g > kT, M. = Méq = 1. L'état initial est conservé. Il n'est pas

nécessaire de considérer ce cas oil 11l n'y a pas de relaxation.

8i Mgh = g < kT, la relaxation de 1'&tat initial & 1l'&tat fondamental
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sera gouverné par

for

<O
-

~

W *W-MBE- ¢
g Q

of £ kBT Prés

1z

o

W - M H 1,7 k,T prés

R

W - MgH te i 2,7 kBT prés,

2%y R < O,

§i H > |h|, la barridre effective sera :

Wope = W - MH + Mglh[ SW+e -ME
Sid < ], Neps = W + MH - Mg|h| =W -e +MH
et Mi=—th~k—,;— Méq=-th(€°—;-T—E5‘-§).
Sitﬁﬁ que € > kT + MgH, Mi =M_ =-1.11 n'y a pas de relaxation. Si

MgH < g < kT + MgH, il vy aura relaxation et g, VM HZ kBT prés.

g

La barriére effective est alors :

W e.e=Wal, 7k

off T prés

B

12

W+ €, - MgH a 2,7 kBT pTés,

Finalement la relaxation de 1'&tat initial 3 1'état final

- est gouvernée par Weff =W + € - MgH

avec une approximation 3 0,7 ou 2,7 kBT prés selon les cas ;

- peut @tre représentfe par 1'image suivante d'un double puits asymétrique
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Domaine de walidité@ de ce modéle

11

1 - Dans la pratique, les valeurs de T, {v 107 §) trouvées
expérimentalement dans un systéme tel que CuMn sont telles que, avec les
temps de mesure employés (v minute), les valeurs de W, = kT Ln t/To sont
de 1'ordre de 25 i 30 kBT. Comme nous l'avons vu, les barridres effectives
accessibles 3 1'expdrience sont celles de hauteurs &gales ou supérieures

&2 W_ . I1 est donc possible de faire des approximations de l'ordre de kpT

dans les résultats de notre calcul précédent.

2 - Ce calcul peut se généraliser i des situations microscopiques
plus complexes. Pour counserver la possibilité de traiter un tel wmodé&le
coustruit avec les hypoth&ses simples &noncées au départ, il suffit de
supposer que P(W) et P(h) = P(¢g) sont &tendus sur de tré&s larges domaines
en énergie et que la distribution d'objets magnétiques {qui ne sont pas
forcément des entités fixes dans le temps) soit identifiable statistiquement

4 une distribution de moments Mg fixes. '

1

Les hypothé&ses et le domaine de validité de notre modéle Etfant
spécifiés, nous allons en tirer les conséquences sur les propriétés magné-
tiques d'un systime dans 1'&tat verre de spin et les tester expérimentale-
ment sur 1'alliage CuMn dans la publication. ci-dessous présente au

Journal de Physique.
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Résumé. — Un modéle de distributions d’états 4 deux niveaux thermiquement activés qui s’impose sur la base des
relaxations de Iaimantation et de I'énergie qu’on observe expérimentalement, permet sans autre hypothése de
prédire ou de justifier I'essenticl des phénoménes d’hystérésis dans les verres de spin. On distingue les processus
ou la température est variée 4 champ fixe qui conduisent 4 un état d’équilibre pratique du systéme et les processus
isothermes qui conduisent 3 une situation hors équilibre et dont la description met en jeu des lois classiques (lois
de Rayleigh) en fonction d’une variable réduite 7/Tg ot T comme toute température caractéristique du probléme

g -1
est une fonction du temps ¢ de mesure ‘(T G~ (Ln-;-) ) Des considérations énergétiques fixent une limite
Q

supérieure T, au domaine ol ce scaling caractéristique d'une transition vitreuse est valable, ce qui permet de
concilier les résultats apparemment contradictoires qui font état d’'un maximum de la susceptibilité dépendant
de la fréquence dans certains systémes, indépendant de la fréquence dans d’autres. C'est I'existence de distributions
bien caractérisées des états 4 deux niveaux gui sst importante plutdt que la deseription microscopique des objets
sux-mémes cachés derriére le concept d’états 4 deux niveaux. C'est le désordre qui impose leur caractére aux distri-
butions d’ou la généralité du modéle.

Abstract. — A model of distributions of thermally activated two-level-systems (T.L.S.) which imposes itself on the
basis of the observed relaxations of the magnetization and of the energy, allows, without further assumptions, to
predict or to justify the main features of the hysteresis of spin glasses. We discern the processes where the tempera-
ture is varied at constant field which lead to a guasi equilibrium from the isothermal processes which lead to a
non-equilibrium situation whese description involves classical laws (Rayleigh's laws) in terms of a reduced tem-
perature T/ Tg. T as any characteristic temperature in the problem is a function of the lime ¢ of the measurement :

To
of a glass transition, is vatid, which permits to reconcile the apparently contradictory data which report a frequency
dependent susceptibility maximum in some systems, & {requency independent one in others. It is the existence of
well characterized distributions of T.L.S. which is important rather than the microscopical description of the
objects themselves which are hidden behind the T.L.S. concept. This is the disorder which is responsible for the
character of the distributions hence for the generality of the model.

-1
T ~ [ Ln i) . Energetic considerations fix a higher limit 7T, to the domain where this scaling, characteristic

1. Introduction. — The study of systems of magne-
tic impurities diluted in noble metal matrices has
been a traditional subject of interest in magnetism.
The spin glass problem deals with the study of the
magnetic ordering occurring at low temperatures
between randomly distributed magnetic moments
interacting through the Rudermann-Kittel-Kasuya-
Yoshida interaction. The discovery [1] of a sharp
anomaly (the cusp) in the low field susceptibiiity at
a temperature T4 has raised the question of the pos-
sibility of a new type of phase transitien [2] and has

{*) Laboratoire propre du C.N.R.S., associ¢ avec I'U.S.M.G.

motivated theoretical inierest [3]. At temperatures
lower than Ty, the existence of time dependent effects
in the magnetic properties has been known for a long
time [4] but, although phenomenclogical descrip-
tions exist [5], difficulties remain at several levels.
[n particular the very presence of unusually long
time scales makes problematic the experimental
determination of a fundamental state. Further, it
appears difficult, at the present time, to reconcile
the phencmenological concepts with the patho-
logical variations of the susceptibility at T, which
are suggestive of a phase transition. From a mere
experimental poipnt of view contradictions appear :
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thus one finds (6, 7} or does not find {8] a time depen-
dence of T'5 depending on the system which is studied
Of even on the thermal treatment which the system
has experienced [9].

In this paper we will try to clarify some notions
and suppress some contradictions by recalling and
developing phenomenclogical arguments of general
interest to disordered system with time dependent
properties. We will first justify the use of a model
involving a distribution of thermally activated asym-
metrical double well potentials, then derive the comnse-
quencies and illustrate these consequencies with the
results of experiments performed mainly on the
CuMn system. We will show that it is possible to
reach, in practice, the fundamental state by fleld
cooling the sample, although any meodification of the
fleld at low temperature brings the system out of
equilibrium. Non linearities in field and time depen-
dences of the magnetization as well as their conse-
quencies on the reversible susceptibility will also be
discussed. We will afterwards speculate about the
origin-and the nature of the objects hidden behind the
abstraction of the double well potential picture and
show that it is possible to reconcile the proposed
phenomenological description with pathological beha-
viour occurring at a fixed temperature.

2. Justification of a model of double well potentials,
— Remanent magnetization measurements {4, 5] were
the first which showed the time dependent effects
characteristic of the spin glass state. The observation
of relaxation of the magnetization after several
hours (or several days) implies the existence of
- unusually large potential barriers which delay the
response of some kind of magnetic objects of moment
M. The non exponential character of these relaxa-
tions (apparent for sxample on figure 4) implies,
moreover, a broad distribution P(W) of the values ¥
of the energy of these barriers. This feature is not
unexpected in g disordered system where no parti-
cular value of W is anticipated. We will therefore
assume a distribution P(W) with little or no depen-
dence on W over 2 considerable range of energies
limited to some value W paxe

Recent measurements (10, 11] have established
that an energy relaxation is always associated with
the magnetization relaxations. This fact, among
others, implies that the barriers W separate levels of
different energies. Let g be the ¢nergy splitting.
It is logical to postulate, in a disordered system, the
existence of a distribution Plzy) of the zero field
splittings for the same reasons which Justify the exis-
tence of a distribution P(3) i.e. the absence of any
priviiedged value of the energy. One is then logically
led to the concept of a distribution of asymmetrical
double well potentiais {Fig. ) for similar reasons
to those that led :0 the models which have been
proposed to explain the properties of glasses at very
low temperatures [12).

No [1]

< >

h)

Fig. . — An asymmetrical double well potential is represented
on figure L : # is the height of the barrier, : represents the splitting.
The effective barriers for the system are W, = W £ & Figure 1
shows the variations of the relaxation

exp( {) = exp( L exp W“T)
3 ’ o £T

) ) L
vs. W, m an activated procass. W, = kT La— is, with a good

&

approximation, a cut-off in cur problem {i.e.

exp(« L) =0 for oo < W,

T tofor Wy > W)

il W, » 2 or 34T (the width of the transition), [n Q._an. the
order of magnitude of W, is 25 &7 in the usyal time scale measu-
rement.

A physical barrier can be crossed either by tun-
nelling or by thermal activation. While the frst
process is important in the models considersd for
the low temperature properties of glasses, it is easy
to show experimentally that thermal activation is the
phenomenon which governs the relaxations of a
spin glass. The relaxation time in this case is given by
V- g

&T
magnetization of objects of moment M, invoives
an integration over the values of # and &9. Formally

we will have to integrate relaxations of the form

the Arrhenius law ¢ = 1, exp . The remanent

t T -
Mg exp — - over the distributions of W and 25
T



Ne Il

The consideration of the variations of

-t
W_ 80
To 8XP T

exp —

in terms of W shows that in practice and to a very
good approximation (see Fig. 15} :

(1

t {--—-OforW--EO<Wc
exp —

Wy |=1for W—g> W,
roexpT

(where W, = kT1ln ;E—) and it is therefore pos-
0 .

sible to put exp - L 1 in the integration provided
p p -z g p

it is restricted to the values W > W, + ¢,. Inasmuch
as P(gy) and P(W) do not depend strongly on the
temperature the remanent magnetization (as any
other thermodynamic guantity) will be obtained
after integration over W and ¢, as a function of the
cut-off W, = kT Ln-{;—. The measurement time ¢
0
therefore is always associated with the temperature
in such a way that it is possible to observe the same
effects in terms of the temperature at fixed time or
in terms of log ¢ at fixed temperature. This time tem-
perature correspondance is characteristic of the
Arrhenius law and of an activated process. One can
check (Figs. 18 and 19) that it was possible to super-
impose the temperature and the time dependences
of the remanent magnetization of a CuMn 8 at. % ina

unique diagram of the variable kT Ln—:— (despite
0

the fact that the observed variations which cover
several decades in magnitude depart strongly from a

. . o ¢ .

simpie linearity in T or Ln;r— . This correspondance
0

allows the characteristic time 7, to be determined.

We have found 1, to be of the order of 1075 in
CuMn for concentrations between | and 8 at. ¥
{see chapter 12).

We are now in possession of a mode! which allows
us to make non irivial predictions (such as the above
mentioned time-temperature correspondance). This
model is by no means new. In the abstract shape in
which it is presented, it covers descriptions which
have been widely used to describe for example the
plasticity of glasses, rubbers and poiymers [13] near
their glass transition or the magaetism of fine par-
ticles (Neel). This generality implies analogies, which
can be checked by experiments between properties
a priori as different as the magnetization of a spin
glass and the extension of a rubber [14] We will
make use in what follows of the ideas and vocabulary
which were developed by Néel {15], in his descrip-
tion of the properties of small particles {where g, = 0
the double well potentials are symmetrical) or in
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his theory of magnetism in the Rayleigh domain
(in this case the model makes use of two independent
random variables and can consequently be identified
with the one we use here}.

3. Isothermal processes and field cooling processes,
The (quasi) equilibrium state of the systems, — With
the time entering as a third variable the specification
of the field and the temperature is not sufficient to
determine the magnetization. The hysteresis cycle
exemplifies this indeterminacy. The evolution of the
magnetization within the hysteresis cycle will depend
not only on the time + which is spent on the measure-
ment but also on the thermal path C(H{(z), T()
through which the chosen initial state has been
built up.

In other words the future behaviour of the sample
is determined by its history. It is in principle always
possible to express a thermal path as the sum of
elementary paths where the magnetic field is modified
at a constant temperature and where the temperature
is modified at constant fieid ; such paths, because of
their simplicity, are chosen by the experimentalist.
It is therefore logical to study the isothermal response
to a varying field and the response to a constant fieid
when the temperature is varied.

In an isothermal process, the argument leading
to equation (1) tells us (see Fig. 1} that a field 4 such
that M % + g, > W — W, is needed to overcome a

barrier ¥ | with W, = kT LnT—r . This means that
o
at low temperature ali the energy of the potential
barrier must be supplied by the fleld.
In contrast, in a field cooling process, the magne-
tization is blocked at a temperature Ty such that

£

W+ e — Mghr-kTBLnt
Q0

The magnetic state of the object (the state in which

it remains when the temperature is further decreased)

M,h —
is then determined by th(—%——-ﬁ). The ratio

(M, h — &) x Ln —

l“/Ig h - 80 . T
kTs W — M,h + 5
M. h— ¢
is larger than 1 { and ¢4 I—ng—O is saturated ] as
B

soon as ¢ = M, h — &5 is of the order of or larger
than W/Q (where Q = Ln{-, Q is of the order
0

of 25 for usual values of ¢ and z,) : the system has
already chosen its equilibrium state (the lower side
of the two-level-systems) at the blocking temperature,
In other words we only need to provide an energy
M h — g, = W/25 to overcome a barrier ¥ in a
field cooling process (instead of W at low T). With
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our assumptions on the distributions P(s,) and P
therefore, the field cooled magnetization M, (H, T)
cannot differ from the thermodynamic equilibrium
curve by more than 49 (1/@) of the maximum
deviation which can be obtained in the same field
at temperature T (that i3 4 %] of the actual width of
the hysteresis cycle at temperature T in field H).
Negiecting this difference we can define M H, T)
as a practical determination of the fundamental
state.

4. The field cooled magnetization as the equilibrium
magnetization. Experimental evidence. — Figure 2
shows the magnetization curves obtained for
decreasing flelds (starting from 75 kOe) at different
temperatures in CuMn 8 at%. At temperatures
below Tn = 40 K we observe hysteresis, At very

10 7 T T T ] T T

a 70 mK -
a 1.5K ’

4.2K

s M{emu/g)

J I 1 ! L I i !

¢ 20 40 60 H(kOe)

Fig. 2. — The magnetization of a Cudln 8 at. % vs. the field H is
shown ar different temperatures. For T » T (40 K}, the magnetiza-
tion does not present aay hysteresis, The magnetization curves
represented for T7 < T, were ohiained after cooling the sample
in 75 kO from T > Todownto T = 4.2 K ‘®), [.3 K (4) and
70 mK 7 and decreasing the field,

low temperatures we also observe in positive flelds
the existence of magnerization Jumps as reported by
Tournier in AuFe [4]. These processes reminiscent
of Barkhausen jumps in ferromagnetics, by which
part of the remanent magnetization is giobally
reversed in the magnetic feld, call for an interpre-
tation different from the one which we propose here.
Far from the jump, the zereral behaviour tends to
recover the slower variations that oyr model attempts
to describe, and obeys rules of general walidity for
all spin glasses.

Once a remanent magnetization has been built
up the response of this magnetization to a small
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transverse fleld or to an inverse field is very system
dependent. In CuMn a very small inverse fleld A,
is sufficient to reverse completely the remanent
magnetization as a whole. Very small quantities
(a fraction of one at. %) of non magnetic impurities
known to have strong spin orbit coupling are suffi-
cient to increase very strongly the value of A, to the
point of making the magnetization reversal vanish
completely, aithough the values of the magnetization
are not greatly modified. This macroscopic response
of the remanent magnetization is studied w detail
in another work [{6]. Here we are concerned only
with the initial development and the evolution of the
magnetization along the axis of the field (which has
been used to build it up).

The feld coocled magnetization (Fig. 3) exhibits
the behaviour expected for an equilibrium magne-
tization : it is single valued and stzble. When the
system is pushed out of balance it tends to relax

10 T T T T i T l

Cu-Mn go

8; ! i ! i H
0 20 40 60 H, (kOe)

Fig. 3. — The field cocled maznetization My (H) is shown vs. A,
at 1.6 Kand 4.2 K. In a feld conling process. the feld H_ is applied
at 7 > T, and the temperature is subsequently decreased. M, {H)
is time independent as long as A, stays applied. In CuMn, M
is not very sensitive to the wemperaturs,

towards the equilibrium curve with liberation of
energy [i0, 11]. These properties are illustrated on
figure 4 which shows M,(h, T = 20K) for a CuMan
8 at. %. Each point has been obtained by field cooling
the sample from T » 40K (TG M(H, T has a
normal behaviour. It goes to zero in zero feld

it can be developed in terms of odd powers of the
field and remains time independent as long as the
field stays applied. The application, at low tempe-
ratures, of a fleld variation AH (however small it
may be) has the efact of creating a non zquilibrium
magnetization which always evolves as a function
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T it T
M (102 wg! M)

LI AR A i T

T
M (10-2 Mg /Mn)

Cu-Mngop
T=20K
1. 4
34k .

- (c} ~
32 4 [
& e

2.2k ]
- (a) i
20k .

31

8- (b) - L
T e — ’

BT RN IR TR B! 1 I
100 10

t (mn}

Fig. 4. — Starting from M,(H ) (solid line), small {socthermal varia-
tions AH of the field induce magnetization relaxations in the direc-
tionof M(H, + AH) :{a) H, = 0,AH = 1.2%0e, (b) H. = 1.2kCe,
AH = —12k0e, () H, = 2.4 ke, AH = — 1.2 kCe. The corres-
ponding pseudelogarithmic relaxations are shown vs. time on the
left side of the figure (the origin of time is taken when the field
reaches finai value H, + AH).

of time towards the magnetization M (H + AH)
which represents in principle the equilibrium in the
new field. Notice in figure 3 the pseudotogarithmic
dependences which cannot be explained with a unique
relaxation time. We have checked elsewhere [11]
that these magnetization relaxations are always
associated with an energy refaxation from the sample
to the bath, irrespective of the fact that the magnetiza-
tion may increase or decrease.

It seems therefore that there exists for each field
an equilibrium correspending to a fundamental
state of minimum energy towards which the system
tends to relax at long times. This equilibrium cor-
responds with a good accuracy to the situation which
is reached by fleld cooling the sample. This, incidental-

M(H, + AHp — AHR) = M(Hy) + f

Hy

Atfinite times we would have
",
M(H, + AHp — AHR) — M, (Hy) =j
)

W,
WHy + AFy - = :
s J TCOMUHYdH + J

13

©

Ha
B

W, o+ M,

o

Hy + AHp — AH,
P(W)de‘

Ho

P(W) di J
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ly, is consistent with the fact that no time dependent
anomaly has been so far observed in specific heat
measurements [17)], since in this purcly thermal proce-
dure the system is always at equilibrium. It implies
conversely that such time effects should be present
if a field is applied or removed at low temperatures.
Let us make it clear however that effects associated
with a purely thermal treatment should become
apparent either at a higher order of sensitivity or
if the coefficient @ = Lnri could be made much
c

smaller than the usual value of 25. The practical
interest of the curve M, (H) is evident since the know-
ledge of the response at infinite times amounts to the
knowledge of the distribution P(g,). From now on,
we will prefer to deal with the actual experimental
curve M, {#) using only the additional hypothesis
of a distribution P{W¥) of barrier heights which
determines the evolution of the system in time.

It can be seen in figure 3 that M (A, T < Tg} in
CuMn 8 at. %, depends very little on the temperature.
This behaviour which is shared with most of the arche-
typical spin glasses {AuFe, AuCr, AuMn, Aghin, ...)
at low enough concentrations is, however, not gene-
ral, A rather strong (but always monotonic) tem-
perature dependence is found below Tg in systems
such as PtCo [18], where a strong exchange enhance-
ment of the lattice is known to exist; precipitations
associated with a tendency to ferromagnetism may
also be responsible for a similar behaviour.

Starting now from a point on the equilibrium
curve M, (H,, T) we will consider the isothermal
response to the first application of a field variation
AHy, followed by a decrease of AHy oppesite and
smaller than any previous variation, using the data
of M,(H) at equilibrium and assuming a distri-
bution P(W) of barriers to fix the time dependences.
The definitions which we introduce here are important
since the model implies different responses to the first
application and to a subsequent decrease [13]. (The
first application is performed on a system at equili-
brium.)

5. Isothermal application AH; and decrease Aff,
of a field. — Starting {rom M () the response to
the first application of a field variation AH; followed
by a decrease AH, would be at infinite times :

Ho + AHy — AHy

MUH)YdH = M(Hy + AHp — AHg) . (D)

W, o+ VI, AH;
M{HYdH + J P AW x

B,
T
Hy + AHp = aH, — ——

N
Hy + AHp — —
M.

