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INTRODUCTION

De nombreux systémes magnétiques désordonnés présentent & basse
température un état verre de spin dans lequel les moments magnétiques sont

i~

gelés dans des directions aléatoires,sans ordre & longue distance. Il est
bien admis que le désordre et la frustration sont 3 l'origine de 1'état
verre de spin,mais il n'existe pas encore de définition universellement

acceptée du verre de spim.

Le comportement verre de spin,qui zu début avait &té identifié
dans les alliages métalliques dilués, a &té observé sur un nombre considé-
rable d'autres matériaux (isolants,semiconducteurs,amorphes,...). Les pro=
priétés observées dans cesdifférentes gsystémes ne sont toutefois pas tou-
jours identiques et la mature du passage de la phase paramagnétique &
1'état verre de spin (gel progressif de clusters ou transition au sens
thermodinamique vers une phase de type nouveau ?7) reste controversée.Bien
qua certains systémes présentent les caractéristiques d'une "transition"
(CuMn,AlGd..) il est important de souligner les differences entre cette

"transition" et un gel d'amas magnétiques.

Notre travail porte sur 1'é8tude de deux aspects du passage 3

1'état verre de spin :

A) Etude d'un systéme isolant antiferromagnétique (frustration topologique):
ZnCrZXGaZ_sz4 dans lequel la substitution d'atomes magnétiques dans le
sous~régeau octah@drique du spinelle par des atomes non magnétiques dé-

truit 1'ordre & longue distance et fait apparaitre un &tat verre de spin.

B) Etude d'un systéme d'amas ferromagnétiques,qui présente un comportement
qualitativement identique & celul du verre de spin,pour mettre en &viden-—
ce les différences entre le blocage de 1l'aimantation de petites particu-
les (§ < 80 R) de fer distribufes dans une matrice d'slumine amorphe,et

latransition' verre de spin.




A - Comportement verre de spin dans le systéme octahédrique ZnCr2 GaZ—ng&—:

Un réseau antiferromagnétique frustré

L'évidence expé&rimentale d'un comportement verre de spin dans les
matériaux isolants a amené 3 revoir la théorie sur l'origine du comporte=

ment verre de spin et 3 révéler le rSle dominant joué par la frustration.

Dans les alliages métalliques le comportement verre de spin avait
-~ -~.l - 4 » -
Eté associé & l'existence d'un desordre structural,du'aﬁa répartition aléa-

toire des moments magnétiques et au caract@re oscillant de l'interaction 3

( longue distance RKKY.

On sait toutefois que le désordre dans la distribution de spins

joue un rdle important, mais qu'il ne représente pas une condition indispen

e i

sable pour avolr un verre de spln comme le démontre 1'éyidence expérimenta-
i

le d'un comportement verre de spln dans quelques systemes cristallins non

e T R e

dilués magnet1quement {ex, EuSO 1SeO 9)

(¥ o i

On sait aussi que 1'interaction RKKY i longue distance ne représen
te pas la seule fagon de produilre des liaisons frustrées. Dans les isolants,
ol les interactions sont & courte portée, la frustration est due, soit A la
compétition entre interactions ferromagnétiques et antiferromagnétiques, soit

d la topologie des spins lorsque les interactions sont antiferromagnétiques.

L'étude du comportement verre de spin dans les systémes isolants
avec interactions compétitives a suscité beaucoup d'intérét (le cas le plus
connu est EuXSr XS) et a montré l'existence de nombreuses analogies avec les

1
verres de spin métalliques.

Par contre on comnait bien moins le comportement verre de spin dans

les systémes avec interacticns antiferromagnétiques, dans lesquels la frustra



tion est inhérente au réseau méme ou 3 la position des spins sur le réseau.

Parmi les réseaux frustrés susceptibles d'un comportement verre
de spin du fait du degré de dégénérescence &levé de 1l'état fondamental, Vil
lain a proposé le sous~réseau octah@drique du spinelle avec des interactions
antiferromagnétiques entre premiers voisins. Il a prevu que l'introduction
d'un nombre suffisant d'impuretés non magnétiques devrait réduire la dégéné
rescence de 1l'&tat fondamental de ce ré8seau en stabilisant une structure

verre de spin (Z.Phys.B33,31,1979),

Pour effectuer une vérification expérimentale de ce modé&le nous

< . - + P
avons choisi le systéme spinelle ZnCr O4 {les ions Cr3 ,remplacés par

Ga
34 2x T 2-2x
les ions Ga” ,occupent les sites octahédriques) dans lequel les interactions
sont exclusivement antiferromagnétiques et ol les interactions dominantes

sont entre premiers voisins.