MHYAH ()
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{where we have assumed that we can use some average
value M, for the moments of the objects). The first
term is the response of those objects which are at
thermodyramic equilibrium, W being smaller than
W.. The second and the third terms account for the
responses to the increase AA, and to the decrease
AHy respectively, of those objects for which the
effective barrier W — W_ is overcome by the field
variation. If the contribution M, was obtained at d&
with W — W, =0, we would have to provide an

W — W
extra field —————— in the direction of the field varia-

]

tion in order to overcome the energy of the barrier
(Fig. 5). Thus we have to add the contributions of all
W such that M,dH + (W - W,) < M, AH; for
AHe and subtract for AH(| AHy | < AHg) that of al}
objects M, dH - (W — W) > M, (AH: — AHR).

Those two relations fix the integration limits on dA

and W in equation (3).

|
M. oo !
g 1 : V
W
WoWe W w,
[ Q)-é -
Mg - ! Mg
1 e I I
! g !
0r- < B
' 3
H, H,» dh H
Fig. 3. — Schematic response of*a double well potential to an

external fleld. (W — W) is the value of the effective barrier (at
temperature 7} which must be overcomed by the. applied feld.
The dashed dotted line shows the response to a Seld transverse to
the anisotropy axis.

In the so-called Rayieigh domain i.e. for excursions
M, AHey € W, — W, we obtain, assuming we
can linearize the variation of M,(H) in the vicinity
of "Ha(HDL

J’[{HD + &HF - AHR) - *"fl(HO) =
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The reversible susceptibility 4 is proportional to

TLn—[-:
Ts

A = M{(H,) PO) kT Ln ti (3)
]

in the low temperature limit. The coefficient B of the

. - - .
quandratic terms is independent of 7 Ln —in the same
G
limit

B = M(Hy) POOY2 M, . (6)

Notice the classical results [15] known as Rayleigh's.
laws : the response is quadratic in the field variation
(lst law); the coefficient of the gquadratic term is
twice as large during the first application of the field
than in any subsequent decrease (2nd law). An {{lus-
tration of this behaviour is shown in the fgure 6.

M

X(T). R
q
[ 1 H
-10 0 10 kCe
o axp. data
G4-Mngy,
T=42K
e

Fig. 6. — The magnetizaticn of a CuMn 8 at. 2} in the Raylsigh
domain at 4.2 K. The deviations to an ideal behaviour {solid line)
nouiced in zero field are accounted for by the relaxation of the magne-
tization during the time necessary to increase and decrease the fiald.

Out of the Rayleigh domain, when W, AH; becomes
farger than the maximum height W, — W, of the
effective barriers the integration has to be extended

B )
N - :_ 8 e e inte
ASHr — alls) + BlaHy) 2 (A7 @& over the whole distribution P(W). Wa have then :
o "HO - AA
M(Hy + AH) = M(Hy = A — | P(W)dW o M) dH =
v, vH, - AH - :

1,

el

’ : W
bt ;‘/L(Hg + AH *J PL5) ('—_—n——':)dH’) (7)
w, M,
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The magnetization tends therefore towards a limiting
curve which is obtained by iranslating the equilibrium
curve along the field axis by the quantity :

i «
== W)Y (W — W) dWw. 8
6H MJ P(W) ( ) (8)

gVYW,

6. Case of a constant density of energy barriers. —

Let us assume

for W< W

max
Wmax

=0 W > Wma,‘.

POV = P(O)
for

This simplification allows us to obtain expressions
which, despite the crudeness of the model, give a
fairly good qualitative description of the phenomena.
Defining :
W = —— — kT,lnt =3 H (9)
max P(O) - G o - gt%g

and using reduced units 0 = T/T; and # = H/H,
we have @

@) In the Rayleigh domain ie for # <1 1

nE o m
AM(neg — ng) = my {(fhr ~ g 0+ 7~ 'Z'} (10)

if ny corresponds to the initial increase and g to the
subsequent decrease of the field and where we have
introduced

dM (1)
dn

m, = = H, M{(H).

b) Beyond the Rayleigh domain (i.e. forn > 1 — &)
from {8) the limiting curve is obtained by a transia-
tion (1 — 6)?/2 of the equilibrium curve

_ ;2
sty =+ (n = 520

These two expressions (10} and (11) allow a simple
description of the behaviour of the magnetization
below the glass temperature T; of the system.

(11

7. Description of the magnetization. — The equili-
brium curve M,(#) is given by experiment.
(1-9°

— The limiting hysteresis cycle MJ(;?_ + —

2
is obtained by translating M,(y) by =+ Q;z—g—)—
along the field axis (Fig. 7).

— By cooling the sample in zero field we start from
an equilibrium point with zero magnetization. The
first application # of a field then allows, starting
from equilibrium, the ascending branch of the limit-

o= 25 -
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M [
M (H=0) =
M ”
SRM / 9=T/T
I , g
[/ 1= Hi/Hg
TRM /77 //
// /
1/ /
, I / B.M,(H=0)
IRM f /-
/ 7
! i
(1-8)? 1 1
]

Fig. 7. — Schematic representation of the predicted behaviour of
the different magnetizations below Tg. The limiting hysteresis cycle
is obtained by translating the equilibrium curve M,(m) by + (1 —8)
along the field axis. Starting from M, (), a field variation opposite
and equal to the cooling field # vields the T.R.M. The first magnetiza-
tion curve is obtained by a field variation #, starting from M,(0).
The I.R.M. is the result of a field decrease starting from the first
magnetization curve. Notice the presence of a reversible suscepti- -
bility propoertional to 8.

ing hysteresis cycle to be réached,_ fornz1-296,
through a Rayleigh parabola m, HF(S + %}f) . One

thus describes the first magnetization curve. Notice
the presence of a reversible thermodynamic initial
s . t
susceptibility m; 8 (proportlonal to TLn r_) .
0
Starting now from the ascending branch, the des-
cending branch of the limiting cycle can be reached

through a Rayleigh parabola m; nR(B + %) (for

e | € 2(1 — ) by decreasing the field.

The agreement with experiment is discussed in
chapter 11. There are two features which the model
fails to desecribe.

. It does not account for the presence of a large
reversible susceptibility at 7 = 0,

2. Experimentally the ascending and descending
branches of the hysteresis cycle join in large fields.
They can not be deduced from each other by a simple
translation. We will discuss iater the natural inter-
pretations that one can make of these discrepancies,

8. The remanent magnetization. — Particular inte-
rest is attached to the remanent magnetization obtain-
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ed after the appiied field has been removed, because
it inevitably affects the results of measurements in
low fields (and the susceptibility).

— The thermoremanent magnetization, T.R.A.
is obtained by cooling in a magnetic field and remov-
ing the field at low temperatures. It is therefore (on
our definitions) the result of a Hrst application 7g
equal and opposite to the fleld in which the sample
has been cooled.

JOQURNAL DE PHYSIQUE
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— The isothermal remanent magnetization
({.R.M.} is obtained by a retrogression from the first
magnetization curve. Both the T.R. M. and the /R M.
saturate to the value S .R.M. where the descending
branch of the limiting hysteresis cycle cuts the magne-
tization axis (Fig. 7).

Inasmuch, therefore, as cne can neglect the curva-
tures of M,(#) over the range 0 <y < 1 - &
one obtains easily from equations (10) and (1)

— Mz
SRM. = m U2 (12)
T.RM =m 77(1 -8~ g) for gl -8 (13)

= S.R.M. for nx=1-28

2
LRM. = m;”I for  g<1 -8
o) - - 2

= S.R.M. —-m;&-{—l————g)———ﬂ for l-0<np<g2-9 (i)

= S.R.M. for nz22-0

The comparison of figure 8 with figures 15 and 19 -

shows that those predictions are, considering the
roughness of the assumptions, in good agreement with
the experimental results. In particular it is found,
in agreement with experiment, that the remanent
magnetizations are more easily saturated the higher
the temperature. For a given field n < | there always
€XiSts a regime in the vicinity of Towhere 8 + 1 > |
and the T.R.M. is saturated. Below this regime the
T.RM. is a linear function of the temperature in
agreement with the experimental results (Fig. 8&).

Notice however that the model does not account
for the occurrence of a maximum in the dependence of
the T.R.M. on the magnetic field 5 (see Fig. 15 and
previous data from Tholence [4]).

=T/ TQ
g,>8,

{q)

)
Q

TRM /Im

(=)

Fig. 3. — {a) The predicted variation of the T.R.M dnd the /. R. V.
interms ol the reduved feld 7 atfixed values of the ceduced wemperi-
ture h 14 The predicted vartations of the 7.8 M. vs. # for different
values of the reduced field #. For g > [, the T R. M. s saturated and

/ (L - M
foilows a parabola | S.R M. = .14{1’(——;—-——) . Forn < 1, the
T.R.M islinearin fior e < | — nand reacites the saturated regime

-assoonast > | — 4
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9. Susceptibilities. — By cooling the sample in a
small field # we obtain M,(m = m n. When the field #
is withdrawn at low temperature we are [eft with the
T.R.M. in the field n. By definition of the low tempera-
fure reversible susceptibility Y., we have therefore .

TRMWU

Yol = M.y — TRM. = m,n|l —

(15)

from which we get
; do+2) for 81
Lrev = m, + —2_ or = -

_ 2
m{,(l—%) for 1-np<g8<1.
(16)

One would obtain the same result by defining x... 7
as the first magnetization decreased from the I.R.M.
in the same field. This result is made of two parts.
m}, B is the thermodynamic contribution due to those
barriers W < W, which are at thermal equilibrium
at temperature 7 in the time of the measurement. The
other contribution, which is anomalous, is due to
those barriers ¥ > W, over which the applied field
can induce transitions. This magnetization, initially
proportional to #2, is responsible for a susceptibility
which is proportional to # for small values of n.:

The figure 9 shows the expected variation of
Yok /ma(n) as a function of A for different values of
between 0 and 1. The increasing curvatures which are
expected for increasing fields account reasonably well
for the experimental observations of for example
Sarkissian et al. [19). See aiso on figure 20 our results
on CuMn 8 at. 3. For 5 fixed however small it may
be, there always exists a domain in the vicinity of
Ts where 8 + 1 > 1 and deviations from iinearity
in 8 are observed.

1

I

Xrey(m) £ my(n)

0
0 1

Fiz. 9. — Evolution of the predicted reversible susceptibiiity vs. the
reduced temperature U for increasing values of the reduced fieid #.

TWO-LEVEL-SYSTEMS IN SPIN GLASSES...

- 31 -
1343

We have expressed our data in terms of m,(#),
the susceptibility of the equilibrium magnetization.
Figure 9 represents the actual susceptibility variations
in systems like CuMn (or AuFe, AgMn, ... at low
concentrations) where m, does not depend too much
on the temperature. We show in figure 10 2 and & the
expected behaviours of y,, when m; is given by a
Curie-Weiss and by a Curie law respectively. If, as
in PtCo [18] and other exchange-enhanced or cluster-
enhanced systems, the equilibrium susceptibility evol-
ves from Curie like to Curie-Weiss like behaviour,
the susceptibility maximum can appear at a fempera-
ture T, different from 7, where the remanences
vanish. Obviously in such cases, T, is 2 totally
irrelevant quantity.

T [
\ !
4
i
+ _C
‘.Mu' ?
\
5
i f)\
5\
\
Krey O
1=0
I
0 1 8
a) )

Fig. 10. — Predicted behaviour of the low field susceptibility
when the equilibrium susceptibility M, follows a Curie-Weiss law
{Fig. a)and a Curie law (Fig. 5).

10, Edwards and Anderson’s ¢ parameter. — We
have seen above that the reversible susceptibility can be
T.RM.(m

M ()
allows to identify in the lmit n — 0 the ratio
T.R.M.(n)/M (n) with the parameter ¢(f} which mea-
sures the average ¢ S(#) 5(¢) > of the correlation of the
magnetization of a site at time ¢ with the value that it
had at time ¢ = 0. Physically this formula implies that
starting from an unmagnetized sample only those
objects for which the correlation has vanished at time ¢,
have acquired their equilibrium magnetization. The
correlated objects on the contrary keep the memory
of the initially unmagnetized state. Thus the 7.R. M.
in small fields provides a direct measurement of g(f)
whose long time limit is the parameter ¢ which Edwards
and Anderson proposed o use as the order parameter
characteristic of an eventual phase transition to a
spin glass phase [2]. With our assumptions (P(#) = P(0}
for W < W,.J g{t) depends linearly on the tempera-
ture and vanishes at 6 = 1, i.e. at the temperature

expressed as my (1 — ) This expression

max

— (Fig. 11). In other words ¢(f) vanishes at

Lo—
To

To~
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long times and ¢ = 0. This conclusion is in agreement
with the analysis by Bray and Moore of their Monte
Carlo results [20]. For comparison with the experi-
ments, remember that M,(n) does not include the
reversible contribution y, 7 which is not accounted
in our mode! and which will be considered later.

1
UK 0
S
71:25
OO )
e
Fig. 11. — Predicted behaviour of the correlation function

q = < S(1).8(0) ) ve. the reduced temperature 8 for two values of the
reduged feld 1.

1 1

M(emu/g)
o He =724 kCe
A T:z100 mK
s Tz42 K
4

vy T2 20K

He=z=0
a T=:100 mK
a T=1.45K
o Tz4.2 K
H{kCe)

| a I

15 20 25

Fig. 12. — The magnetizations of & CuMn € ar. % vs. fleld at diffe-
rent temperatures below Tg The dashed curve is the aquilibrium
magnetization shown in figure 3. The first magnetization curves at
100 mE (T 145 K {2 and 4.2 X (©) are obtained in increasing
fieids, starting from the zero feid cooled sample. The descending
branches of the limiting hysterssis curves ar 100 mK{ =), 42K (e
iad 20 K 1 v are obtained in decreasing felds. siarting {rom the
fieid cooled magnetization in 724 k08, Notice the impredicted rever-
sible suscepubility at 7 = 0 (dashed line) and the magnetization
Jumps at the lowest temperature.
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I'1. Qualitative comparison with the experiment, —
The equilibrium curve M,(H) being given, figure 12
shows how the first magnetization curve is obtained by
the first application of a field, starting from the point
of zero magnetization. There is indeed an initial term
quadratic in the fleld variation as shown on figure 13
but the presence of a large reversible susceptibility
Lo I8 not predicted by the modei. By translation
along this reversible magnetization (T = 0) H, the
equilibrium curve M, (H) can be superposad on the
ascending branch of the limiting cycle (in small and
in moderate fields).

The T.R.M. is obtained, starting from MH,
when the field variation is equal and opposite to the
field appiied during the cooling process. For large
felds (above the Rayleigh regime) the descending
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Fig. 13. — The first magnetization curve of a CuMn 8 at. 97 at
100 mK in a M/H vs. H diagram showing the quadratic Rayleigh
behaviour and the axistence of a reversible susceptibility y, at very
low temperature.
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Fig. 14 — The descending branch of the limiting hysteresis cvcle
is reached through a Rayleigh parabola starting from different poins
of the equilibrium curve M,(H) (dashed curvel In small snough
fieids. the Rayleigh parabola intersects the magnetization axis and
the thermoremanent magnetization is not saturated.
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branch of the hysteresis cycle is reached (Fig. 14).

The I.R.M. is obtained, starting from the first
magnetization curve with a decrease in field equal and
opposite to the initial increase.

Figure 15 exhibits the experimental behaviour of the
T.R.M. and of the LR.M. vs. H at different tempera-
tures, and should be compared with the predictions
of figure 8. Notice the unexplained maximum of the
T.RM.
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Fig. 15, — The /.R.M. and the T.R .M. at 42 K and 1.6 X vs. the
field H in CuMn 8 at. 77, The field was applied during 60 min. The
measurements were performed 60 s after the ficld was withdrawn.

The temperature dependence of the saturated
remanent tmagnetization measured at fixed times in
the region of the plateau which follows the T.R.M.
maximum, departs noticeably from the opredicted
parabelic behaviour in the vicinity of 7, (compare
figures 8 and 18) : the hypothesis of a sharp cut-off
at W, is of course very bad in this domain.

A better fit is obtained with an exponential law :

T ¢ 7T
SRM =~ SDexp — (Tc; n -1_—> = S(0) (?)
Q

(17

between T/3 and 2 T/3 (Fig. 16) as was noticed pre-
vicusly [5]. [21]). However we cbserve important devia-
tions from exponential behaviour in both the high
and the low temperature range whatever the concen-
tration (see in particuiar the figure {7 where data at
several concentrations have been superimpesed in a
reduced diagram S.R.M./S(0) vs. T/Tg). The agree-
ment with exponential behaviour is made somewhat
better but still unsatisfactory if the value of the T.R. M.
at its maximum rather than in the subsequent plateau
15 used as the determination of the S.R.M. For the
time being therefore we believe that the expression (17)
can be considered only as an ad fioc best fit in a restrict-
ad temperature range. More studies would be neces-
sary to decide about its eventual generalization.

12, Determination of v, : validity of the Arrhénius
taw. — We have used the excellent agreement which

shoted Wl DE RPERRIGQUE. — T 410~ T v Edpre 1950
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is obtained with an exponential behaviour in the
range Tu/3, 2 T/3 to make a determination of the
characteristic time t, which enters in the Arrhenius
law. The parallelistn of the straight lines which repre-
sent the variations of Log S.R. M. vs. T Logatfixed T
and the observed linearity of Ln S.R.M. vs. T (Fig. 16)
are comnsistent with a unique expression

S.R.M. ~ S(0) exp — (FT Ln ri) -
0 0

e
= S(0) (m) [21]

To

which describes both the time and the temperature
dependences. The value of t, obtained ist, ~ 1073,
consistent with other estimates in this and in other
systems. :

Even in the high and low temperature ranges where
deviations from the exponential behaviour have
been noticed the same value of t, does lead to a good

superposition of the data in terms of TLn{-—i.e.
0]

in terms of the reduced variable 8 = T/Tg

which we have introduced (Fig. 10). This scaling

SRM. ~ f[TLn T—t) — £(6) implies the validity
0

of the Arrhenius law and that we are dealing with
thermally activated processes.
Figure 19, where the evelution of the remanent

magnetizations in different fields is shown vs.
I .

Tiln o should be compared with figure 85. Except
0

for the previously considered deviations from para-

bolic behaviour the qualitative agreement is good.

In particular a linear dependence of the T.R.M. on

TLn;{— is observed in small fields up to the vicinity
Q

of T, where a saturated regime is always reached
(n+ 6> 1)

We have noticed a deterioration of the above picture
in very small fields. 1t would then be necessary to
introduce values of 1, much larger than 107! 5 to
restore the above mentioned time temperature corres-
pondance. Typically we would need 7, ~ 107% s
in the 10 Ce range. Other authors have also observed
the disappearance of any sign of irreversibility if
small enough flelds are used [22]. We can comment
within the framework of our model on some other
consequencies of such a change in the characteristic
time 1,. For example we have seen that the error
which was made when identifying the field cooled
magnetization M,(H) with the equilibrium magnetiza-
tion was of the order of 1/Q of the maximum desequi-
librium which could be reached in this field (i.e. the
T.R.M.). With t, ~ 107 s this error becomes sizea-
ble. We believe it can account for the fact that in
many measurements which have been performed with
Squid techniques in fields of the order of 1 e, the
field cooted suscgptibility itself does exhibit a weak

2




- 34

1345

1 t T 4

Loy lygia]

il el

L -0_“’_'0—0—0-—/
- M
oy me
o

toiaand

|
1
i
1
I
1
]
1
i
]
1
)
|
i
1
'
]
i
K

40 30 20 W o 10 20 30 40
T Legt T(K)
K (mn)

T
. Sl
W
R
z
3
WS B

o)

Fig. 16. — The Log of the saturated thermoremanent magnetization
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Fig. "17. — The samie data as in figure 16 (for ¢ = 1 min.) are super-
imposed in a unique reduced diagram s Jo, = F(T/T,) including
all three concentrations (8 at. %, 2 at. %, 1 at. %) with o4 and T
defined in figure 184.
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maximum [23]. This argument suggests a correction
of the form .
MUH) ~ Lo 1)

Feq = MIUH) +
) ¢
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which seems of the correct order of magnitude to
make the small structure noticed on AM(H) vanish.

13. Discussion of some discrepancies. — We have
quoted several features which the model fails to
describe. They are :

ay a finite and large reversible susceptibility at
T =0,

b) the presence of a maximum In the T.R.M.,

¢) indications that t, might become larger in small
fields,

4) the existence of jumps in the magnetization,

¢) another major difficulty is associated with the
sharpness of the susceptibility cusps which have been
reported in some cases (not all). The last point ¢),
to us, is much more important than the others a)-¢)
since whatever sharpness which is present in our
description is obviously connected with the unphysical
cut-off which we have assumed for the distribution
P(WY and would vanish with any reasonable assump-
tion on the shape of P{IF).

Points a), &), ¢), d), on the contrary could concei-
vably be amended in a more realistic description.
At least the discrepancy would not obviously increase
in an attempt to make the model more realistic as in
the case of e).
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Take point &) for example. In order to account for
the additional large initial susceptibility (7T = 0)
we would need to introduce an additionaj density
of states 7*(2,) the access to which would not be restrict-
ed by an associated distribution P of energy
barriers. We need

T(eo) _ 1T =0)
e | milh)

to be of the order of unity. This ad foc modification
to the model is nor contradictory witk our initial
motivations (see § 2) : we introduced the distribution
P(W) in order to account for the observed large
relaxation times of the magnetization and of the
energy : this does not exclude the presence at the
same time of additional reversible responses of other
or of the same objects. In particular, the square cycle
(shown Fig. 5) traducss the response to a field apptied
along the easy axis of the objects. The response trans-
verse to this easy axis is in fact reversible {dash-
dotted line figure 5). In an assembly of ohjects whers
the orientation of the anisotropy axis is presumably
isotropic, the barriers restrict the response associated
with the component of the external feld along the
casy directions of the objects. But there exists a rever-
sible response of the same magnitude associated with
the transverse component.

The fact that the model does not account for the
maximum of the 7.R.M. (point &) may be a conse-
quency of the very unsatisfactory assumption which
we made that P(W) and J(s,) ars independent from
¢ach other and from the magnetic state of the sample.
It would be tempting to introduce a correction on
W max Proportional to the deformation which has been
applied to the system : W, — Woax = 2 AM where
Add is the variation of the magnetization starting {rom
the initial equilibrium situation. Thus in the saturated
regime the remanent magnetization associatzed with
a larger field would relax faster than a remanent
associated with a smaller field and would appear
smaller at any finite measurement time.

We do not regard the apparent increase of the
magnitude of 7, when very small measurement felds
are used (point ¢)) as the manifestation of an inade-
quacy ot the model. Physically ¢! is related with the
curvature of the potential well and it is expected that
this curvature increases when # increases [13] Cf
course it is reasonable to negiect (as we have done)
the effect of the variations of 7, as compared with
the hudge variations in t arising from the large disiri-
bution of A since W appears in the exponent of the
Arthenivs law, When moderate or high flelds are
used a wide enough range of W is reached and L
can reasonably be replaced by its average value.
The small fields however only select those barriers
which are small and which correspond to a large 1,
very different from the average value.

We have stressed from the beginning that this model
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has no ambition in explaining the occurrence of magne-
tic jumps (point )) in positive fields (Fig. 12) ner in
negative fields as those discussed in reference [18].
Concerning the latter however, provided the inter-
action which is responsible for P(W) and T(zq)
has the rotational symmetry (like the R.K.K.Y.
interaction) the magnetizations which we described
are conserved by rotation. In this case it should be
possibie to align at no cost the remanent magnetiza-
tion along any direction of space. The results of
reference [16] clearly show that the small reverse
field which is necessary to abru ptly reverse the magne-
tization of a CuMn alloy must be due to the aniso-
tropy associated with the conduction electron spin
flip cross section due to spin orbir ceupling. This
Cross section is particularly small in CuMg but it can
be modified by orders of magnitude through the
addition of a very small amount of non magnetic

.impurities (such as Au or Pt) with little, if any, influence

on the properties which we have attem pted o describe
in this paper.

This shows that the existence (or non existence) of
magnetic jumps is not a characteristic property of the
spin-glass state. On another hand it is clear that the
spin-glass state can be constructed with an interaction
which has the rotational symmetry. This observation
eliminates any explanation which would imply at some
stage the necessity of an anisotropic interaction {sach
as the dipolar interaction) to account for the observed
relaxations (i.e. the energy barriers) [25].

(4. What do the magnitudes of Q, W o and H_,
tell us about the objects ? — The main parameters of
the problem are, apart from the additional initial
susceptibility (T = 0), the width W_,, of the distri- -

bution P(W) of the barrier heights, the associated
field A, and the parameter Q ~ Ln ri through which
¢

the experimental time affects the problem. We have
measured 7y, ~ 107 s and £ ~ 25. The energy
Weax = kT Q is therefore about 25 time larger than
the apparent energy k7 through which it manifests
itself in usual measurements (¢t ~ 1 s). This is much
larger than the R.K.K.Y. interaction at the average
interimpurities distance. This has several conse-
quencies. The first, which has besn often stressad,
15 that the cousidered objects are large size objects.
Comparing

My H, ~ Wy ~ QT

one gets an estimation of A-_[z ~ 30 ug in CuMn
8at. 7, 250 ug in CuMn { at. ° {to be compared with
95 tig obtained r‘roﬁrenergy relaxation measurements
in AuFe dap. ? {11

This large value implies the association of a large
aumber 7 of individual moments. This is an important
feature which has io be taken into account in the
microscopical description of the objects. A pictirs

was proposed by Holtzberg er a/. [3] who attempted
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to extend to spin glasses Néel’s ideas on fine anti-
ferromagnetic particles. The suggestion was to attri-
bute the origin of the barriers ¥ to an internal dipolar
energy proportional to the volume of the objects
{called magneric coulds); this volume term is bound
to become larger than the interactions with neighbour-
ing clouds increasing presumably with the surface
of the cloud for some critical size, even if the magnitude
of the R.K.K\Y. is much larger than that of the dipolar
interaction. Although the interclouds interactions were
thus thought to be determinant on the size of a cloud,
their effect was in practice omitted in the description
of the time effects which was subsequently performed.

The model which was in fact used was a model of
symmetrical double well potentials which like equi-
valent superparamagnetic descriptions {24] can
account for neither the energy relaxations nor the
shape of the equilibrium curve M (H). The model
however succeeded in popularizing the idea of a dis-
tribution of potential barriers and the phenomenolo-
gical discussion of time effects which are associated
to this distribution. We have tried to go a step further
by introducing phenomelegically the interactions
between the objects through the distribution T(eg)
or the equivalent use of the equilibrium magnetiza-
tion M, (H).

The main criticism which has been raised against the
clouds model is that the microscopical mechanism
which it proposes for the occurrence of clouds relies
on the dipolar interaction a speculation which, as we
saw, has been ruled out by recent measurements [25,
16]. We escape this criticism because, being less
ambitious, we do not attempt any such description
of the objects. Let us stress however, that whatever
satisfactory it might be to have a static picture of the
objects, the important point in the problem is not
the objects themselves but the distributions and the
fact that a reasonably Aar and constant density of
objects can be assumed in the conditions of time,
temperatures and flelds which we consider. This
situation is of course automatically realized when the
objects are well characterized material fine particles
such as Neée! considered [15]. But we are not restricred
to this description. The deformation of the system
associated with an experiment may well modify the
initial objects, we need only that the new objects
which are defined at each step are again characterized
by the same distributions. Recall that there is a strong
reason for the distributions to remain a white spec-
trum an it 1s that in an amorphous system no special
value of the energy should be favoured. The additional
requirement upon the constancy of the density pro-
bably implies little less than the presence of seme
typical size or correlation length in the problem which
would be reasonably field and temperature indepen-
dent. We believe that in the absence of obvious
geometrical grains in a spin glass such a description
in term of say virtual fine grains would be appro-
priate.
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15. Frequency dependent maximun and frequency
independent cusp. — Nothing in this model would
account for the sharpness of the susceptibility data
which first started the phase rransition hypothesis.
Even when, as in this paper, a sharp unphysical cut-off
of the distribution P{I#) is assumed at W, the
predicted susceptibility is rather unpathological
neither figures 8 nor 9 exhibit the upward curvatures
which have been experimentally reported [l] and
which can be seen on figure 20. Further, T is expect-
ed to be frequency dependent : :

1 ko
Tb W;n
4 T T T T T T ; T T T T T
= o 50 e
MiH a 1.2 kCe
4 4.8 kQe H
3k ¢ -
* 50 Ce
Mg(H.) - Op(H. . T,60s) | 12K0e
He 2 48K0e

MIH (105 emaulg)

u-Mn 8%

0 ! 1 | | i i | L { | |

L
100K T

Fig. 20.— The initial susceptibility of CuMn § at. % vs. temperature
in different constant fields. The equilibrium (field cooled) suscepti-
bility does not show any anomaly. The reversible susceptibility
(M,q(h) — T.R.M.(H)

R ) shows a rounded maximum in increasing

fields.

should be a linear function of Ln¢ as shown on
figure 21, the intercept of the linear variation with
the Ln ¢ axis occurring for Ln t,. In principle, varia-

I

1
Log.a
21. — Predicted variations of i vs. Ln - —1— = -]\— is the
o T, .7 AJ
proposed high temperature limit of the varfations of 77, tsince,
over 7,. the cohesion of objects having the nevessary size to produce
energy barriers as high as ¥, cannot be maintained),

1
LogT

Fig.
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tions of Ty should be observed over the whole range
between the long time limit (T = 0), and the short
time limit (T = W,,/k) which would occur for
frequencies of the order of z,.

This picture does agree with some of the experi-
mentai data which have been reported in insulators
like EuSr,_ S, or true glasses doped with metallic
impurities [26] or in systems like LaAl,Gd [6] which,
although an / impurity is invoived, are obviously to
be classified among the archetypal spin glasses [27].

In low-concentration AgMn in contrast, experi-
ments extended over decades in frequency (8] failed
to show any sizeable frequency dependence, a feature
which has been confirmed in several other systems {28].
In some cases it was possible, through a heat treat-
ment, to induce a {requency dependencs in a sampie
where no such dependence was present in the initial
quenched state [9]. '

These contradictions we believe, raise the all impor-

tant question of the validity range of our speculations.
Remember that the experimentally determined values
of W . are very large : much larger than the average
magnitude AJ = ./ J* 5 of the R.K.K.Y. inter-
action at the average interimpurities distance. This
prompted us into considering the above discussed
large size objects for which it is not unreasonable to
argue that their rearrangements will involve energies
much larger than AJ, Inasmuch as such objects exist
it is possible to justify a W,_,_~25 AJ and a T, whose
higher limit is W, /k. It is however obvious that the
model collapses at temperatures of the order of
T, ~ AJjk when the system becomes paramagnetic
and the R.K.K.Y. interaction is no longer able to
sustain the necessary cohesion of the objects which
are the basis of our model. This temperature 7,
sets the higher frontier to the validity range of our
‘model.

More precisely, consider an hypothetical alloy
which would be buiit up with impurities in the same
positions than in the real ailoy and where the inter-
action would everywhere be positive and identical
to the modulus of the real interaction. This alloy has
& ferromagnetic transition at T, ~ AJjk. We may
now construct the associared Matiis alloy by Hipping
{when necessary) the spins to their zctual orientation
in the real alloy : provided that for each spin we flip,
we flip at the same time all its interactions with the
N — 1 other spins, we conserve a far model which
still exhibits long range order below T, (This ailoy
differs from our real alloy by the fact that any closed
loop of bonds contains an even number of antiferro-
magnetic bonds and frustration is absent.) We know
(in particular from numerical experiments) [31] that
this long range order is destroved by the frustration
etfect [30] {and we enter the spin glass state) when a
sufficient fraction of the bhonds are flipped t0 their
actual sign in the real alloy. There must be qualita-
tive difference between the situation over T. where

<

the temperature in any case prevents the occurrence
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of long range order and the situation below T, where
the frustration prevents the occurrence of an other-
wise infinite cluster. Oniy below T, we can speculate
about objects of the required (reasonably temperature
independent) size to justify the magnitude of
Woaax ~ 25 Tg. T, therefore would limit the tempera-
ture range where the glass behaviour characterized
by a scaling in terms of 8 ~ T/7 (with Tg ~ (In 1)~ Y
can be observed. In a similar way, we believe the
fusion temperature of say crystalline silica sets the
higher limit where vitreous silica can be observed
and the Curie temperature of the magnetic material
sets the limit where fine grains behaviour can be
observed in an alloy with this metai.

We have represented in the figures 22, 23 the pre-
dicted variations of the susceptibility (assuming an
equilibrium susceptibility 34, given by a Curie-Weiss
law and forgetting about (7 = 0)) and of the para-
T.RM.

M,
and vs. time at different temperatures. We simply
assume in this rough picture that the distribution
P(W) is unaffected up to temperatures of the order of
AJlk where it suddenly vanishes. We expect a transi-

meter g(¢) = {h = 0) vs. T at different times

T
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Fig. 22, — Schematic representation of the expected features of

the reversible susceptibitity vs. temperature for different measure-
ment times. The sealing TiT, (yielding a time dependent maximum)
vanishes at T, where the system becomes paramagnetic.

tion from a glass regime where all the properties scale
with 7'T; (with Tg being frequency dependent) to
a regime where T being larger than T, = AJk
the transition to the paramagnetic regime occurs at
T, (Fig. 22) with a sudden inversion of the curvarure
of the susceptibility. Tt is remarkable that reasonable
estimations of AJ have been made in the past on the
basis of the temperature of the susceptibility
maximum : this implies that kTg ~ WIQ and A/
are actually of the same magnitude at the usua! fre-
quencies fe. B . ~ 25AJ. This can be checked
using independent estimations of AJ which can be
made very accurately from the magnetization curve
in the vicinity of its saturation [29]. It is therefore not
anexpected {f, depending on the system, e
can be found to be slightly larger than AJ tAghn),
or siightly smaller (LaAl,Gd) for usual values of Q.
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This is supported by the fact that when a straight line
is drawn through the experimental data showing the
frequency dependence of T (like in Fig. 21) it very
seldom provides a value of 1, (by extrapolation to the
Log ¢ axis) in agreement with the low temperature
data on the same samples, or even a value which can
be easily justified on physical grounds {(t, ~ 1073 s
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in LaAl,Gd vs. 107! s from remanent data at low
temperatures). This suggests that this straight line
was incortectly drawn through data which are already

in the cross-over regime.

16. Conclusions. — We have discussed the conse-
querncies of a model of a distribution of asymmetrical,
thermaily activated double well potentials and found
that such a model gives a satisfactory description of
the properties of spin glasses.

Some discrepancies would probably be explained by
a modified model which would use more realistic
distributions and would account more propetly for
the correlations. The consideration of the magnitudes
of the characteristic energies which are required,
implies the necessary existence of two regimes
a glassy regime T < 7, where the properties can be
expressed in terms of a reduced variable § = T/Tg
where T decreases as (Log 1)~ ! and a regime T > T,
where the system 18 truly paramagnetic or super-
paramagnetic. [t is in the transition towards para-
magnetism that the pathological effects, which even-
tually would need the definition of new phase, occur.

The model which has been used is very general
since it is justified essentially om the basis that the
structural disorder inherent in the system does not
favour a particular value of the energy. This generality
implies similarities between the magnetic properties
of spin glasses and the properties of other disordered
systems (for example the elasticity of rubbers). This
justifies the name spin glass given to this type of
magnetic system and also the application to spin
glasses of a more practical definition which was
established for glasses namely : systems which react
like liquids at long times like solids at short times.
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CHAPITRE ITI

LA CORRELATION TEMPS-TEMPERATURE DANS LES RELAXATIONS D'AIMANTATION
ET LA DETERMINATION DE T DU SYSTEME CuMn A T < Tg (COMPLEMENT)

INTRODUCTION

Nous avons résumé dans le chapitre IT les principales propriétés
magnétiques caractéristiques des verres de spins & T < Tg et utilisé un

‘mod&le simple capable de les décrire qualitativement.

Dans le présent chapitre nous voulons revenir sur les problémes
concernant la relaxation des aimantations et la détermination de T_. En
effet, l'estimation de la valeur de T donﬁe lieu & de nombreuses contre-
verses et certains auteurs, selon les méthodes exp&rimentales employées,
indiquent, sur un méme systéme, des valeurs allant de 10‘40 s (ce qui est

difficilement explicable physiquement) & 10~6 s.

Apré&s une présentation de résultats expérimentaux montrant
comment on peut ralentir ou acc@lérer une relaxation d'aimantation selon
le traitement thermigue imposé& au systéme, nous nous intéresserons 4 un
phénoméne encore non expliqué : la dépendance en température de 1'aimanta-
tion rémanente est lie &troitement au processus expérimental utilisé

{cependant la valeur estimée de T, est unique) .

Puis nous préciserons les différentes méthodes de déterminaticn

de 1 et le domaine de validité de cette astimation expérimentale,
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1. EFFET D'UN TRAITEMENT THERMIQUE A CHAMP CONSTANT SUR LA RELAXATION
DE L'AIMANTATION

Si les processus d'activation thermique sont i l'origine du
franchissement des barridres de potentiel dans les phénoménes de relaxa-
tion des aimantations, pour une méme hauteur de barridre weff’ le temps
de relaxation associd T = T, exp(Weff/kBT) est fortement dépendant de la
température et on s'attend 3 pouvoir expérimentalement accdler la relaxa-
tion par ume augmentation de température et ralentir la relaxation par

une diminution de la température.

C'est ce que nous vérifioms ici en présentant des résultats

2Xpérimentaux portant sur l'aimantation thermorémanents saturée.

Celle-ci, cr&e & la température T, subit 3 1'instant t, aprés
coupure du champ, une modification de température portant le systéme 3 la
température T + AT. L'aimantation résultante des moments dont la relaxa-

tion est gouvernée par la méme barridre weff est donnée par l'expression :

tl t-tl
m = m. exp{~ —) exp(~- )
1 Ll T2
m. &tant l'aimantation initiale, =T, exp(weff/kBT),

Ty = T exp[Weff/kB(T+AT)J (fig. 1).

Fig. 1




En utilisant l'argument de coupure 3 W, = kTLnt/To, déji justifié

dans le chapitre II, l'aimantaticn totale d l'instant t; est :

Or - -[ Mg

Weff>wcl=kTLntl/To

a) Si AT est positif, 1'aimantation devient :

% = [ v t-t1
We£f>k(T+&T)Ln T

[ o

dont la relaxation est aussi de nature logarithmique, la nouvelle origine
des temps étant 3 prendre 3 £y

La figure 2 montre l'&volution en temps & 1,48 K de l'aimantation
thermcrémanente saturée obtenue en refroidissant scus un champ de 25 kDe

un échantillon d'AuFe 4 at.Z7 de T > T, 8 T = 1,48 K. L'origine des temps

8
est prise 3 L'instant ol le champ a &t& ramend # O. Aprés ume vingtaine

de minutes, le systéme est porté, le champ restant nul, 3 la nouvelle
température T, = 1,82 K. La relaxation reste de nature leogarithmique mais
avec pour nouvelle origine des temps l'instant t; ot la température Tl a

&rd stabilise. Le procé&dé est répécé un certain nombre de fois dans 1'expé-

rience dont les résultats sont portés figure 2.

b) 8i AT est négatif, l'aimantation rastera stable tant gue :

M ! £y
e - o] 5
B LT 1 AT i | Ln = < k.BT Lo T

k= Q

La figure 3 représente la dépendance en température de 1'aimanta-
tion thermor&manente saturée du systime CuMn 8 at.Z obtenue par refroidisse~
ment sous un champ de T > Ty AT = 20.8 K. Puis le syst@me est chauffé
jusqu'a T1 = 25 K , l'aimantation &tant mesure tout au long de cette
excursion de température. Lors du cycle thermique T, - 4,2 K > Ty, 1'aiman-
ration mesurée reste constante et stable dans le temps. Dans une nouvelle

augmentation de température au-deld de T l'aimantation suit la loi de
g : P

l!
décrolssance observde antérieurement.
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~c) Cas d'un pulse de chaleur

La dépendance en temps de 1'aimantation thermordmanente saturée
est représentée sur la fig., 4. A l'instant = 100 mn un pulse de chaleur
est envoyé pendant &t sur l'échantilleon (AT positif suivi du méme AT

négatif). L'aimantation diminue brusquement de

O T f Mg
Weff>kTLnt/T°
- _ fo
a Or - / Mg St
>k ==
weff kK (T+AT) La =
: t-tl—(St St
et va de mouveau relaxer dé&s que T Ln( Yy > (T+AT) Lo = Ce traitement
Q Q
thermique employ2 a "vieilli" 1'échantillon de 4t = t; = 100 mn, la nouvelle
L=t,=0t -
relaxation suivant une loi en T Ln{ L b= T Ln(tftl).
I b T | i ' R R
Cu Mn
65r R 8% -
. T =4.2K -

Ho =72.4 kOe T

G, (emu/g)
I




2. EFFET DU PROCEDE EXPERIMENTAL EMPLOYE SUR LA VALEUR DE L'AIMANTATICN
REMANENTE SATUREE

Nous avons décrit sur la figure 2 le procédé utilisé pour 1'Etude
comparée de 1'évolution en tempé&rature de l'aimantation thermorémanente
saturée du systéme AuFe 4 7 et de 1'énergie associée (cf. la publicatiom

"Magnetization and emergy relaxation in spin glass AuFe,, below Tg”). Ce

47
procédé, dgalement utilisé pour 1'obtention des résultats représentés fig.
3 et fig. 6 (courbe (a)) dans le systéme CuMn, conduit 4 des valeurs de
l'aimantation rémanente saturée Grs(T’t) tréds différentes de celles obser-
vées 4 partir de la méthode classique utilis&e chapitre II. R&sumons celle~
ci (figure 5) : Le systéme, ayant &té refroidi sous champ de T > Tg a Ty,
l'aimantation est mesurée apré&s coupure du champ en fonction du temps de

mesure. Puis le systéme est réchauffé 4 T > T et refroidi socus champ

g
jusqu'd une nouvelle température T,. L'aimantation rémanente est observée

aprés coupure du chaump.