L'étude complédte du diagramme de phase,réalisée par diffarentes
techniques (susceptibilité& A champs faibles,en champ continu et en champ al-
ternatif,diffraction des neutrons,spectroscopie Mossbauer) a mis en &vidence
1l'exigtence d'un comportement verre de spin dans le domaine de concentration

0.402 =x 50.85,

Au chapitre T nous décrivons la problématique de la percolation sé&-
lective dans le sous-reseau tétrah&drique (A) et le sous-réseau octahédri-
que (B) du spinelle et nous présentons nos calculs du seuil de percolation

pour le sous-reseau B.

Au chapitre II nous décrivons la méthode de préparation de 1la

serie d'échantillons ZnCr leur caractérisation aux rayons
e

Ga 0
2x 7 2-2x74
X ef nous présentons une &tude des propriétés glectroniques realisés




par spectroscopie XPS et Mdssbauer.

i

Au chapitre III nous présentons 1'dtude des propriétés magné-

tiques du systéme ZnCrZXGaz_2X04.

B - Etude des propriétés magnétiques de films de grains de fer dispersés

dans de 1'alumine amcrphe (Fe~A1203)

La nature du passage de la phase paramagnétique de haute tempé-
rature a 1'état verre de spin est une question encore controverséde. Deux
descriptions sont utilisées qui s'appliquent A des situations expérimen-

tales extrBmes :

1) Un gel progressif, se produisant sur un large intervalle de tempéra-
ture, processus activé thermiquement., Cette description, inspirée de
ia théorie de Néel sur les grains fins, consiste en un moddle de blo-
cage d'amas superparamagnétiques, ou modiéle de systémes & deux
niveaux,

2) Une transition au sens thermodynamique vers une phase de type nou-
veau, se produisant & une température bien définie et éventuellement

accompagnée de phénoménes critiques.

La premiédre description rend bien compte des propriétés de
rémanence mais non du caractére aigl du pic de sﬁsceptibilité ; en
outre, la variation de Ty avec la fréquence dans les alliages métalli-
ques est trop petite pour Etre attribuée a un processus activé thermi-

quement avec des paramétres raisonnables .

La deuxiéme description (inspirée de la théorie du champ moyen)
est en accord avec le caractére aigil du pic de susceptibilité et avec
les récentes évidences expérimentales sur le comportement singulier de
la partie non linéaire de 1'aimantation statique M{H) au point de tran—
sition. La transition serait caractérisée par des exposants et lignes
critiques (en réalité, différents de ceux de la théorie de champ moyen).

Cette description ne peut pas rendre compte des



effets@ynamiques,comme la variation de T_. avec la fréquence et elle de-

f

vrait donner une singularité@ de chaleur spécifique & Tf.

Certaines systémes (les alliages métalliques dilués) présentent
les propriétés d'un gel collectif,qui incitent & décrire le passage para
magnétisme > verre de spin comme une transition de phase : falble dépen-

dence de Tf avec la fréquence (comme observé dans Ag-Mn,Cu-Mn,Au-Fe), di-

vergence de la susceptibilité non lin&aire lorsqu'on s'approche de Tf(avec
des exposants critiques différentes de ceux de la théorie du champ moyen)

(ngMh,gngn,Gd37Al63 amorphe,...).

D'autres syst&mes par contre présentent des propriétés qui sont
plutdt attribuables & un gel progressif de clusters comme la variation bea-

coup plus importante de T,. avec la fréguence : {La XGdX)Alz,certains alu-

f l-
minosilicates et EuXSrl_XS od 1'effet de la fréquence dépend de la concen—
tration. Dans ces systémes la variation de Tf avec la fréquence,v v 1/1 |

pour un interval &troit de fréquences et pour les faibles concentrations,

. . E -
tend vers une loi d'Arrhenius T = T, exp <Y } , prévue pour un blocage

T
de clusters superparamagnétiques, processus activé thermiquement. Bn géné-
ral, une loi de Fulcher T = T,/exp E/kB(Tf—TD)7 représente mieux la réali-
té,et suggére une divergence de temps de relaxations pour une temperature

Ts # 0.

Beaucoup d'Etudes,sourtout récemment, ont &té effectuées pour ré-
soudre ce probleme et pour dé&finir la nature du passage vers la phase verre
de spin. En méme temps on s'est apergu qu'il &tait nécessaire de mieux con-
naitre les proprietés de systémes superparamagnétiques afin de préciser les
différences entre superparamagnétisme et verre de spin. En effet, il a peu
d'études systematiques de la susceptibilité et des effets du temps sur les
proprietés magnetiques de petites particules et en particulier des effets

dlinteraction entre particules.