S

N Champ

Fig. 5




=48 T

Les résultats obtenus {figure &, courbe (b)) montrent que, dans
un diagramme LnGrS = £(T,t=1 wn), la pente différe sensiblement de celle
obtenue i partir des valeurs observées dans la premiére méthode. Cette dif-

férence a &té aussi observée par nous dans le systéme AuFe et par Tholence

dans Eu Gd_8S.
1-x77x

Cependant, les valeurs de T, déterminées par chaque méthode

sont identiques (10'13 g 10-11 s).

La mise en &vidence de cette différence de comportement en
fonction du processus expérimental utilisé (et pour laquelle nous n'avons
pu jusqu'd présent apporter aucune explication) est nécessaire pour perce-
voir 1'importance dans la littérature de la dé&finition de l'histecire

thermique du systdme avant la mesure.

o - | |
(HB/Mn) Cu-Mngo

H.=72.4 kCe |

o\
01— R —
c)\( ) t=1mn
. =
A
\o\
Fig 6 o \o
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3. DETERMINATION DE T EN CHAMP NUL

11 s)

dans la gamme des champs utilisds pour construire les aimantations. Cette

Nous avons pu estimer préc&demment la valeur de T (% 10~

estimation n'est pas aisde et ndcessite des résultats expérimentaux nombreux

et précis. En effet, si on se limite 3 la zone de température (Tg/3<T<2TU/3),
o

la relaxation de l'aimantation rémanente saturé@e sult une lol puissance du

temps avec un exposant proportionnel 3 la température.

/T,

)

- -T
Urs(T’t) crrS(T,t—l) {£)

H

T
GrS(T,t—l) exp (= 7 LnF) .

<

C'est la pente de Ln UrS(T,t=l) = f(T) qui détermine T, En

effet, dans cette zone de température, UrS(T,t=l) =g exp{-aT), ec Ln T
(=] o

- . 1
est décerminé par g = T Ln gh .

=]

Q

La lol puissance du temps

est suffisamment précise pour déter-

miner T & 10 7 prés. Il est néces- | | S

saire d'&tre scigneux dans la déter- Q u-Mn
nati ' » 8% . =72k0e
mination de o : si on assimile par N\ c=
Y.
exemple les résultats obtenus & basse .01 N t=1mn

rempérature (T < Tg/S) et ceux obte-

=4 ZTD‘ -~ o)
nus pour == < T ¢ —x2 en une meme

3 3 AN
variation de o__ ""quasi' exponentiel-

rs
le en tempé&rature, on peut faire une

erreur pouvant aller jusqu'ad 30 7

log O7s {pu /Mn)

dans la détermination de Ln T, et §§

ainsi estimer des valeurs de 7 _ de \\\\\
-3 ] . PR R

10 s dans l'exemple présenté figure I°:1O HS

7.

rig. 7 001 ‘ * ‘




Il est évident que, méme en tenant compte de cette question, la
précision obtenue sur T, (un facteur 10 i 100 pré&s) ne peut permettre de
déterminer par exemple une dépendance en concentration ¢ d'impuretds magné-

tiques dans les systémes que nous avons &tudids (¢ = 0.5 4 8 7).

I1 est nécessaire de tester la valeur de T, trouvée précédemment
dans des régions plus Etendues en température et pour des champs de refroi-
dissement différents. Nous avons &té ainsi capable (chapitre II) de présenter
les dépendances en temps et température de l'aimantation rémanente (saturée

ou non) dans un diagramme en TLnt/T ol T est la valeur déterminée précé~
o o

demment. A basse temp&rature (T & Tg/lO), 1'aimantation thermorémanente,
méme obtenue & partir du champ. H, suffisant pour la saturer, est quasi

linéaire en température.

g =0 (H,) - BT (1
G RN

et pour chaque température est lindaire en Logt. La fig. 8 représente
0
dlogt
de Or étant mesurée pendant 2 didcades de temps. Bdr/aLogt croTt avec le

8 T =4,2 K en fonction du champ de refroidissement H., la variation

champ, passe par un maximum et rejoint un plateau, comme 1'a d&j3 observé

Sarkissian dans le syst3me ScGd.

A l'aide de ces résultats et connaissant la valeur de 0, mesurde
L mn apré&s coupure du champ H,, on peut, comme le montre la figure 9,
extrapoler la variation de o. = f(HC) 4 un temps de mesure de 2.10_6 s. La
courbe en pointillé représente la dépendance en H. de 1'aimantation thermo-
rémanente obtenue en refroidissant le systéme sous le champ H, de T > Tg g
T =1.6 K et mesurée 1 mn aprés coupure du champ. Quel que soit H,, on
peut Bcrire :

3 _ _ N n -6
Or(HC,T—1.6 K,t=1 mn) = Or(HC,T—4.2 ¥,t=2,10 s) .
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La généralisation de 1'expression (1)

0, (H,,T,¢) =0 (H) -~ BH) T La t/T_

permet, par identification des résultats a (T = 4.2 K, ¢ =2;ld"€get
(T=1.6K, t =1 mn),de déterminer Ln 1/T . Nous trouvons par cette méthode
T = 10“10 s

a

4. DETERMINATION DE T_ EN PRESENCE DE CHAMP MAGNETIQUE

L'application isotherme d’un champ H sur un syst3me préalablement
refroidi enm champ nul produit une aimantation M dépendant du champ et de

la temp&rature et &voluant dans le temps avec une dépendance logarithmique.

A suffisamment basse température (Tg/lo), cette dépendance est linéaire
en Logt, l'origine des temps &tant prise 4 1'instant ol le champ a atteint

la valeur H.

Nous présentons sur la figure(l0)la variation M{H)} mesurée 1 mn

aprés l'établissement du champ pour deux tempdratures (4.2 K et 100 mK)
dM(H)
dLogt
mesurée & 4.2 X. En supposant que la variation de M(H) en temps peut

de 1'aimantation

et sur la fig. (11) la variation relative en temps

. P < -11
s'exprimer linéairement en Logt, nous pouvens extrapoler 4 t = 1 = 10 s,

o
c'est=d-dire pour ’i‘Lnt/ro = 0, la valeur de 1l'aimantation M{#,4.2 X). Ces
valeurs extrapolées sont peu différentes de celles obtenues expérimentale-

ment 3 T = 100 mK si H g 10 kQe.

Il est possible d'en conclure que, pour cette gamme de champs

M(H,T,t) = M(H,T Ln ?t—) ¥ Y(H) T Ln :E_t_, .
[+] [+]

T, est donc peu dépendant du champ et sa valeur précédemment estim@e permet

de rendre compte des processus de relaxation sous champs.
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5. CAS D'IMPOSSIBILITE DE DETERMINATION D'UNE VARIABLE UNIQUE TLn

a) Grandes valeurs de T_

Dans les chapitres 1 et 2 nous présentons des r&sultats expri-
més en fonction de la variable unique TLn-%L, ce qul noug permet de
conclure que les processus d'activation the%mique sont responsables du
franchissement des barriéres. Pour des valeurs de T, suffisamment grandes
pour que kBT Ln-%i scit de l'oxrdre de quelques kBT, on ne peut plug faire

1'approximation dé& la transition brusque de 0 & 1 de exp =~ %-é W=kTLnt/Tc.

La relaxation des aimantations ne peut plus s'exprimer en
. . t -~ . . .. .
fonction de la variable T Ln T meéme si la loi d'Arrhénius est toujours

o

valable.

C'est apparemment le probldme en trds bas champs (voir chapitre

1),

b) Soit T, la température (fixe dans le temps) au~dessus de
laquelle 1'&chantillon est paramagnétique. On peut supposer, par analogie
avec un ferromagnétique que l'aimantation du systéme est d'abord une
fonction de %E qui dépend peu de la température tant que T << T.. Cette
aimantation cgutera brusquement vers une valeur nulle i T.. op s'écrit
sous la forme d'un produit

T t
g, = Mg(fz)'f(T Ln ¥:D

qui fait intervenir deux variables %L et T Ln %i . Il est possible de ré-
TT— <

Cc

crire 0. sous la forme d'une fonction de T Ln

au voisinage de T..
T°a

La valeur apparente T°app ainsi estimée sera fonction de la température
T et surtout pourra atteindre des ordres de grandeur qui n'ont aucune

signification physique (10-40 s par exemple).

L'extraction de T, & partir de 1'&volution temporelle da Or ,
¥

nécessite de prendre des précautions

- T . .
-AaT<<T, Mg<TE) = constante et T, est bien défini

< T . .
-arT4ig T Mg(T—J évolue avee T et T°app ne nous renseigne

pas sur umne é&ventuelle Echelle de temps T,.
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CHAPITRE IV

BREF RBILAN PROVISCIRE DES PROPRIETES GENERALES DES VERRES DE SPINS

1 - Les résultats gxpérimentaux concernant la construction et la relaxation
des aimantations dans les verres de spins nous ont permis de conclure i un
comportement vitreux au-dessous d'une certaine temp&rature Tc. Au-dessus

de T,, le systéme semble devenir simplement paramagnétique. Les propriétés
générales de ces aimantations, valables pour tous les verres de spins, sont
sugceptibles de décrire le comportement de la susceptibilifé ¥T,t) dont la

mesure alternative est A l'origine du regain d'intéré@t pour ces systémes,

2 - Les lois d'échelle en concentration ¢ d'impuret&s magnétiques sont

(1)

observées , 4 condition de prendre certaines précautions : les tempé&ratures
caractéristiques T,, Ty, T ne sont pas strictement propertionnelle & ¢ dans

le domaine de concentrations étudides (fig. 1).

l 1 ||.IIII|[ L 'Il'llli][-

1600

Fig. 1
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C 2%

1 ! 1 Ill[llli 1 IIIIIII!

] 1 10




Si 1l'interaction RKKY entre
impuretés gouverne les propriétés verres de spins au~dessous de T.s il faut
tenir compte du libre parcours moyen Mdes &lectrons libres pour décrire

/A

les lois générales observées plus haut. Le facteur e (oGt v est la
distance entre impuretés) que l'on introduit dans le potentiel Jij d'inter=-

action RKKY (J.. v cos(2k r..)/r?.) ne permet plus d'exprimer <J»> et les
1] F 1] 1] 1 (1.2)
— et

températures associées en fonction de 5

r
D'autre part, la valeur de l'aimantation des entitds magnétiques,
mises en &vidence précédemment, est trds sensible & une &ventuelle tendance
au ferromagnétisme dans le cas des fortes concentrations. Les valeurs de
o (aimantation rémanente saturde & 0 K) (fig. 2) montrent.une déviation
notable & un comportement linfaire en concentration., De méme, la dépendance
en concentration du maximum de susceptibilité (Xm) et, dans une moindre me-
sure, de la susceptibilité réversible 3 0 K (Xo)’ ne présentent pas le
caractére constant auquel on s'attend dans le cas des lois d'échelle stricte-

ment observées.

T T LT ETT T T ||
oL .
(emulg)| {femu/g
1 1073
Fig. 2 ) }
Les différents symboles
correspondent & des I ]
auteurs différents (cf. 4
01 =107
référence Ch. II) C N
0.01 F_/ . -410°5
| |

0l



C'est pour tenir compte de ces difficultés que nous avons intro-

duit des diagrammes ré&duits du type %3 = £(T Lnt/To/To) et non de la forme

. o » - N
Ur/c = £(T/c) dans 1"étude de 1'aimantation rémanente g,

On peut également superposer (fig. 3) les courbes d'aimantation a
temps constant gi = f(%i,gl) pour diverses concentrations, i condition de se
limiter & des chgmps ne défruisant pas le caractére initial des entités
magnétiques. Pour des valeurs bien supérieures du champ, des diagrammes
réduits % = fG%L,%L) pourrait 3tre en meilleur accord avec les résultats

a

expérimentaux.

M
a,

Cu-Mnge,

T/T,=0020

Cu-Mnye,

T/ T, =0025

0 | |

0 005 01 kG /K
H/ T
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3 - L'observation expérimentale des relaxations de 1'aimantation rémanente
saturée et de 1'énergie assocife nous a conduit 3 utiliser un moddle de

systémes 3 2 niveaux asymétriques.

Pour décrire 1'ensemble des cycles d'hystérésis, il devrait Btre
possible de prolonger en champ inverse ce modéle qui s'est révéls capable
de rendre compte gqualitativement des propriétés, générales 4 tous les verres

P g prop g

de spins, de construction et relaxation des aimantations & T < T..

Nous nous heurtons alors i une contradiction avec 1'expérience :
il a été en effet observé que la forme du cycle d'hystérésis en champ inverse

est trés dépendante du systéme.

La compréhension de ce qu'est 1'état verre de spins pose d&j3 des
problémes complexes, mais une nouvelle question apparait maintenant : quels
sont les processus supplémentaires responsables de la différenciation des

cycles d'hystérésis ?

Pour essayer d'apporter une répounse, nous avons procédé i une

&tude détaillée et comparé des cycles pour différents systémes,

Les résultats sont présentés dans les deux chapitres suivants.

REFERENCES

(1) Souletie, J., Thé&se (1968) - Université de Crenoble.
{2} Larsen, U., Solid State Comm. 22 {1977) 311.
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CHAPITRE V

CYCLES D'HYSTERESIS DANS L'ETAT VERRE DE SPINS

L'examen du cycle d'hyst8résis du systéme AuFe (fig. 1} ne montre
aucune discontinuité : en champ négatif croissant, la destruction progres-
sive de l'aimantation rémanente positive et la comstruction d'une aimantation
négative peuvent 8tre décrites de maniére continue avec le modéle utilisé

précédemment en champ positif.

Au Fego | T=42K

Cooled from 77K to
42 % under 24.2 kQe
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Alors que la construction et la relaxation de 1'aimantatiocn en champ
positif sont identiques dans CuMn et AuFe, la figure 2 montre que l'aimanta-
tion rémanente du systéme CuMn préfére se retournmer globalement en faible

champ négatif,

CuMn 8% | T=42K Magnetization Origin
- - Or(em.ul/g) T

Cooled from 80K to 4.2K |

under 36 k0=

. 2




Cette propriété spécifique du systéme CuMnr n’est pas en S0i surpre-
nante. Nos résultats expérimentaux préc&dents ne nous ont pas permis de
déterminer précisément si un seul type d'interactions entre impuretés est
responsable des barridres de potentiel et des Etats différents d'énergie.
9i 1'interaction dominante dans le probl&me des verres de spins est isotrope
par symétrie de rotation, 1'aimentation rémanente, une fols construite dans
une certaine symétrie, peut répondre comme un moment unique & toute sollici-
tation de champ exté&rieur dont la symétrie est différente. Il suffit pour
cela que le réseau n'exerce pas sur 1l'aimantation un couple suffisant pour
empécher cette réponse et que les temps impliqués dans les sollicitations
de champ extérieur solent courts devant le temps de vie de l'aimantation

rémanente.

On congoit dé&s lors 1'importance d'une &tude détaillée des cycles
d'hystérésis du syst@me CuMn pour avancer dans la compréhension microsco-

pique des propriétés de la phase verre de spins.

_ Des résultats expérimentaux d&ja anciens (Kouvel) de cycles
-d'hystdrésis et de réponse en champ transverse de l'aimantation rémanente

existent pour des concentrations de manganése supérieures a 5 7 at.

Nous avons prolongé cette &tude pour des concentratioms variant

de 600 ppm 3 2 %Zat. de manganése dans le cuivre,

Dans une premidre publication ("observation of magnetization
reversal and macroscopic domains in CuMn spin glass"), nous mettomns en
evidence que le syst2me, une fois l'aimantation ré&manente O, construite,

se comporte comme un grain monodomaine :

- En faible champ inverse, la susceptibilité X(T) est conservée.

- Le systéme garde en champ négatif croissant la mémoire de la
symétrie de ¢, jusqu'ad un champ seuil H., ol 1'aimantation rémanente
s'inverse brusquement.

- H_ a une valeur faible en comparaiscn de 1'ordre de grandeur

des champs nécessités pour construire Oy




Les lois généfales de la magné@tostatique d'un moncdomaine sont observées
lorsqu'on superpose au champ inverse un champ transverse (astroide de Stoner).
L'énergie d'anisotropie associde est peu dépendante de la température, varie
comme le carré de la concentration de mangandse et dépend de 1'dtat métal-
lurgique de l'alliage. Ces résultats sont exposds dans une seconde publica-

tioen : "Magnetic hysteresis of CuMn in the spin glass state".

Ces données expérimentales laissent 3 pemser que c'est l'interac-
tion RKKY qui est dominante dans les propriétéds verre de spins du systéme
CuMn. En effet, cette interaction est symétrique par rotation : $i riem ne
couple magnétiquement 1'aimantation rémanente au réseau, l'ensemble constitud

par les impuretés magnétiques et les €lectrons de conduction est disponible

pour toute rotation collective.

Le probléme qui se pose 4 ce stade de 1'8tude est de compreandre
pourquol le systéme AuFe ne présente pas une telle propriétéd. Nous reviendrons

dans le chapitre VI sur cette guestion essentielle,
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OBSERVATION OF MAGNETIZATION REVERSAL AND MACROSCOPIC MAGNETIC DOMAINS IN Cu Mn SPIN

GLASS

P. Monodx, and J.J. Prejean

Centre de vecherches sur les trés basses tempdratures, C.N.R.S. 186 X, 38042 Grenoble Cedsx,France.

Resume - L'étude du cycle 4'hystéresis d'alliages Cu Mn dilués (< 2 % at.) révéle un comportement

"earré" de 1l'aimantation rémanente :

les deux branches du cycle sont relides par un saut d&'aiman-

tation. Dans le cas d'un renvergement partiel de 1' almantatlon, on cbserve deux domaines magnétiques

macroscopiques ce qui implique 1l'existence de corraiations

miques de 1l'aimantaticn.

i longue distance des propridtés dyna-

Abstract.- The hysteresis cycle of dilute Cu Mn alloys (less than 2 Z at. ) well below the spin glass

temperature is chserved to be '

‘square” like i.e.

the two branches of the cycle are conmected by a

single magnetisation jump. By allowing ounly a partial magnetlzatlon inversion, two macroscopic

magnetic domains are observed,

A number of investigatioms of hysteresis in
dilute magnetic alloys have revealed on the one
hand the phenomena of shifted hysteresis loop fav;
in Cu Ma and Ag Mn and on the other hand magneti-
zation instabilities giving rise to large amplitude
magnetization jump at low temperature /2/ in Au Fe
and Cu Co., However, ue systematic study of hyste-
resis has been carried so far for impurity concen-—
tration less than a few atomic per ceant. We show
that for Cu Mn (0,5 %) at low temperature both
phenomena cccur and in cerfain cases large scale
magnetic domains are in fact being observed. Our
magnetization measurement are made by integratiom
of the magnetic flux variation induced by the pas-
sage of the sample between two counter-wounded pick
up coils /2/. This method is a D.{. method (measu-
rements are made point by point as a funtion of the
static magnetic field) but allows Co wmeasure any
rapid magnetization change within the sample at
any time between two measurements. The sample is in
the form of a cylinder 0.5 %X 0.5 ¥ 2 cm. It has
beer made from high purity copper and manganese /3/
by 2 crucible less, semi levitation, induction mel-
ting. It was guenched from the melt, then cold
rolled to final dimensions and annealed at 950° C
for { hour in Ar + H, atmosphere.

As quite similar results have been observed in

0.3 % and 2 % alloys, we will only report here the
observations on a 0.5 % atomic zlley which we con-
sider as "typical". For this alley the spin glass

temperature is about 8 K. As the static magnetiza-

* Permanent address : Physique des solides
Université Paris Sud 91405 Orsay FRANCE

implying along range correlaticn in the magnetization dynamics.

tion of this system has been amply described /4/ in
high fields, we will focus on the low field beha-
viour {forward and reverse). However, it should be
remembered that the meaéured magnetization corres-—
ponds te a very weak remanent moment per Mo atom of
rhe alloy typically of the order of 0.05 Bohr ma-
gneton /Mn or less due to the high degree of spin
disorder present below Tg.

In order to perform a complete hysteresis loop, we
start from high field situationm by cooling the
sample from 4.2 X to 1.35 K in 2 field of 3.2 kgauss
The main effect of field cooling is to give to the
sample a non zerc remanent magnetization in zero
field as is apparent at point & of figure /i/.