Dans ce cadre, nous avons pensé qu'il serait tr&s intéressant
d'étudier, en parall@&le avec les &tudes actuelles sur la transition verre

de spin dans le systémes of elle peut exister,un systdme constitué deg vrais

grains fins, pour suivre 1'8volution de son comportement lorsgue les inte-—
o A T T ey




ractions entre grains augmentent. C'est pourquoi nous avons étudid les
propriet&s de materiaux constitués de petites particules de fer.(¢ < B8O R)
dispersées dans une matrice amorphe et isolante,et en particulier la va-
riation de la température de blocage avec la fréquence de mesure et la
variation thermique des termes non lineaires de l'aimantation au voisina-
ge de <TB>, Certaines propriétés observées sur des &chantillons de concen-
trations différentes en fer sont qualitativement semblables i celles d'un
verre de spin. La dependence de <TB>, identifiée par un pic aigu de la su-
sceptibilité en alternatif,tend vers une loi d'Arrhenius aux faibles con-
centrations, mais est mieux représentée par une loi de Fulcher

T~ To exp E?EE:T:T & plus forte concentration. La variation trés rapi-

de de TB pour une faible augmentation de 1la concentration de particules

r & %‘4&‘
suggdre l'importance de 1'interaction (dipolaire) entre particules sur la

! e i ’
valeur de TB et 1'existence de T,. i S,

M%*
R RE AT

Par contre,en ce qui concerne la variation thermique de la su-
sceptibilité non linéaire,au lieu d'une divergence en loi de puissance
des termes en HJ et HO lorsqu'on s'approche de T¢ comme dans certains
verres de spin, on a observé une augmentation logarithmique puis une
saturation des termes non linéaires lorsque T décroit et s'approche de
<Tp>. Cette augmentation logarithmique disparait si 1l'on tient compte de

la variation thermique de la susceptibilité linéaire X, dans un dévelop-
S "

pement en fonction de x Hs (XDH)3, (Xcﬁ)j,.... dont les coefficients sont
indépendants de T. ' e SR

Au chapitre I nous décrivons la préparation des matériaux et

leur caractérisation,.

Au chapitre II nous présentons l'étude des propriétés

magnétiques.
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CHAPITRE 1

I.1 - PERCOLATION SELECTIVE DANS LES RESEAUX "A" ET "B" DU SPINELLE

Structure d'un spinelle

Les spinelles sont des composés dont la formule chimique

4 . P S
générale est : (P I (o & N
i
AN P
{5
MNoRy e

M étant un métal divalent (ex. Zn, Cd, Co, Fe, ete), N un métal triva-
lent (Al, Ga, In, Cr, Fe, etc), X étant un anion divalent qui peut
étre, soit 1'oxygene, soit le souffre, soit le sélénium. Cette formule
correspond aux spinelles les plus communs, appelés spinelles 2, 3,
mais des ions avec des états d'oxydation différents (+1, +4, +3) peu-

vent dgalement exister dans la structure spinelle.

Le spinelle a 1la structure cubique faces centrées
(groupe spatial Fd3m). Cette structure peut Etre vue comme un arrange-
ment d'anions X avec interstices tétrahédriques (sites A) et octahé-
driques (sites B) occupés par leé ions métalliques (Fig. 1). La maille
élémentaire de la structure contient en tout 64 sites tétrahédriques,
dont 8 occupés ; 32 sites octahédriques dont 16 occupés et 32 anions

(en tout 8 groupements du type MN,X,}.

La grande variété des propriétés magnétiques des spinelles
‘est 1ide & la flexibilité de ce réseau du point de vue de la réparti-
tion des ions métalliques entre les deux types de sites, qui est fonc~
tion de la nature chimique des métaux concernés. On distingue alors
sur la base de la répartition entre les sites les spinelles normaux
(les sites A sont occupés par des ioms métalliques divalents, M2+, et

les sites B par des ions métalliques trivalents N3+ ( on utilise la




notation MENé]XAen mettant entre crochets les sites octahédriques) et
les spinelles inverses (les sites A sont occupés par des ions N3+ et
les sites B sont occupés par moitié par des ions M2t et par moitié par
des ions N3* : N[MN1X4. On constate aussi des distributioms intermé-
diaires, correspondant a une inversion partielle de la structure et un

mélange de deux types d'ions sur les deux sites : M1wax[h2—xMx]X4'

Les interactions magnétiques qui peuvent s'établir dans le
réseau sont de trois types : A-A, B-B et A-B. Dans un spinelle partiel-

3+

. ! 2+ oot
lement inverse avec des ions M~ et N” magnétiques, on peut donc

avolr toutes les interactions magnétiques possibles entre les ions ma-

gnétiques qui occupent les sites A corme les sites B.