When the Field is reversed, the magnetization de~
creases linearly from A (h=0) to B (h= ~-150 gauss).
This variation is reversible i.e. bringing back

the field to zero the magnetizaticn takes a value
close to the starting point A but somewhat less due
to the always present logarithmic time decay of the
remanent magnetization /4/. The slope of this linear
variation is identical to that observed in positive
fields (this is the reversible part of the suscep-
tibility). At point B (h= ~150 gauss) a sudden
"jump"” occurs towards point C with a time constant
less than 0.l second. The amplitude of the jump
corresponds to nearly 90 Zreversal of the remanent
magnetization. After this jump the same linear
slope towards D is observed and no further jumps.
Coming back to zero field the same slope is follo-
wed upwards and a reverse remanent magnetization
measured at E (h=0). At point F (h= +30 gauss) a

reversed jump happens bringing back the magnetiza-




tion at G, close to it's initial value, but some=~
what less.
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Fig. 1 : Hysteresis cycle for Cu Mn 0.5 Z after

cooling from 4.2 K to 1.35 K in 3.2 kgauss.
Arrows indicate the path followed.

Thus, the entire cycle can be described as two re-
versible linear parts connected by two almost com—
plete magnetization jumps occecuring at non symmetrical
values of the field with respect to zero field.

We have tried to charactarize these facts more pre-

cisely and we will only state here our observations :

- the value of the remapen: wagnetization and the
reversible slope do not depend on. the samp le me-—
tallurgical state {i.e. annealed or cold worked),

- the amplitude of the jump is largest for the best
annezled samples,

= the jumps cceur spontaneousiy after a few minutes
if the reversed field is applied slowl} and left
constant (peint B'). It can be criggered by an
external perturbation such as a mechanical shock,

= the temperaturs dependance of the éycle is such as
to leave the cycle area roughly constant (within
a factor 2) between 0.1 K and 2.; K,

~ the jump oceurs imn all cycles in that range of

temperature.

At certain occasions {for a field slightly less
than the threshold field), a parcial jump is cbser-
ved L.e. only 50 7 of the magnetization is reversed.
When this state is achieved, the overall magnetiza=-

tion of the sample iz close to zero (point C' on

figure 1). However, the magnetization density is

C6-911

observed to be inhomogeneous on a large scale

as the sample is being removed from ome of the mea-
suring coils 2 voltage corresponding to one direc-
tion of the magnetization is first recorded amd the
opposite direction is then obsarved when the sample
leaves the coil. Thus, it appears that at least two
macroscopic domains "head on" have been formed.
This state is unstable against z small inerease of
the reversed field. However, letting the field
decredase leave the domain configuration "frozen in"
as evidenced from the asymmetry of the recorded
signals. A number of puzzling questions are raised
by these observed facts among which the more impor-

tant are

= Is the magnetization instability observed as a
characteristic of the spin glass state ?

= What fraction of the spins are involved in the
reversal process ?

~ What is the nature of the domains ?

~ Does the observation of domains imply lonmg range

order in a spin glass ?

We wish to acknowledge essential discussicas for

our understanding with J.L. Tholence and R. Tournier.
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Magnetic hysteresis of CuMn in the spin glass state

P. Monod,” J. J. Préjean, and B. Tissier
CRTBT CNRS 166 X38042 Grenoble (France)

We present a series of measurements of the magnetc hysterssis properties of alloys of CuMn in the
concentration range 0.06% at. 0 4.7% at. when these are cooled well into the spin glass seate ie.
T/Tg«<0.3. Previous studies (1) made at higher concentrations have revealed the occurrence of a
complete reversal of magnetisation in a narrow range of coercive fieids and a shifted hysterssis loop.
Quite unexpectedly we find that going to lower Mn concentration increasss the cooperative nature of the
magnetisation reversal to the point where the hysteresis becomes squars and that complete, sponianecus
(less than 0.1 second lime constant) magnetisation jumps are observed in low magnetic feid (typically-
150 gauss) together with a shifted square center. We report on the offect on the hysteresis of a number of
variables: the magnetisation,.the concentration, the temperature, the metaliurgy, the time and the
application of a static transverss magnetic field. These observations lead o the existence of a well defined
anisotropy field in the spin glass state.

PACS numbers: 75.30.Hx, 75.60.Ej, 75.60.Nt

I - INIRODUCTICN

Among the magnetic measurements carried out on
dilute alloys of magnetic impurities in the spin glass
state relatively little attention has been given to the
properties of the magnetisation along a complete hyste-
resis loop. Kouvel(l) has reported a systematic inves-
tigation of the system CuMn between 57 to 287 at Mn
and AgMn between 127 to 247 at.Mn at helium temperature.
His observation of very narrow cycles displaced towards
negative fields led him to analyse these systems in a
way similar to NiMn alloys with a mixture of ferroma-
gnetic and antiferromagnetic regions giving rise to ex-
change anisotropy(2).Beck et al(3) have studied as a
function of temperature the properties of CuMn 257 and
scattered work, assembled in Table 1, has ?E@orted so-
me information about hysteresis of CuMn but not in a
systematic way. On the other hand Tournier(5) has in~
vestigaced the hysteresis properties of AuFe 87, AuCo
67 and CrFe 157 down to 0.1°K, He observed very broad
(Kgauss) cycles interrupted by large scale magnetic
instabilities or "jumps".

732+
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TABLE 1

HYSTERESIS DATA ON Cu Mn

Concentration Température Ref Sample
(at 2y (° K)
24,1 4.2 a also AgMn,same
‘ concentration
5.5,8.9,14 | '
18.9,24.1,28.6 1.8 - b also AgMn,same
concentration
1.8 4,2 c remanent magne-—
tisation cycle
0.34 1.6 d
17.7 20 e Single crystal
Torque hystere-
sis
25 4.2 f  cold worked
25 - 4.2,15,29.8, g  Quenched
60
9 4,2 h
1.89 0.06 i
0.5 1.35 i
14 4.9 k
REFERENCES OF TABLE 1
a ~ Kouvel J.5.J.Appl,Phys.31, 142 $(1960).
b - Kouvel J.$,J.Phys.Chem.Solids 21,57(1961).
¢ — Jacobs I.5. and Schmitt R.W. Phys Rev.113 459(1939).
d = Franz J. and Sellmyer D.J. Phys Rev.B8 2083 (1973).
e — Iwata T, Kai K., Nakamichi T. and Yamamoto M,J.Fhys.8oc.

H
|
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]

Jap.28, 582 (1970).

Tustison R.W. Solid St,Comm. 19 1075(1976) ,

Beck P.A. Prog Mat.Science 23, 1, (1978), :

Knitter R.W., Kouvel J.S, EEH Claus H,, J.,Magnetism Ma=—
gnetic Mat.5 356 (1977},

Careaga R., Thé&se de 3&me cycle, Université de Grencble
(unpubllshed)(l968)

Moned P.and Préjean J.J., J. Phys Cob 910 (1978).

Schwink C. § Schulze U,J. Maonetlsm.Magnetlc Mat.9,33

(1978).



The purpose of our study is to investigate systema=
tically the properties of CuMn dilute alloys at concen-—
trations below 5% in the spin glass state and, from the
simple behaviour found(6) to investigate the effect of
a number of variables on the hysteresis. In order to
understand what this kind of work can tell about the
nature of the spin glass state we have to recall first
the properties of the magnetisation. According to Tho-
lence and Tournier(7) the magnetisation in the spin
glass state is the sum of the reversible magnetisation
and the irreversible, or remanent, one. The reversible
magnetisation is linear with field at low f£ields, and
independant of temperature below the spin glass tempe-
rature Tg defined by the susceptibility cusp(8), it is
best compared to the perpendicular susceptihility of
an antiferromagnet. The remanent magnetisation appears
progressively below Tg. It can be induced either by
cooling the alloy below Tg in a fixed field(Thermo-Re-
menent Magnetisation TRM) or by exposing for a short
time the spin glass(previously cooled in zero field)to
a gomewhat larger field at fixed temperature(lso ther-
mal magnetisation IRM). The qualitative properties of
the remanent magnetisation are quite similar in all
known spin glass systems(9). They have heen best des-
cribed in terms of the theory of rock magnetism by
Neel(l0) as an average over a collection of independant
magnetic particles, implying that the spin glass state
is inhomogeneous by nature. Such a model is particular—
iy well suited to account for the slow time dependance
observed and has very definite predictions about the
hysteresis properties. The principle of such an analy-
sis has been carried out, starting from the magnetosta=—
tic equilibrium of each magnetic particle by Stoner and
Wohlfarth(ll). As we shall see, our major conclusion
(which was already noticed by Jacobs and Schmitt(1959)
(ref ¢ table 1)) is that zn independant particle pictu=
re is basically inadequate to represent the collective
magnetisation reversal observed on macroscopic samples
which, on the comntrary seem to imply the existence of
correlations at large distances for the dynamic of the
spins in the spin glass state of Culn.

IT - EXPERIMENTAL CONDITIONS

The alloys(4.7%, 2%, 0.57, 0.37 and 0.06% at Mn)
were prepared by melting the constituents(l2) in an
induction furnace and casting the melt inte a cold cop-
per cylinder 7mm diam.from which a leungth of 20mm was
machined. As the as quenched 0.57 alloy was suspected
to be inhomogenecusly strzired by the casting procedu-—
Te a systematic anmneal at 900°C in Ar+H, atm.for 1 hour
was given after an initial cold relling of less than
507%. This resulted in highly polycristailine samples
with graing v 1 mm. The magnetisation was measured by
the extractions method(1l3}. The sample is moved between
the centers of two counter-wounded coils(™ 7000 turns)
4 cm apart in a constant magnetic field. The induction
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pick up is sent into an integrating galvanometer whose
deviaticn is recorded. The sensitivity is limited by

. the mechanical vibrations in presence of the field or
by thermal emf in zero field and is of the order af
10~4 emu well beyond our needs. It should be noted that
due to the finite integrating time of the galvanometer
circuit of V10 seconds this system can be left conti=
nuously integrating and so is able to record not only
the magnetic flux change associated to the extraction
but also any magnetisation change occuring within the
sample, at any time, provided that the time comstant
of this change be somewhat less than 10 seconds. The
temperature ranged from 4.2°K down to 0,07°K achieved
by adiabatic demagnetisation. The field was produced
by a nitrogen cooled copper ¢oil and was about 3.2
Kgauss max. ensuring that no hysteresis is assoclated
with the field as might be the case with superconduc-
ting coils.

III - RESULTS

a)Deseription of the elementary cycle.
We will be mainly concerned at first by the des~-

cription of the hysteresis properties of the 0.5% at

Mn alley. For this alloy Tgw8°K(14). It is cooled from
4.2°K to 1.25°K in 3.2 Kgauss. As the magnetic field is
being decreased to zero at this temperature the first
branch of the hysteresis cycle 1s measured{point by
point) arriving in zero field at A on Fig 1. At thisg
point some time dependance of the remanent magnetisation
can be easely observed over the first minutes as is

well known(15). As the field is reversed the same slope
of magnetisation is observed in negative fields as in
the positive part due to the reversible magnetisation
(and indeed coming back to zero field at this stage
leaves the remanent magnetisation unchanged, to within
the unavoidable logarithmic time decrease effect). At
point B{™v ~ 150 gauss) a sudden reversal of the magne-
tisation occurs going to point C on Fig 1. The amplitu~
‘de of the magnetisation reversal as measured by integra-
ting the magnetic flux change is within 17 equal to the
difference between rhe magnetisation measured by extrac—
tion just before (B) and right after the reversal(C):
this means that all the magnetisation change has occured
in less than 1 second. In the best cases this amplitude
amounts to a reversal of 957 of the initial remanent ma~
gnetisation(but can be sometimes less)without ever ex-
ceding this value, independantly of the value of the
reversible magnetisation which appears simply'superpo-
sed" to the remanent magnetisation.Going beyond point C
the slope of magnetisation towards D is again that of
the reversible magnetisation. In cases where only a
partial reversal of the remanent magnetisation is obser=—
ved at B, one or 2 few more smaller jumps are observed
upon further increasing the negative field until the
total remanent magnetisation is inverted.
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At point D essentially all the remanent magnetisation
is now reversed and a choice is possible:

1) to continue into larger negative fields until
a mere or less symmetrical magnetic state from the star—
ting point is reached or:

ii) to come back towards zero field.

We have systematically operated with the second choice
for the following reasom: by going to large negatlve
fields we will Smely build up a magnetisation
of the sample in inverse fields by the IRM process. The
returnlng branch of such a cycle is by definition the
mifTor image of that in positive field and does not pro-
vide a new physical information. Such a symmetrical loop
is found in ref h(table 1)(16) . Coming back from
D towards zero field the same reversible slope of the
magnetisation is followed until point E(+ 20 gauss) 1is
reached. {When paSSIHg by zerc field the inverse remanent
magnetlsatlon is measured accompanied by an inverse time
dependance i.e. leading to a net decay in amplitude).At
E(not symmetrical to C)again a sudden reversal of the
magnetisation takes place bringing the magnetisation




close to,but somewhat less than,the original branch of
the cycle. Again if the jump at E is incomplete it is
immediately followed by a discrete serie of smaller
jumps. Thus the entire cycle at low fields can be ca-
racterised by a square loop of width 170 gauss displa-
ced from the origin by - 80 gauss and superposed tc a
constant slope due to the reversible magnetisation.This
behaviour, although reminiscent of the overall chserva=-
tion of Kouvel and Tournier, is quite unexpected a prio-~
ri in a dilute alloy as the cycle appears more square
than for the more concentrated alloys reported(l). We
have studied in great detail the magnetisation reversal
at point B: it is a genuine macroscopic magnetisation
instability: it is possible to“leave the system at B',
within a few gauss of point B and wait, sometime a few
seconds, sometime a few minutes, until the system spon-
taneously reverse to point C'. The time comstant infer-
red for this reversal is about 0.1 sec but might be
limited by the eddy currents within the sample, It is
noted that the logarithmic time dependance of the decay
of the magnetisation is present as well at B{or B')and
is found (if measured while waiting for the instabilicy
to occur) to correspond to the same rate as in zero
field. Thus the instability phenomena cannot be attri-
~buted to a catastrophic acceleration of this precess.
We have noted also that it is pessible to trigger the
instability at B' with a mechanical shock(in fact ap-
plied to the whole apparatus!). Finally it should be
noted that the reproducibility of both instabilities is
good to no better than 20 gauss. from an average position
in field although the reproducibility of the remanent
magnetisation and reversible slope can be better rhan

a few percent from run to run.

b) Transverse Magnetostatic.

In order to understand more fully the kind of ma-"
gnetostatic involved we have studied the influence of
& transverse fiéld on the cccurence of the instability,
Such experiments have been briefly reported by Arrote{l7)
however we seriously question his interpretation.

The experiment now consists in cooling the sample
in the original field, now labelled H , and once the
remanent magnetisation is obtained at“E_= 0, we apply
a small transverse static field ., of different strength
up to 95 gauss. We then inmvert H_“and slowly increase
it and we note the value for whifh the magnetic inver-
sion takes place, for each value of H,,{See insert of
£ig(3))(18). With this procedure we ctuld produce a set
of couples of points(H.,H.) at which the instability
occured near point B aid another set of values for the
reverse jump near point E. These points appear on Fig 2
together with the best fit to the astroid of Stomer and
Wohlfarth(1l) or Landau znd Lifchitz(19):

2/3, y 2/3 _ . 2/3

BT+ H, By

characteristic of the existence of an uniaxial anisotropy



energy parallel to the Z axis.
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Fig.2: Relation between the longitudinal field H., and
transverse field H, at which a magnetisatIon re-
versal is observed. The solid line represents a

fit to the Stoner-Wohlfarth astroid with H,=110 gauss

centered at =80 gauss, Upper points:"Forward" jump
near point B Fig 1. Lower points:Reverse jump
near point E Fig 1.

The fit with H, = 110 gauss can be considered to be fair
for the forward jump (upper part) but is out of question
for the reverse omne(lower part)(20). At this point our
partial conclusion is that in as much as a square cycle
can serve to define an anisotropy field by it's half
width and a displacement field by it's center it should
be reminded that the magnetostatic equilibrium is not
the same on both sides of the square and that only the
forward instability(at B) can be described by a simple
uniaxial anisotropy energy. Although we have not tested
these transverse properties in different conditions of
temperature, concentration etc... we think that they
apply quite generally in the other cases of our study
as suggested by other work(17,21). Keeping the above
mentionned restrictions in mind we will further analyse
the cycles only in term of width and shift.




¢/ Temperature effects. :

The temperature dependance of the hysteresis cycle
is mainly that associated with the temperature depen-
dance of the remanent magnetisation. We seos in Fig 3
that upon warming from 1.35°K to 2.28°K the remanent ma=-
gnetisation decreases by a factor 2 but the hysteresis
cycle still contains two complete jumps with fast time
constants,

CuMn 05 %
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i l 1 ] !
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Fig.3: Hysteresis cyele of CuMa 0.57 at three temperatures
with saturated remanent magnetisation. The cycle
with blackdot is identical to that of Fig 1. Note
reduced scales.

However the c¢ycle is now 380 gauss in width and it's cen-—
ter is at-$0 gauss. Above 3°K(T/Tg0.4)no jump is obser-
ved at any value of the negative field and the whole hys-
teresis becomes "Rayleigh 1like'- ses Fig 18 of ref(3).At
temperature lower than 3°K we note that the width AH of
the square is such as to leave it's area M_ AH approxi-
matively constant. We theq define an anisotropy energy

Ka by

1 . | 3
Ka =7 Mr AH = 10 + 5 ergs/cm

for our 0.57 CuMn alloy between 1.35°K and 3°K. When
cooling from 1.4° K a choice is possible: 1)Cooling in



zero field, thus obtaining at lower temperature the sa=-
me remanent magnetisation as has been prepared at 1.4°K
The cycle obtained this way is shown in solid lines on
Fig 4 where it appears that the width of the cycle is

0'10}( Cu Mn O,Sufu
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Temperature effect on hysteresis at constant magne-
e . . Q
tisation(zero field cooling from 1.47K).

-unchanged and cnly it's center has been shifted to

-17C gauss.It should be noted that the time constant
involved in the jumps are short(< 0.1 sec) and that the
cycle closes itself nicely as the time dependance 1is
now very long. 2) Cooling in a field of 3.5 Kgauss down
te 0.08 K:this will congiderably enhance the remanent
magnetisation and the cycle of Fig 3 is obtained: the
width is now 20 gauss and the displacement - 40 gauss.
The time constant for the jump is observed to be much
slower (1 to 10 seconds) and a couple of "steps'at in-
termediate values of M are present. The overall cycle
nevertheless scales well with the observation of Kou-
vel on alloys of 5% or higher at 1.8°K i.e. at tempera=
ture such that T/Tg < 30. These observations all indicate
that the temperature does not play a role by itself but
acts only through the limitation of the possible maxi-
muz value of the remanent magnetisation (22).

d) Conecentration.

We have studied the hysteresis of samples of 4.7%,
2%, 1.35%Z, 0.37 and 0.067 at temperatures such that
T/Tg < 0.2. In this case the scaling properties of the
remanent magnetisation with concentration(23) indicate
that the remanent magnetisation per Mn atom will be at




CuMn(3 % - 74 -
+100F T =14°K
+50F
<
Q
= 0
-~
3
E
- !
< -50pr
S :
i
%
&
* ook
-150 |-
D
-200F , ,

L ] I | !
-300 -200 -100 0 100 200 300
H (causs)

Fig.5: Hysteresis of-'ﬂ}m 0.3%7 at 1.4°K. The letters indicate
the order followed.

30 - CuMn006%
T=90mK
20
< or
=
&
3 .
£ 0o
N
5
T -0k
.‘EC?
oh
3
=20r
...30.-.

| i 1
=200 -100 a 00 200 H {gauss]

Fig.6: Hysteresis of CuMn 400 ppm at 0.09°K with saturated rema-
nent magnetisation.



-~ 75

least 0.02 pB. As can be seen from fig (5) and (6) in
these other cases a "square like" hysteresis cycle ob-
served, even in the most dilute samples(600 ppm at.,
operated at 0.1°K),For the more concentrated alloys
(2%Z,4.7%) the reversal appears less sudden i.e. less
cooperative than in the more dilute alloys in the sense
that the reversal occured in a small number of discrete
jumps rather "sluggish" i.e. their time constant became
of the order of seconds or more and began tc interfere
with the time constant of measurement. That this trend
is actually the link between Kouvel's experiments (1, h)
and ours 1s best exemplified by the behaviour of an 8%
CuMn alloy studied in the same way. No jump could be
detected at 4.2K or 1.4°K(Tg = 40°K) after cooling in
70 Kilogauss and slowly inverting the field. However

& very steep slope of the magnetisation existed in a
narrow range of fields of 50 gauss centered about

—-300 gauss where the time constant for the magnetisation
change was found to be of the order of 10 minutes. Ir
is thus quite natural to think of that part of the cy-
cle for this alloy as the sum of a large number of small
magnetic instabilities having each a rather long time
censtant. The total change observed corresponds again
to & reversal of the initial remanent magnetisation.The
natural conclusien from such a picture would be that by
diluting the spins one has extended greatly the length
characteristic of the magnetic cohesion of the spin
glass state until the whole sample behaves like a sin-
gle magnetic demain.

e} Scaling

It is tempting to look for scaling properties for
the width and the displacement field of the cycles ob-
tained. Fig (7) represent such an attempt for the elas-
tic energy K, = 1/2 M_h, where h, is the displacement
field of the narrowest cycles measured(at lowest tempa-
rature) and Mr the corresponding remanent magnetisation.
As noted previously by Kouvel (1), in his limited range
of high concentration, X, varies 1ike the square of the
concentration. We see that the same law holds down to
our 600 ppm sample. As M is proportional to ¢ this
scaling simply reflect tFe fact that the displacement
field is linear with concentration with a coefficient
©f 80 * 20 gauss/7 at Mn. The width AH of the cycle can
be simply scaled only if the area of the cycle is tempe-
rature independant, which we have tested{within a factor
2) only for the 0.5% alloy. Otherwise we should specify
et which value of T/Tg the scaling is done. By noting
that in the region 0.02<T/Tg<0.2 the width of the cycle
is of the same order as the displacement it can be safe-
ly inferred that the anisotropy energy K =1/4 M AH will
also scale in the same way as the elastic enerzy K,. Ho-
wever we note that for values of T/Tg>0.2 the widtg be-
comes larger than the displacement[See Fig(3)] and for
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T/Tg<0.02 the width is smaller than the displacement of
the cycle.

DMetallurgy.

In order to understand better the nature of the
instability involved in the reversal of the remanent ma-
gnetisation we have briefly studied the influence of de-

"fects on the hysteresis. Twe types of imperfections have
been introduced i)by cold working and ii)by diluting a
non magnetic impurity. The latter effect will be reported
elsewhere(24). Fig(8) shows the effect on the hysteresis
cycle of cold working a 0.5% alloy from a diameter of
7mm to a square 5 x Smm. It is quite remarquable that
neither the remanent magnetisation nor the reversible ma-
gnetisation slope have changed within a fewZ, however the
single fast jump previcusly observed at B{(dotted line) is
now replaced by a serie of smaller steps with a time cons-
tant long enough that the whole inversiaon of magnetisa-
tion can be measured point by point for each value of the
negative field, As the composition of othe alloy has not
been altered it must be inferred that the inversion phe-
nomena 1is linked to the propagation of the instability
which could be pinned by defects. This fact is substan-
tiated by the study of the effect of non magnetic impuri-
ties(24) which completely suppress the instability at va-
ry low concentrations(0.1% Au in 17 CuMn) .



Cu Mn05% -
-—— an.
+100 —o— Coldw,
Sa
B fy
2 i@
x éo
oh O - 1
3 7&?
5 ;
Q
§ o
5 0Or d
2 =}
' 3
=5 g
= —dp
-10pf %
.O
o—”, ! .l 5
, -200 -100
Fig.® Hlgauss)

Effect of cold working on the hysteresis of CuMn 0.57%
previcusly annezled(See Fig 1 symbolised by dotted 1i-
nes).Each arrow present a partial, slow, jump observed
with a time constant of a few seconds. The returning

branch is also broadened and composed cof smaller jumps,

g)Time dependance.

A rather puzzling question comes up in the study‘of
the hysteresis of a spin glass, which does not arise in
ordinary magnetic materials: in the latter case when the
magnetisation is saturated the degeneracy of this state
is cne but for a spin glass characterised by it's remanent

magnetisation(at most 2% of the saturation ¢f all spins)
the degeneracy of this state 1is very high. It is not
obvious whether the state reached after a full square
hysteresis cycle is the same as the original ome or is

2 "nev" state with the same magnetisation. In order to
test this we have used the time dependance as a label to
distinguish between the old state and the new onpe after
2 complete cycle. We have recorded the time dependance
of the remanent magnetisation in zero field of the 0,5Z
alloy at 1.4°K for two hours, after which we could pre-
dict with a good accuracy the future time dependance of
this particular state at least for the next hour. After
running a complete hysteresis cycle in a2 short time(30
seconds) we measure the time dependance of the achieved
State for one hour. The result tellsus clearly that to
better than 957 there has not been any "'reshuffling" of
the spins: Indeed the time dependance observed is the
one from the "old"state contrary to the initial rapid
evolution expected for a completely new state. This ip-
plies that the mechapism of reversal involved is adiaba-
tic rather than iscthermal.
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IV - CONCLUSION

We believe that this ensemble of observations indi-
cate the existence of a macroscopic coherence of the
spins of CuMn at low values of T/Tg. However the very
question of the relevance of this particular .behaviour
to the description of the spin glass state must still be
considered to be open in the absence of a clear cut ex-—
Planation of the different behaviour observed in other
classical spin glass likelégﬁe(or'AuMn) where no such
instabilities are observed in conditiomns similar to
CuMn studied here. With this restriction present one
can nevertheless state a few questions raised by our
observation: what is the physical origin of the aniso-
tropy field inferred and what is the mechanism of field
displacement of the cycles? Is there a threshold in ma-
gretisation for the instability? What is the domain
Structure corresponding to a partial reversal of magne—
tisation?

Acknowledgements are gr@atfully extended to J.L.
Tholence and R.Tournier for numerous discussions.
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CHAPITRE VI

Nous avons clairement démontré& dans le précédent chapitre la
possibilité pour 1l'aimantation rémanente du systéme CuMn de répondre
collectivement et iﬁstantanément i des excitations de champ magnétique
inverse et transverse. Cette propriétés a été confirmée lorsqu'il s'agit
de champ transverse haute fréquence dans les expériences de RMN et de

RPE en présence d'aimantation rémanente.

Nous avons &mis 1'hypothé&se que l'interaction RKKY entre impuretés
gouvernait les propriétés verres de spins dans ce systéme : Cette interac—

tion en effet répond au critére de symétrie par rotation.

Il est &vident dans ce cas que tout couplage d'ordre magnétique
entre les &lectrons de conduction et la matrice va induire indirectement
un couple exercé par le réseau sur 1'aimantation rémanente.

C'est ce test que nous allons effectuer en introduisant en faibles
quantités, dans le systéme CuMn, des impuret&s non magnétiques connues pour

leur fort couplage spin-orbite.

Dans la publication suivante ("Hysteresis in CuMn : the effect of
spin-orbit scattering on the anisotropy in the spin glass state), nous mesu-
rons, dans les mémes conditions d'histoire magnétique et thermique, la lar-
geur du cycle d'hystérésis d'alliages ternaires EEMnlz I, o 1'impureté I
est de 1'argent, de 1'aluminium, de 1l'or ou du platine. Nous démontrons
que cette largeur croft linéairement avec la concentration de ces impuretés

3 un taux proportionnel i la section efficace du mécanisme de diffusion

spin-flip d0 au couplage spin-orbite de ces impuretés.

Cet effet est suffisamment important pour que 1 Zat d'or ou de
platine introduit dans le systdme CuMn modifie le cycle d'hystérésis pour

le rendre &quivalent 3 celui d'AuFe.




Cet effet par ailleurs semble découplé du probléme général de la
construction et de la relaxation des aimantations qui ne sont pas modifides

en présence de ces impuretés,



J. Physique 41 (1980) 427.435

Classification
Physics Abstracts
75.30 — 75.60

Hysteresis in CuMn :

- 83 -

Mal 1980, pack 427

The effect of spin orbit scattering on the anisotropy in the spin glass state
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Résumé. — L'étude des cycles d’hystérésis 4 1,45 K de systémes ternaires Cu-Mn,s, -Au, dans I'état verre de spins
montre que la largeur du cycle est proportionnelle 4 la concentration d’or avec un taux d’accroissement de
6.2 + 0.4 kOe/at. %, Au. Le fait gque ce taux d’accroissement soit beaucoup plus faible pour les sysiémes
Cu-Mn,-, -Ag, et Cu-Mn o, -Al, et plus grand pour le systéme Cu-Mn,.; -Pt, montre sans ambiguité que le couplage
spin orbite est responsable de P'anisotropie macroscopique “dans Détat verre de spin. La comparaison est faite
avec des alliages similaires étudiés en RPE par Okuda et Date et quelques conséquences sont discutées.

Abstract, — Measurements of the hysteresis cycle of the magnetization of CuMn 1 ; in the spin glass state as a
function of the concentration of a non magnetic impurity show that the width of the hysteresis is proportional to
the concentration of Au at a rate of 6.2 + 0.4 kQOefat. % Au. A much smaller rate observed for Al and Agand
higher rate observed for Pt demonstrate unambiguously that the spin orbit interaction is responsibie for the aniso-
tropy field in the spin glass state. A comparison is made with similar atloys studied by spin resonance by Okuda

and Date and some implication are discussed.

1. Introduction. — The properties of the magne-
tization along a complete hysteresis loop in a spin
glass have been investigated rather thoroughly for
CuMp and AgMn by Kouvel [1] for a range of concen-
trations above 5 % Mn. Only recently the more dilute
alloys of CuMn have been studied by Monod, Prejean
and Tissier {2] down to 0.06 % Mn. In this work [2]
additional references to previcusly published hyste-
resis cycles for CuMn and AgMn are available.
Very few other systems have been reported so far,
except in a very sketchy manner, from which only
qualitative conclusions can be drawn. These concern
AuFe [3], CrFe [4], PdMn [5], Mn aluminosilicates (6]
and AuCo [3]. One of the major conclusions of
refs. {1] and [2] was, however, that despite the very
close, almost quantitative, similarity of the magneti-
zation properties of CuMn (and AgMn) on one hand
and AuFe on the other hand, there was a striking
difference in behaviour between these two systems
when a hysteresis loop was measured. In order to
emphasize this, a comparison is made in figure 1 of
hysteresis cycles for CuMn 8 9 and AuFe 8 7 ref. [3]
measured in similar conditions at 4.2 X. As is evident

the system AuFe has a very smooth symmetrical and
featureless hysteresis loop. This fact is best interpret-
ed [3] in terms of a distribution of magneticaily hard
microdomains, stabilized in their own anisotropy
field : in this model the width of a few kilogauss of the
cycle is a measure of the width of the distribution of
the anisotropy field. By contrast the CuMn 8 77 alloy
shows a complete reversal of the remanent magnetiza-
tion at low field (typically at ~— 300 G for this parti-
cular alloy at 4.2 X) as if all the spins would collecti-
vely reverse their direction. (This difference was al-
ready noted in 1959 by Schmidt and Jacobs.) This fact
permits the definition of a macroscopic anisotropy
field equal to the halfwidth of the cycle. The further
discovery of the extreme seasitivity of the hysteresis
of CuMn to the presence of mechanical defects
(revealed by the difference in hysteresis cycle between
samples quenched from the melt, well annealed or
deformed mechanicaily [2]) led us to infer that the
collective reversal of magnetization could be observ-
ed only if the spins although locked together within
the spin glass phase, were free to orient thernselves
as a whole with respect to the lattice. It was noted
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(39 K for CuMnga;, 29 K for AuFeys;) down to 4.2 K in 36 kQe for
CuMng . in 24.2 kCe for AuFege

in the same spirit. that only those systems that yield
readily observable electron spin resonance in the
spin glass state (i.e. CuMn, AgMn and PdMn) had
such a very steep magnetization reversal at low negi-
tive fields in their hysteresis cycles. This correlation
provides a quantitative definition of what is meant
by free in terms of the width of the electron spin
resonance signal. A straight-forward test of this con-
jecture then consists in measuring the effect on the
hysteresis of an impurity already known for its strong
spin flip scattering effect. As a first choice we have
selected Au as it is supposed to introduce the least elec-
tronic disturbance when replacing a Cu atom. The
following is an account of our observations and
comparison with similar tests made with other Impu-
rities with little spin orbit coupling (Al or Ag)ora
larger one (P},

2. Experimental results, — 2.1 SAMPLE PREPA-
RATION AND EXPERIMENTAL TECHNIQUE. — The sam-
ples were prepared by melting the constituents
with a semilevitation induction furnace and by quench-
ing the melt in a rotating cylindrical copper mold [8].

The copper and non magnetic impurities are first
melted under 107° torr, a second melting under
argon is necessary to include the manganese and a
third one to insure homogeneity and permit quenching
of the melt. The alloys CuMn» Au, were studied
first in the as quenched condition and subsequently
after annealing at 900 °C in Ar + H, atmosphere for
one hour followed by a slow cooling. The alloys
CuMn s Al,, CuMn oz Ag CuMne, Pt, were studi-
ed only in the quenched condition. For the magnstic
measurements the same procedure is used for ail
samples as follows : the alloy is first cooled under a
field of 18 kOe from well above the spin glass termnpéra-
ture {(approximately 10 K for CuMn,.,) down to
1.45 K. At this temperature the field is removed and
the sample is left with a so called (saturated) remanent
magnetization [7] o, in zero field. To avoid any stray
fleld from the superconducting coil used to create
the remanent magnetization, the sample is further
lowered into the measuring section of the apparatus
where a magnetic field of 4 3 500 Qe parallel to the
cooling field can be achieved by a nitrogen cooled
copper coil. As explained in ref. {2] the magnetization
is measured by the extraction method : the sample

* i8 mechanically moved between the centres of two

counterwounded pick-up coils whose fux variation
is integrated by a ballistic galvanometer associzted
with a recorder. The sensitivity of the system is of
the order of 1077 emu, and because of the finite time
constant of the galvanometer circuit (about 20 s)
it can be left integrating at all times. Thus this system
will be able to record not only actual flux changes due
to the mechanical extraction of the sample but also
flux variations due tw© spontaneous magnetization

~ changes within the sample (without extraction) provid-

ed that the time constant of these changss would be
somewhat shorter than 20 5.

2.2 CuMn ResULTS. — The specific hysteresis
properties of CuMn (at low concentration) have been
described in ref. [2]. We will only recall here how these
have been analysed. Figure 2 represents the hysteresis
cycles of a CuMny, well annealed (solid squares)
and as quenched (solid circles) at 1.45 K. Both have
common features : the measured magnetization is
composed of two parts : the remanent magnetization
o, and the induced or reversible magnetization which
is linear with field. Thus :

M=qg + T H (1)

where y(7) is by definition the reversible susceptibility.
It is apparent that this relation is followed for nega-
tive values of A until a value H, {of about — 170 Qe)
where a sudden reversal of o, in one step (or a limited
aumber of steps) occurs. For small variations of field
beyond H, or coming back towards zero field from
this point, the variation of M is represented by -

M= ~qg +yTH. (2)
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Fig. 3. — Hysteresis cycles in low field of annealed CuMn, s Au,.
Fig. 2. — Hysteresis cycles in low negative fields at 1.45 K for  The remanent magnetization is prepared in the same way as describ-

CuMnys, as quenched (solid circles) and after annealing (solid
squares). The remanent magnetization is obtained after removing
a field of [8kCe in which the sample wascooled from 7" > 7, ~ 10K
down to 1.45 K.~

However on the way back this is followed oniy until
another threshold field {about 0 Oe in our case) is
reached. At this poiat the remanent magnetization
is seen to switch back to a value close to its initial
value. This remarkably simple behaviour can be
parametrized by the width AH of the hysteresis cycle
and the position of the centre of the cycle for either
the quenched or annealed CuMny., in figure 2.

It appears that the only effect of quenching is a
broadening of the tail of the cycle. It should be noted
however that the initial sharp drop of magnetization
occurs at the same field A, and that neither the rever-
sible susceptibility nor the value of the remanent

magnetization have changed in any significant manner -

in both states of the alloy {9].

2.3 CuMn,, Au, systeM. — We have studied the
hysteresis of CuMn. Au, with concentrations of
x=3%,1%,03%,0.1%,0.03% and 0.01 ;. When
comparing the results of the lowest Au concentration
alloys in the as quenched condition and the annealed
condition the same qualitative difference appeared
in the hysteresis loops when measured as for the
CuMn,., discussed above. That is why we will only
present the results of the annealed alloys.

Figure 3 represents the ensemble of magnetization
curves measured at 1.45 K along the first branch of
the hysteresis cycle for these alloys. As will be made
clear, the effect of Au impurities on CuMn o, is very
specific depending upon which property is investigat-
ed : this effect is very apparent on what we loosely
term dynamical magnetic properties, and to the
congrary it is not measurable from the static or quasi-
static magnetic properties, In order to describe these
effects in a systematic way, we first present the pro-
periies that are apparently unmodified by the pre-
sence of Au and then those that do.depend on the
presence of Au impurities.

ed in figure 2 for CuMn, s, As explained in the text, the time cons-
tants associated with the reversal increase with Au concentration
from ~ 1 s for the more dilute to over hours for the most concen-
trated.

a) Unmodified quantities, — The examination of
figure 3 and table I reveals that within + 10 9 (which
is the accuracy attributed to the experimental proce-
dure [10]) neither the remanent magnetization o,
nor the reversible susceptibility y are affected by the
presence of gold in the concentration range 0.01 %-
3 % at 1.45 K. In order to check more precisely this
fact, on CuMn,,, and CuMn ., Au ., , We have compat-
ed with much more care the temperature and time
dependence of the saturated thermoremanent magne-
tization ¢ {7, log f) on one hand, and the hysteresis
cycle in large flelds on the other hand. As shown on
figure 4 at 7= 148 K and 7 = 42 K we do not

T TTTT] T T 7T
32
: * Cu-Mny,
-8, o Cu-MngrAug
L Qe
30 s 148K
— a - —
a
%
=28 W,
Ei == N =
Sioka -
@
9 sa Hc=34k09
— [ /=]
o Qa
5 9 ’n. T
8, 4LZK
b+l
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Cl..
Lt rienl [N
1 10 100
time {rin)

Fig. 4. — Time dependence of the satured thermoremanent magne-
tization at 4.2 K and 148 K of CuMn,s; (solid circles) and
CuMn,s;Auys; (open squares). The sample is cooled from
T>T,~ 10Kdownto T(1.48 K or 4.2 K) under a field of 34 kQCe.
The saturated thermoremanent magnetization is obtained by remov-
ing the field. The origin of time is taken when the field reaches zero.
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Table 1.
CuMn, CuMn,» Au, CuMun, A, CuMn, P, CuMny; Ag
x 0 0.01 0.03 0,06 0.l 0.i3 9.3 i 3% 1% 29 3o 30 ppm {00 ppm 300 ppm 0.5
7, (emw g} %) 160 2590 251 8.2 8.5 %4 270 36 6.7 s 3 .ISAS 26 144 308 189
27107 F emuwrg) 1) 233 2.84 2,79 .39 195 2.99 277 L .80 3.00 94 1.9 1.90 17z 189
.08 17 - 170 (=256 - 382 - 529 -2 ~1843 - — —_ - 281 - 0 - 312 - 411 — 479 - 38i + 20 -0
A, (back} 10e) (Y =3+ HY 16 Q210 -80 230 — - _ = — =12 %317 -84 -GL0-20r0 ~16+70 — -3+
i K=to H,
| tergmale Cart!) n | g w7 2 436 - = = 13 178 W 170 182 130 £ 0 n

{*) Remanent magnetizationat 7 = 1.45 + 0.15 after cooling in 18 kG.

(") Reversible susceptibility d:M/d A around zero field.

{*) Reversal fteld for the first step in the magnetization hysteresis (see text) and fgures 3, 6a, 65.

{*) Back raversal fleld observed on the negative branch of the hysteresis cycie of the remanent magnetization, The + sign enclose the
range of fleld over which the major part of the magnetization switch back to the positive (originai) branch of the hysteresis cycie. This part
af the cycle is present in figure 2 buz has been systematically dropped (for sake of claricy} in Sgures 3, 8a, 6b.

(") Anisotropy energy in erg/mole. [n order to express this in erg/om?®

detect to within £ 0.3 % any sizeable difference either
on the value of o, {taken at | min. after removing the
field), or on the further time dependence of o, during
the first hour at these two temperatures.

We have also checked that the first magnetization
curve M{H) (after cooling in zero field) at 1.45 K is
identical for CuMn,.. and CuMn,. Au,. to within
+ | %. In the same way the magnetization W(H)
measured in decreasing fields from 20 £Ce down to
zero 18 identical for both alioys also within + 1 2.

b) Effects of Au impurities. — The main point
is the following : the effect of Au impurities in
CuMn . is a very large increase of the reversal fleld
H. with Au concentration at a rate of

6200 + 400 G/%, at. Au

as is shown in figlire 5 where the field H, defined by
the initial drop of magnetizaticn in figure 3 is plotted
versus Au concentration.

Furthermore. the effect of increasing the concen-
tration of Au is observed to considerabiy lengthen
the time constant of the magnetization reversal. This
property gives rise to some experimental difficuities.
As we pointed out previously [2], the order of magni-
tude of the time constant of the magnetization jumps
is | s or less for the CuMn, system (¢ < 2°)).

For the lowest concentrations of gold (x < 0.06 %),
we are able to detect the occurrence of the jump,
because it is sufficiently rapid to induce a sizeable
flux variation in our detection coil. For these samples,
as soon as such a flux variation i detected, we keep
the magnetic ficld A, constant and we measure the
magnetization of the sampie with time. We observe
that AMf(H,) after this initial rapid drop continues to
decrease with time much faster than the well-known
logarithmic time variation of the isothermal and
thermeremanent magnetizations. '

For higher gold concentration {x = 0.1 %), we
could not observe any rapid magnetization drop. In
order to still be abie to detect such a slow reversal of
magnetization, we tested the logarithmic time decay

‘of magnetization for different negative fields. For

: % the figure by 0,14,

a given negative fleld, we notice that the magnetiza-
tion decreases much faster than the time variation
expected. We take this as a criterion for the beginning
of a slow reversal of magnetization. For example,
we observed that the remanent part of the magnetiza-
tion of CuMn,.. Ay 5. is half inverted in 200 min.
During the same time, the logarithmic time variation
of the isothermal and thermoremanent magnetiza-
tion is of the order of a couple percent.

{i-*&;)_ i T T T__
1000k | T=1.45K ]
Pt -
¢ Au ~
a) B
-500 /" -
y .
A S
[ N S S B B
0 1%y
Hr _; f i i i
{ Q) iCu Mn!.faAux B
!
L n
.IL -
' 500l -
|
r

Cu Mn1,!°Alx__
T2145K |

0 3 : !
0 1 Z 3% X

Fig. 5. -~ H, versus x tor Pt, Au. Al, at 1.45 K. A, is the negative
field where we observe an initial drop of magnetization {Figs. 3.
6a, 6b). On figure 3a we represent the effect of Al by a dashed line
extrapolated from result of |, 2 and 3 % Al See the corresponding
cycles in figure ba.
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For the highest gold concentrations (0.3 %, 1 ¥,
3 %), the time constants of a possible reversal of
magnetization become of the order of the time cons-
tants involved in the ordinary time dependence of the
isothermal and remanent magnetization. So it becomes
experimentally impossible to determine any reversal
of magnetization. In this case it is possible to measure
a so called classical remanent magnetization hysteresis
cycle {7] as in AuFe [3]. We did not find at 1.45 K any
notable difference between the remanence cycles of
CuMn,., Auy,, and CuMn s, Aty

When a magnetlzatlon reversal is observed, it is
possible to-study the dynamics of this reversai with
time. It is seen to obey a complex behaviour initially
with a time dependence characterized by a logarithmic
law {during a time (200 s to [ 000 s) the longer the
lower the Au concentration) and then in a second
regime following the rapid change the evolution more
closely follows ant exponential behaviour with a large
time constant. So, a leng time after the beginning of
the reversal of magnetization, it is difficult to dis-
tinguish this dynamical feature from the ordinary
time variations of the ‘isothermal and remanent
magnetization.

The third point we want to emphasize is that, for
the alloys where we could detect a reversal of magneti-
zation, when coming back along the second {lower)
branch of the hysteresis cycle (not represented on
figure 3) there is a tendency to switch back in the
same region of field near zero field (see table I H,
(back)). This field depends on the amplitude of the
previous excursion made in negative fields (we have
not studied this in detail however). We conclude that
both the width AH and the displacement fleld H,
of - the cycle have the same linear Au concentration
dependence as H,.

In good agreement with our earlier findings, we
found for CuMn,., Aug o, at 1.45 K and 2.17 K
that the product o (T) H (T) is temperature indepen-
dent and that the switch back of the magnetization
occurs for both temperatures at H ~ 0. That reflects
that for our alloy o, AH is a constant and that the
width of the cycle increases as the remanent magneti-
zation decreases.

2.4 CuMny, I, systems (I = Ag, Al Pt). — We
have studied the hysteresm of CuMnin Ao sy
CuMny, Al, (x=1 %, 2 %, 3 %), CuMnWPt
(x = 47 + 3ppm, 100 + 3 ppm, 300 ppm). Figures 6a
and 6b represent the hysteresis results obtained at
1.45 K, for these as quenched samples.

We find that the properties just described above for
CuMn,., Au, are also qualitatively found for these
systems. In particular the distinction between unmo-
dified properties and alloy dependent properties still
holds. As evident from figures 6a and 6h, the value
of the reversible magnetization siope and of the
remanent magnetization is independent of Ag, Al
or Pt in the range of concentration used. However
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Fig. 6. — Hysteresis cycles in low field for as quenched CuMn, o Al,
{Fig. 6a) and CuMun,sPt, (Fig. 65). The remanent magnetization

- is prepared in the same way as described in figure 2. The time cons-

tant associated with the reversal increases with the non magnetic
impurity concentration as for figure 3. The dotted lines correspond
tox = 0% and 0.3 % Az for sake of comparison.

the increase of the reversal field M| is observed to be
very specific to the impurity present. In particular
the effect on H, of Ag impurities is, if it exists, very
small and we only can infer a maximum value for the
rate of increase of the reversal field by Ag (Table I).

The enhancement of H, with increasing Al and Pt
concentrations is represented on figures 5a and 5b.
In figure 5a for comparison we indicate the extrapolat-
ed (dashed line) linear dependence of H. on x for
CuMn,,, Al In ﬁgure 3b the extrapotation from the
CuMnWAu data is shown. The difference in the
slope AH,/Ax is more than 2 orders of magnitude
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when comparing the effects of Al and Pt impurities.
We shall discuss below the significance of such a
difference.

2.5 OTHER SYSTEMS. — As we noticed, addition of
Ag mmpurities in CuMn .. did not bring a sizeable
effect on the value of the reversal field. The hysteresis
cycle of a single cristal of AgMny,, {Fig. yat 1.6 K
exhibits a behaviour similar to that of CuMny,.. We
can compare the remanent magnetization o, and the
reversible susceptibility y from the avaﬂable data for
CuMn,., at 1.45 K and AgMn,.. at 1.6 K; but we
know {1 l] that o, and x are functions of the reduced

_temperatures T,Tg {where T, is the temperature of
the maximum of the susceptibility), and as the values
of T, differ for these samples (~ 5 K for AsgMn,..,
~ lO K for CuMn,..) the reduced temperatures
T/T, also differ (~ 0. i4 for CuMny.,, ~ 0.32 for
Aanl, ). We noticed before that H, was temperature
dependent but that the product o, A, was neariy
independent on the temperature. So rather than
comparing the reversal flelds for CuMn,. and
AgMn,. | it is more relevant to compare the product
o. H, per mole :

o A (AgMnp ) = 390 + 50 erg/mole Ag
o H. (CuMny.,) = 280 + 30 erg/mole Cu .

[na prehmmary eXperiment, we measured a AgMn .,
sample obtained by melting the constituents for a few
hours in an alumina crucible in an electric furnace.
We could not detect any reversal of magnetization.
The CuMn alloys prepared in the same manner and
studied by Tournier [8] also did not exhibit any rever-
sal of magnetization. We know [3] that such a metallus-
gical preparanon introduces in the samples some

impurities. iron in particular. We believe that the
I T 1 ; i ] i I
30 - M

(1073emulg)

| Ag-Mn, B

0
30~ T=z1.6R

B H (Ce) 7
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Fig. 7. — Hysteresis cycle in low fields of AgMn .. single crystal
at 1.6 K. The remanent magnetization is prepared in the same way
as described in figure 2. The time constant invelved in the magneti-
zation reversal is of the order of seconds.
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presence of some ppm of these iron impurities are
responsible of the.disappearance of any detectable
reversal of magnetization.

3. Discussion. — In order to discuss our resuits
in terms of an amsotropy field and anisotropy energy
of the CuMn spin glass phase, we first briefly recall
how these quantities are introduced at an eiementary
level in the discussion of the magnetostatic properties
of a single, isolated magnetlc particle. This is presented
in far greater detail in the classical work of Stoner
and Wolhfarth (12}, Néel [13] and subsequently
M. F. Brown [14] who used this analysis to iaterpret
the hysteresis properties of hard magnetic materials.
For a homogeneously magnetized spherical particle
of moment M, possessing an uniaxial anisotropy
energy K (of unspecified origin) in the presence of an
external fleld A applied parallel to the anisotropy
axis. the magnetic energy £ is only a function of the
magnetization angie § with respect to the field (and
anisetropy) axis |

E=Ksin*9 — MHcos @ .

The stability condition dE/d8 = 0 gives the equili-
brium positions 8,, = 0, 7. The metastability condi-
tion

' 42E
ez |,

3
<

=q

gives the range of field over which both equilibrium
points are locally stable. Defining the anisotropy
field 4, by K = 1/2 MH, leads to :

- H, <H< + H,.

In this picture the hysteresis cycle is thus a square
of height 2 M and of width AH = 2 H,, centred at
H = 0. We have shown in ref, [2] how this model
can be applied for CuMn in the spin glass phase for
describing the effect of a number of variables such as
the magnetization amplitude. the field direction (in
presence of a transverse field), the Mn concentration,
the temperature and the sample preparation. The
major conclusion was that whereas a hard ferro-
magnetic materal can be considered as the juxtaposi-
tion of a wide distribution of such magnetic particles
at a microscopic level (with generally poorly specified
interactions) it appeared that the spin glass phase of
CuMn had the properties of a single magnetic parti-
cle over a macroscopic sample. Furthermore, it was
shown that the demagnetizing field was two orders
of magnitude smaller than the anisotropy field, thus
justifying the absence of domains or shape effects
in our analysis. As we wish to extend this work to
the present situation. a difficulty arises for the ana-
lysis of the hysteresis cycles ahOWn in figure 3 for a
concentration of Au above 0.1 % where the cycle can
no longer be considersd as a sunple square. Indeed,
as explained in the experimental section. only the
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first instability can be well defined, but the associated
magnetization reversal amplitude corresponds to a
smaller and smaller fraction of the remanent magneti-
zation as the Au concentration increases and the
time constants involved become very long. Of course
a natural way of defining the anisotropy energy
would consist of taking it equal to 1/8 of the area of
the hysteresis cycle, whatever its shape. We have not
done this as this would take into account that part
of the hysteresis cycle in large negative field where
we think the magnetization proceeds with IRM type
processes rather than by large scale remanent magne-
tization reversal. However there is at present no clear
criterion to distinguish between these two mecha-
nisms When their effect become comparable. Instead,
we have retained as a single characteristic parameter
the reversal field H, at which the first instability
occurs, i.¢. assuming explicitly that ali the magnetiza-
tion should be reversed when waiting a long enough
time at H.. With this very important restriction we
can proceed to evaluate the anisotropy energy for
each Au concentration. Taking into account the
observed fact that all cycles seem to close (when
coming back towards positive value of field) near
H = 0, we define K experimentaily by

K = :}: g'l' Hi' .
From the linear increase of H, with Au concentration

we can define the specific anisotropy energy per unit
of Au concentration for CuMzn,., ; we find :

AK 4 3
T [Auj=(3.5£0.5).10* ergs/cm” for CuMn; ;.
The displacement field at the centre of the hysteresis
loop being approximately 1/2 H, the corresponding
elastic energy is found to be

AK,

(Ax ) [Au] =

= (1.75 £ 0.5).10* ergs/em’ for CuMn, «,
Table IL

Mn (*) Ag

AH,JAx Oc/% (%) 170 < 60
AK{Ax erg/%,/mole Cu (%) 70 < 44
AZ(%) ’ 4 0
Aalax (A7) (%) 3.6 x 1072 56 x 1073
&y (cm?) (%) 1.07 x 10°1#8 < 1078

() Specific reversal field increment AH /Ax per % added impurity in CuMu, o,
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where the increased relative error allows for the fact
that the centre of the cycle is often ill defined.

‘We remark as a conclusion of this analysis that in
order to be able to define a specific anisotropy energy
for an impurity as is done above we implicitly suppose
that the anisotropy fields present in the CuMn, ..
are simply additive so that :

K (alloy) = K (CuMn) + K (Au}
with obvious notations. Such a simpie relation will
have to be present in any theoretical model dealing
with this situation. The effect of other impurities (Al
Ag, Pt), although less documented than our Au measu-
rements, again allows us to define an anisotropy field
and an anisotropy energy using the same criterion
as discussed for Au. The ensemble of our results
appears in table TI where we have calculated the
anisotropy energy increment per % added impurity
in CuMn,., measured at 1.45 K, together with the
hysteresis cycle width increment also per % added
impurity in CuMn,o, at 1.45 K. The last line is the
conduction electron spin flip scattering cross section
measured from the spin resonance width increment
studies of Cu containing these impurities. A special
attention should be given in table II to the presence
of Mn as an added impurity in Cu-Mn, +,. The reason
is that we believe that the residual anisotropy measur-
ed in CuMn has its origin in the properties of the Mn
ion itself. However as it was shown [2} that the scaling
of the elastic energy Kp,, and probably X, as well,
varies as the square of the Mn concentration, care
should be exercized with the use of this number pre-
sented here for CuMn, o,. This procedure enables one
to compare the residual anisotropy in different Mn
alloys. The results for AgMn,., and PdMny ;-
(measured by Guy et al. [5]) are presented on table 1.
It is striking to note that the order of magnitude of X,
is the same (within a factor of 2) for CuMn and AgMn.
The main conclusions to be drawn from table II
concern the physical origin of the anisotropy in
CuMn. As was shown as early as 1957 by Owen.
Browne, Arp and Kip [15] from E.S.R. measurements

Al Au : Pt
117 £ 10 6200 + 400 34 000 + 13000
60 + 6 2760 + 400 15300 + 4 000
+2 0 -1
26 x 1077 56 % 1073 36 x 1073
5.5 % 1071 (12 £ 0.3).107"7 4+ 1.107"

measured at 1.45 K.

(*) Specific anisotropy energy increment AK/Ax = % o, (AH,/Ax) per mole of alloy.

(*) Tmpurity valence difference with Cu.
(") Lattice parameter increment Aa/Ax {from Ref, {16]).

(*y Conduction electron spin flip cross section o, for these different impurities.
(*} Mn is presented assuming Mn in CuMn, ., is involved through it's own spin orbit potential.
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Table III. — Comparison of the anisotropy energies
per mole of alloys for 3 systems : CuMn s, AgMn, 5
(our work), and PdMn {Ref. [51).

CuMn, ., AgMng., PdMa,_y.;
K=1igs H,
{erg/mole alloy) +7 147 4 13 < 50
Measursment tempe-
rature 145 K 186K 42K

of a single crystal of CuMn 3.6 at. ), the antsotropy
at 4.2 K is not linked to the crystal direction but only
to the {field induced) remanent magnetization direc-
tion. This fact was enough to dismiss the single Mn
ion anisotropy as a possible mechanism. In the same
line of reasoning it is thus not surprising in our present
experiment, to see that the impurity valence difference
with Cu, which 18 + 2 for Al, — ! for Pt and zero
for Ag and Au do not play any significant role in the
observed trends for the anisotropy increment as it
might have done if the single ion crystalline field was
at stake. The origin of anisotropy might also have been
attributed to a size effect i.e. the deformation of the
lattice, due to the different radii of the non magnetic
atoms introduced in Cu [16]. This would also play
a role in the presence of cold working. But we notice
that the incremental change of the lattice parameter
is identical for Au and Ag, and lower for Pt and Al
(Table II). We thus can safely reject this mechanism
for the origin of the anisotropy.

Quite differently we want to establish from the
data presented in table II that the prasence of a strong
- impurity induced anisotropy is governed by the square
of the spin orbit potential of the impurity. This is best
proven by the reasonable correlation shown on
figure § between the specific anisotropy energy and

T T 3

AK (erg/mole Cu)
Pi’_L

AKX (%)

Ag U’Sf(cmz)

10 | L |
10-‘;9 10—18 10-17 10-16

Fig. 8. — Incremental acisoiropy energy versus conduction elec-
tron spin flip cross section for Ag, Al Mn. Auand Pt. AK = o H,
(CuMn,o.1.3 ~ t o H {CuMn . pure). o, is the conduction elec-
tron spin flip ¢ross section for these different impurities in Cu [17,

19]. Mn is presented assuming Mn in CqMﬁl - 1 involved
throuvh it's own spin orbit potential.
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the conduction clectron spin flip ¢ross section which
varies as the square of the spin orbit splitting of the p
{or d) level on the impurity. The cross sections have
been measured from the increase in conduction elec-
tron spin resonance width with increasing impurity
concentration, either following the method described
by Asik ez al. [L7] or by Gossard et a/. [13] on dilute
magnetic alloys of CuMn in the paramagnetic regime.
In ref. [19] a summary of these results is given.
Although the data presented on figure 8 are admittedly
scarce and imprecise because of our lack of precision
in the evaluation of K through the product ¢, A,
or because of the poor quality of the E.S.R. data
vielding the spin flip cross sectien of some impurities
{Pt, Al, Ag), we think that this gives enough evidence
for the spin orbit mechanism as being the physical
origin of the macroscopic anisotropy in CuMn and
probably in other spin glasses. It accounts in a simple
way for the variation over two orders of magnitude
of the anisotropy induced by Al or Pt.

In a different context D. A. Smith and indepen-
dently Levy and Fert [20] present a microscopic
derivation of the impurity induced anisotropy of
two Mn spins interacting via-an isotropic Ruderman
Kittel type exchange. He shows that the presence
of a non magnetic impurity with a spin orbit
potential gives rise to an anisotropy of the spin-spin
interactions of the' Dzyaloshinski Moriya (21, 22}
type. OF course the link between this mechanism and
the - macroscopic anisotropy fleld associated with
the remanent magnetization remains to be made.
However we feel that this mechanism is intrinsically
relevant to account for our observations. There
exists some further experimental evidence of the
impurity induced anisotropy mechanism via the
spin orbit mechanism : the simplest one is the lack
of observations {in ref. [3] cn CuMn,.-. and our measu-
rement on AgMn,-) of any magnetization reversal.
see section 2. 3. Our interpretazion is that the presence
of Fe (in the 10 ppm range) in the alloy is such that the
very large spin orbit scattering rate of Fe [23] becomes
effective at broadening the hysteresis cycles beyond
the field range where the magnetic nstabilities are
readily observed. However no quantitative measure-
ment of the effect of Fe has been done at present.
The second very important and much better docu-
mented evidence comes from the analysis of the spin
resonance in the spin glass state of CuMn,.; ar4.2 K
reported by Okuda and Date (24] when addmc a
number of impurities (Al, Za, Ti, Ni, Fe, Ce, Pd) in
CuMn. These authors found that the spin resonance of
CuMn, »: containing each of these impurities is shifted
with respect to the bare alloy by an amount which
varies linearly with the added impurity concentration.
Furthermore the rate of increase of this shift per °
impurity ig specific to each impurity and varies from
zero for Al to 6.6 x 107 G/ for Co in more or
less the same way as does the spin flip cross section.
This observation must be linked to the new inter-
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pretation of this shift [25] as being due to the aniso-
tropy field of the alloy rather than an antiferromagne-
tic resonance as originally proposed by Owen et al. [15].
The consequence of this is that the incremental shift
of the spin resonance by an added impurity in the
spin glass can serve as a direct measure of the aniso-
tropy. The quantitative comparison between these
two methods is at present lacking but the order of
magnitude agreement is very favourable.

As a conclusion we think that we have demonstrated
the role of spin orbit scattering in determining the
magnitude of the macroscopic anisotropy field in the
spin glass phase. This fact offers a satisfactory expla-
nation to the otherwise not understood difference in
hysteresis behaviour of CuMn and AuFe (see Fig. 1).
A natural question is to what extend this elementary
mechanism is also operative in concentrated magne-
tic materials. Concerning the physics of the spin glass
phase, the possible role of the anisotropy in determin-
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ing the appearance of the susceptibility cusp remains
to be established. Finally it should be emphasized that
the independence of the remanent magnetization on
added impurity concentration strongly suggests that
this magnetization is an intrinsic property of the spin
glass phase.
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CHAPITRE VII

IMPURETES MAGNETIQUES INTERAGISSANTES DANS L'ETAT NORMAL
D'UN SUPRACONDUCTEUR - CORRELATION ENTRE LEUR AIMANTATION
ET LES VARIATIONS DE HCZ

1 - L'effet des impuretés magnétiques dilufes dans une matrice supra-

conductrice sur.la valeur de la température critique T. a &té 1'objet de

nombreuses &tudes théoriques et expérimentales.

Trés t6t, deux cas considérés comme simples ont suscité

1'intarét

. 1 ‘o . \ - -
- Abrikosov et Gorkov( ) (1960) ont traité@ le probléme d'impuret&s magné-
tiques supposées sans interaction. Le résultat bien connu (une décrois-—
sance monotone de T, quand on augmente la concentration ¢ d'impuretés) a

&té vérifid expérimentalement dans de nombreux systémes.

- Quand les impuretds présentent un caractére Kondo, Muller-Hartmann et
Zittartz<2) (1971) ont prédit un effet réentrant dans la dépendance en c
de T.. Ce comportement a été observé dans LE%EQCE' Nous avons également
étudiéd cet aspect & l'aide d'un mod&le de spin effectif dépendant de la

(3)

température

2 - La valeur du champ critique H_ est Bgalement affectée par la présence

d'impuretés magnétiques. Crow, Guertin et Parks (1967) ont été les premiers

i observer, dans la dépendance de HCZ(T) du systéme Ei3EEGd’ l'effet réen-~
trant prédit par De Gennes et Sarma (1966). Divers auteurs ont esgayé de
construire des mod&les gorrélant la décroissance du champ critique avec
1'aimantation M des impuret@s. Bennemann (1969) notamment a donné ume

expression simple de cette corrélation :




He,(T,e=0) - Ho,(T,c) » MLHCZ(T,c),TJ

et déduit des résultats expérimentaux de Crow et al un ordre magnétique

hélicoidal des impuret&s de gadolinium diludes dans LaBIn.

Cependant, aucun test expérimental direct de mesure d'aimanta-
tion n'avait été@ effectué. C'est pourquoi nous avons repris 1'étude du
systéme 23313 Gd pour diverses concentratioms ¢ de gadolinium en mesu-
rant 3 la fois la variation du champ critique HCZ(T,C) et l'aimaﬁtation

M des impuretés dans 1'&tat normal.

Nous demontrons que cette aimantation ob&it aux lois d'échelles

M HT . - . -
P f(EuEJ significatives du caractére verre de spins du systéme (en

contradiction avec les dé&ductions de Bennemann).

Nous vérifions le résultat essentiel de Bennemann en exprimant

nos valeurs expérimentales dams une loi de décroissance du champ critique

Ho(T,c=0) =~ H.(T,c)
[

= + f(M[HC(E)sTsc])

Nous exposons ces résultats dans la publication suivante ("Interactions
of impurities in the normal state of a superconductor and the correlation
of their magnetization with the variation of ch”) présentée au Congrids

de Magnétisme de Moscou (1973).
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INTERACTIONS OF IMPURITIES IN THE HORMAL STATE OF A SUPERCONDUC-
TOR, AND THE CORRELATION OF THEIR MAGNETIZATION WITH THE VARIA-
TIONS OF Hea

Jod. Préjean and J, Souletie

Cantre da Racherches sur les Trés Basses Tempdraturaes, Greaoblia,
FRARCE.,

Intraduction = Crow et a1, {1) were the first to obsarve in
Lag in Gdz tha non monatic variations of the second critical field
ch(T}, vi. tamperdature, that 02 Gannas and Sarma {2) had pravicusly
pradictad. Much [n tha same line several avthors {3} (4} correlated
the decrease of the critical field with the magnatization
H(HcZ(T)' T) of the impurities at the corresponding field and tempe-
rature, For azample BEnnemann cave an expression i ch(c.Y,H « 0) =
Hop(e,T, MY # Jg‘}ug"M, Mo H{H_,,T), which contains anly one para-
meter : the magnetization, : :

tn the following, we first give seme details about the prepara=
tion of samples of L“J-x in de and desceribe the experimental methed
of measurement of their magnstization. The resulis, shown in the se-
cond part, sbey scaling laws typicai of a magnette glass of dmpuri-
ties interacting through the RKKY (Rudermann-Kittel-Kasuya-Yoshida)
fnteractions {1/r ). In the third part, we show that the decrease of
tha critical fi214 may fndeed be corretated with the magnetization
of the impuritiss and we devalop a very ¢ruda model able to account
for the main features of the observed effect,

[ - Experimertal details

The samples of L“J-x in de. for different concentrations (G, 1,
1.5, 2, 2.5 at %), were prepared by melting the constiiuants under
vacuum $n a h.f., furnace, tHat easures an energetic mixing, and hen-
ce a good nomogenaeity (5). The ingots were poured from the melt inte
a watar coolnd copper mould and stocked in liquid nitrogen to avoid
their oxydation and to minimize the szgregation, Tha starting mate=-
rials and the ingots wera cut in kerosene by the arg erosion techni=
que, to avoid any pollution in the alloys.
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The magnetization, at temperatures from 0,5K to 50K, in fields
from 0 to 50XQe, was measured by the extraction method (6),

[1 - Magnetization results
Impurity magnetization - The magnetization curves of the matrix (fig,
1) batween its critical field HCZD(T) and 50K0e, for temperat;ras
from 3,5K to 30K can all be superimposed in a diagram M=f (7737?1).
We suppose that this phencmenological law is aiso able to describe
the matrix contribution te the magnetization in alloys containing Gd,
where the critical field HCZ(T) is lower than HCZO(T)‘

In the following, the contribution of the impurities wilil be ta-
ken ta be Myn T Mttoy Mmatrixe

On fig. 2, we reprasent H1m /e vs Hic for different Gd concentra-
tien (1, 1.5, 2, 2.3 at %), Such reduced diagrams 4re caracteristic
of magnetic glasses where the interactions betwaen impurities aras o0s-
ciilating and decreasing like r"3 {RKKY}, This result noticiabiy dijf~
fars from tha axpectation of Bennemann who concluded from magnetiza-

tion curves {which ne dadyced from the HCZ(T) varfations and his
theory) to the presente of helicoTdal ordering,

We notice & systematic shift in the reducad diagrams toward hi-
gher values of ths magnetization for increasing concentrations. We
knew (7} that giant moments exist for c>3 at %, Such shifts can easfi-
ly be acceoupted by scme enhancement of the matrix magnetization, The
effective moment deduced from susceptibility measurements s a 1§t~
tle bit higher than the one given by the magnetization saturation.
The latter corresponds t¢ tha theoretical value of 7”8'

Critical fiald - The critical field ch(T) s well defined by
the paint wihere there is a discontinuity in slope of the isothermal
magnetization curve, both in fncreasing and in decrsasing fields,
This discontinuity is more easily recognized with the help of the re-
duced diagrams {(fig. 2) which give an 1dea of the curvature of the
normal state magnetization at ch(T}' We gbserve the general effacts
already described by frow et al, (nen menotonous temperature depen-
dance of the critical field). However our HCZ(T) values are larger
for squivalent concentration. This must be traced to the fact that
Crow et al, defined ch(T} as the value of the externally applied
field for which the sample resistance R was ; the normal state resis-
tance Rn ; they iIndicate that the breadth of the transition {defined
13 &H « H(Rfﬂn . 0,9} " H(R/Rn N O.]))was approximately 5 to 10 % of
the applied field,
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11! - Dependanca of the H (T) value on the magnetization of the
impurities -
We have represaented {fig. 4 ) the difference batween the matrix
upper ¢ritical fieid chc(T) and the alloy critical fiald ch(T) as a
function of the magnetization M(HCZ(T)’ T), in a diagram

ﬂczcil%fﬁczill a f{H/c). We verify an essential result of Benneman
‘the variations of the critical field depend only on the magnetiza~
tion, When the value of the magnetization 1s not too near the satu-
ration value, we have approximately ﬁch(T) < A+ 8 i (H ).

[ 3 c

Microscepic modeliby a very crude mode? we are able to account
for the main features of this result, Impurities break pairs : one
alectron of each pair is used to screen the tapurity, the other elac-
tron 4g0es to thae cenduction band, The latter {s free to combine to¢
form ather pair if the impurity spins.are random {paramagnatic or an-
tiferromagnetic giass). On the other hand, if the impurity spins are
aligned in the axternat field, al) unpaired clectrons are similarly
polarized and they cannot combine with ong another. Then we have two

sair breaking coefficiants and a,,, the second being more effi-
S

a3
~cient than {he former., We undeﬁitand that, fuor & certain range of
cancantratiuns, the low tempesrature state, where the spins are ali-
gned tn a hign critical figld, may be lass faveurzble to supsrconduc-
tivity than a higher temperature state, whers the impuritiss are in

a paramagna%ic state. This would explein the ch(r) maximum, At hi-
gher Gd comcentrations, the critical Field is much lewer and so the
internal random magneiic field dominates, Then the low temperature
state again favours superconductivity, and the maximum vanishes,

from the above, we would write

ch(T) = Hc?O(T) "y, c(M/Msat) - A c{l - M/Hsat}

This would account foy the straight Tine [fig, ) with

e 57.4K0e/ ¥ L 22,4K0e/ %

Tha ratio uﬂ,luﬁ is appoximately 2 which is what we could expact
from the above model : either ¢ or 2¢ electrons dre respectively
abstracted from the superconducting state,

Conclusion « We have shown experimentaly that the upper critica}
fieid decrease, due to magnetic impurities, was a function of the
impurity magnetization, A very simple model can account for the sy-
perconductivity destruction phencmena, The kind of magnetic order
which is observed in the ngrmal state of those alloys belongs to the
type known as “magnetic glass", with a parasitic effect, probably
due to a slight enhancement of the matrix.
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CCNCLUSTICHN

Nous pouvons conclure, 3 partir des résultats expérimentaux
que nous avons présent&s, quelques points fondamentaux caractérisant

les verres de spins métalliques :

T.a relaxation des aimantation et énergies associées, 3 T < Tg’
révéle la présernce de larges distributions des temps de relaxation et
des niveaux d'énergie du systéme. On ﬁeut traduire ces propriété&s en
terme de barridres de potentiel largement distribudes séparant des ni=

veaux différents en énergie.

La corrélation temps—temp8rature de ces relaxations indiquent
que le franchissement de ces barridres de potentiel est gouverng par des
processus d'activation thermiques. Dans une large gamme de tempE&rature
T < Tg et de champs, il est possible d'exprimer les résultats expérimen—
taux en fonction d'une variable unique TLn-%i, ol T_ semble constant

. P Py . ¢ o -11
dans la limite de précision de la détermination exp@rimentale (v 10 s

dans CuMm, ~ 1077° s dans AuFe).

Nous avons pu déterminer des lois d'échelle générales en tenant
compte du libre parcours moyen Electronique dans la dépendance en concen-
tration des températures caractéristiques et d'une éventuelle tendance
au ferromagndtisme & haute concentration pour les entités magnétiques

entrant en jeu dans la construction des aimantations.

Nous avons pu lever 1'ambiguité concernant la question des
cycles d'hystérésis dépendant du systéme et en déduire le rBle dominant
de 1'interaction RKKY dans le processus de construction et de relaxation

de 1'aimantation.

11 reste A résoudre encore un certain nombre de problémes

toujours obscurs aujourd'hui :
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1 - Nous n'dvons pas montré s'il existait ou non une transition de phase

d T,. Nous avons simplement &mis une hypothdse pouvant réconcilier les

- - . t
résultats contradictoires obtenus d'une part en temps longs (en TLn Efa

et d'autre part en temps courts (Tg ne dépendant pas ou peu de la

fréquence),

2 - x Nous n'avons rien dit sur l'origine de T, et seulement &valué sa

valeur dans une gamme &tendue en température et champ.

% Par ailleurs, des mesures préliminaires de relaxation de 1'aimanta-

tion thermor&manente obtenue i partir de faibles champs (50 0Oe)

semblent montrer que la valeur de T, 4 Tg/4 est supérieure de plu-

sieurs ordres de grandeur i celle détermin@e précademment

(v 10_6 8 au lieu de 10_11 s). La connaigsance précise des lois de

relaxation dans ce cas peut apporter des remseignements intéressants

sur une &ventuelle distribution de T,- Les problémes
sont alors trés complexes : définition rigoureuse de

thermique et magnétique, précision dans la mesure de

expérimentaux
1'histoire

relaxation

d'aimantation (l'aimantation est tr&s faible et la relaxation trés

lente 3 bas champs), écrantage de tout champ parasite stec.

* La dépendance en concentration de T_ ne peut Btre déterminde qu'en

réalisant des mesures sur de larges gammes de concentration, l'esti-

mation de la valeur de T_ &tant pratiquement impossible & mieux

qu'un facteur 10 prés.

3 - Des mesures soigneuses en haut champ peuvent permettra
l'effet du champ sur les entités magnétiques (modification

éventuelle des corré&lations).

Nous nous scmmes attachés &galement 4 déterminer
de susceptibilit& alternmative & T v 50 wK en présence d'un
ou par 1'étude de petits cycles de Rayleigh en haut champ)
additionnelle M (H) (= X, B en bas champ). La connaissance

bution est intZressarte pour nous renseigner sur les formes

de préciser

et destruction

{par une méthode
champ statique

la contribution
de cette contri-

des distribu-

tions P(W) et P(g) que 1'on pourrait extraire des courbes M(H) - MQ(H).
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Malheureusement, nous n'avons pu obtenir des précisions suffisantes pour

conclure valablement sur la dépendance en champ de M (H).

4 - Les mesures de relaxation d'énergie associée & la présence d'une
aimantation rémanente, les mesures de d&gagement d'Energie dans les
sauts d'aimantation (cycle d'hysté&résis du CuMn par exemple), sont es-
sentielles pour la compréhension des phénoménes thermiques : avalanche
d'origine thermique ou non dans les sauts d'aimantation, gquestion du
contrdle de la stabilitd de température dans 1'ensemble de 1'&chantillon
lors de la relaxation d'aimantation, apport dans la détermination de
P(w) et P(g). C'est 3 ce travail que s'est particuliérement attaché

J. 0din qui posséde unme instrumentation 3 la fols tr@s souple et d'une

précision remarquable.
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APPENDICEH

APPAREIL DE MESURES D'AIMANTATIONS MAGNETIQUES
DANS DES CHAMPS DE O A 80 kOe
ET A DES TEMPERATURES DE 50 mK A 150 K

Les mesures de relaxation d'aimantation dans les verres de spin
nécessitent l'utilisation d'un appareil 3 la fois susceptible de détecter
de trés faibles variations d'aimantation et dans lequel la stabilité ther-
miqﬁe de 1'échantillon soitr suffisante pour mne pas introduire d'incerti-
tude dans 1'étude de 1'&volution temporelle de 1l'aimantation & température

constante.

Nous nous sommes largement inspiré de 1'appareil de mesures
d'aimantations de B. Tissier et dont la conception a &té largement détail-
lée dans sa thdése. Aussi, nous nous contenterons d'un bref rappel du

principe des mesures.
Notre apport essentiel a été la modification du calorimétre
employé usuellement au laboratoire dans ce type de techmique afin

d’optimiser la stabilitd& thermique de 1'&chantillon.

I — PRINCIPE DE LA MESURE

Le porte-échantillon, le sel paramagnétique (dont la désaiman-
tation est utilis&e pour obtenir les trés basses températures), les fils
de chauffage, les thermomdtres sont placés dans une cellule scellée
plongée dans le bain d'h&lium. Cette cellule se déplace le long de 1'axe
du champ magnétique produit par une bobine supraconductrice constituée
de 22000 spires en Nb-Ti et pouvant créer un champ de 80 kOe homogéne a

10 3 prés sur une longueur de & cm.
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Le déplacement de 1'échantillon dans un champ constant, entre
deux enroulements bobing&s en sens inverse et connectds en série, crée
une variation de flux %% dans ces enroulements., La tension recueillie
aux borpes est amplifiée par un amplificateur galvanométrique (gain 104)
et int@grée par un voltmétre numérique int@grateur. Le signal intégré
au cours d'une extraction de 1'échantillon du centre de 1'un des enrou-
lements au centre du second est alors directement proportionmnel i 1'ai-
mantation de 1'&chantillon. L'&talonnage se fait par mesure du signal
produit par 1'aimantation d’un systéme bien connu (nous avons choisi
le platine et 1'or). Nous pouvons détecter des variations d'aimantation

‘de 1'ordre de 8.10_5 uem.

II -~ CALORIMETRE ET PORTE-ECHANTILLON

Les températures comprises entre 1.4 K et 4.2 K sont obtenues
par pompage sur le bain d'h&lium. La thermalisation de 1'&chantillon
s'effectue en introduisant une faible pression d'hélium gazeux dans la

cellule de mesure,

Les températures inférieures 34 1.4 K et supérieures 3 supé-
rieures 4 4.2 ¥ sont obtenues respectivement par désaimantation adiaba-
tique d'un sel paramagnétique et par chauffage de 1'échantillon, la

cellule &tant sous vide de 10“6 Torr.
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Le sel paramagnétique (FeNHa(Soa)z, 12H20) est cristallisé
sur un support constitud d'une grille de cuivre constituée de fils de
0,4 mm de diamétre dont une extr@mité est soud@e sur une pidce de cuivre
taraudée sur laquelle vient se visser le porte-&chantillon. Le sel se
présente sous la forme d'un cylindre de 20 mm de diamétre et de 100 mm

de long.

Ce sel est scelld dans un container en araldite, ce qui permet

- un pompage & chaud du calorimetre sans danger de dégradation du sel.

Le porte—&chantillon est constitu& de 50 fils de cuivre de
0,4 mm de diam&tre (fig. 1). Ces fils sont usiné&s pour avolr une forme
semi-cylindrique, ils sont assemblés et collés au moyen d'une résine
époxy, pour former un tube dont les diamétres intérieur et extérieur sont
de 7 mm et 8,4 mm. Ce tube est fendu suivant une génératrice, et les fils
de cuivre sont soudés i une extrdmité sur unme vis de cuivre qui permet
de fixer le porte-&chantillon sur la source froide et qui assure le

contact thermique (voir figure 1).

L'échantillon est placé dans ce tube porte-&chantillien. Sa
surface cylindrique est en contact thermique avec les fils de cuivre,
et un tube de nylon placé autour du tube porte-&chantillon assure un
bon contact thermique entre les fils de cuivre et 1l'échantilion, par

différence de contraction & basse température.

Un tube en kapton graphite suspend l'ensemble sel et
porte—échantillon i 1l'intérieur de la cellule et assure ainsi leur
isolement thermique par rapport au bain d'hélium (en 1'absence de gaz

d’échange) .

Les apports parasites de chaleur sont essentiellement dus :
- aux radiations provenant du haut du tube de pompage du calorimétre

et qui se trouve & la température ambiante,

1
w.

la conduction thermique des fils de mesure des résistances nécessaires

[l

la mesure des températures,

i
-

ia qualité de 1'isolation thermique du support de 1'ensemble sel-

porte—échantillon.
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Pour pallier & ces difficultés, .nous avons, en profitant de
diverses expériences au laboratoire, congu un ncuveau type de cellule
de mesure donnant enti@re satisfaction et comportant :

(1) Un pidge 4 radiation (figure 2) dont les principales caractéristiques
gont .

a) d'une seule pidce, il est plongé dans le bain d'hélium et
les fils de mesure y sont coll&s sur une grande longueur : on a d ce
niveau une thermalisation parfaite avec le bain d'hélium (contrairement
i l'ancien systdme ou le pidge n'était que vissé a 1'enceinte) ;

b) le pidge est revétu & l'intérieur d'une peinture au graphite
et a une disposition permettant une absorption maximale des radiatioms
(ancien systéme : pas de peinture, larges fentes et chemin trés court
pour les radiations).

(i1) Une suspension du sel paramagnétique depuis le pi&ge, réalis& avec
un tube de 0,5 mm d'épaisseur en Kapton graphité bien moims conducteur
que l'ancien systé@me avec tube de nylen.

(iii) Enfin, fermeture de l'enceinte avec un joint silast@me (plastique
durcissant & 1l'air) : nous n'avons jamais eu de fuite. D'un maniement
trds facile, cette technique &vite de chauffer comme dans la technique
de soudure au métal de wood avec les risques que cela comporte (cassage

des fils, stc J..).

Compte tenu des pertes en hélium et de la capacité limit&e du
vase en hélium, nous maintenons la température en dessous de 30 mK pen-—

dant 2h15, en dessous de 100 mK pendant 3b1s,

Ce dispésitif a aussi 1'avantage de permettre, pendant 2 heures
aprés 1'établissement d'une température T > 4.2 K, une parfaite stabilité
en température (mé@me en 1'absence de régulation) compte tenu du remar-
quable isolement thermique de la cellule et de la grande capacité

calorifique de 1l'ensemble sel-porte &chantillom.

Cette stabilité est d'autant plus recherchée que mnos mesures
de variations en temps des aimantations rémanentes sont tré&s sensibles

3 des variations de temp@rature de l'ordre du % sur 2 heures.
p
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Les températures sont mesurées au moyen de résistances de
carbone placées a4 30 cm de l'é&chantillon. Ces résistances sont collées
au moyen d'une résine &poxy (Stycast) dans un cylindre de cuivre pur
qui est maintenu en contact thermique avec les fils de cuivre de la

méme manidre que 1'Bchantillon.

Les tempdratures inférieures i 1.6 K sont mesurées i 1l'aide
d'une résidtance carbone 220 @ (Speer) amincie (&paisseur 1 mm) et
placde dans unme protection en cuivre. La diffusivité thermique est ainsi

augment&e, les contacts thermiqueées améliorés.

La mesure de la pression de vapeur saturante de 1'hélium &
1'aide de manom&tres i mercure ou d huile permet d'indiquer la tempéra-
ture entre 1.6 K et 4.2 K lorsque 1'ensemble sel-&chantillon est mis

en contact thermique avec le bain au moyen de gaz d'échange.

Les températures sup&rieures 4 4.2 K sont obtenues par chauf-
fage de 1l'ensemble sel-échantillon. Ces températures sont régulées i
1'aide d'une résistance de 220 @, 1/2 W (Speer) et mesurées avec une
diode AsGa préalablement &talonnée,
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