Afin d'analyser les interactions magnétiques qui s'établis-
sent entre deux ions magnétiques de méme nature occupant le m@me site,
il est trés utile d'étudier d'abord les spinelles normaux (dans les-
quels chaque type de site est occupé par un seul type d'ion métallique)
dans lequel un type d'ion est magnétique et 1'autre non magnétique.
Dans ce cas, on peut étudier séparément les interactions A-A et les
interactions B~B. L'étude de la dilutiom selective par un ion non ma-

gnétique

Sous—réseau A

Les sites A forment deux réseaux cubiques & faces centrées
imbriqués de telle facon que chaque site du premier réseau est en-
tourd de 4 sites du second réseau situédsaux sommets d'un tétrahédre.
Les interactions A-A s'établissent, soit par échange direct, soit par
1'intermédiaire de 1'anion (A-X..., X-A), soit par 1'intermédiaire

d'un ion non magnétique dans les sites B (A-X-B-X-A).



-9 bis‘--=

Figure 1 @ Perspective de la structure spinelle ., On a reprégsent8 un site B

octaddrique , un site A tétra@drique et la structure cubique

formée par les sites B et les anions .

O sites ttraddriques (A)
o  sites octaédriques (B)

, 2-
o anions X
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Les spinelles normaux avec des ions magnédtiques seulement

dans les sites A donnent lieu & un ordre antiferromagnétique (1).

Dans le sous—réseau A, il n'y a pas d'interactions compéti-
tives et donc, dans ce cas de dilution sélective, on peut s'attendre
3 une réduction graduelle de la température d'ordre jusqu'au seuil
de percolation (pc = 0.429 * 0.003 (2) ou 0.428 + 0.013 (3) en consi-
dérant les 4 premiers voisins) au-dessous duquel un ordre magnétique
ne peut pas exister. Nous avons. trouvé unm bon accord entre ce seuil
de percolation et la concentration critique pour 1l'ordre antiferroma-
gnétique, déterminé pour le systéme Co, Zny_xRh 0y (CoRhZO& : Ty = 25 K)
(xC = 0.42) (3-6). Dans ce systéme les sites octahédriques sont occupés
par l'ion Rh3+, non magnétique, et les gsites tétrahédriques par 1'ion

magnétique Co2t dilué par le znlt,

Sous-réseau B

Les gites B forment des tétrahédres qui sont reliés entre eux
par un sommet (fig. 2). Chaque site B a 6 premiers voising (dont 1la dis-
tance est "av2/4"), 12 seconds voisins (dont la distance est "a/6/4"),
12 troisiémes voisins (dont la distance est "av2/2'") qui sont de deux
types : 6 écrantés magnétiquement, parce qu'ils sont situés derridre
les six premiers voisins, et six non écrantés) ; 12 quatriémes voisius.
Les interactions d'ordre de 2 4 4 ont été considérées dans la littéra-
ture comme équivalentes en premiére approximation, d&s que les distan-
ces ne sont pas trés différentes et que le mécanisme de super—échange
est le méme {soit B-X ... X-B, soit par l'intermédiaire de 1'ion non

magnétique dans le site A, c'est-a-dire B-X-A-X-B) (7).

Les spinelles normaux avec des ions magnétiques seulement
dans les sites B donnent lieu A des structures magnétiques assez com—

pliquées, soit ferromagnétiques, soit antiferromagnétiques (8).



Figure 2a: Réseau du site B et des anions .

on a représenté les tétraBdres

formds par les six premiers voisins .

Figure 2b
Py premiers voisins (6) P,
Py troisiémes voisins (6) P}
non &crantés
P& quatridmes voisins (12)

(1]
triganal axis «

e site octaédrique {B)

O oxygéne
QO  site tétraédrique {A)

: Réseau du site B ; différents types de voisins &loignés ge P
o

(12)

deuxiZmes volsinsg

trolsiémes voisins é&crantés (6)




A notre connaissance, les études de dilution sélective dans
le réseau B (c'est-a~dire le réseau A étant non dilué et occupé par un
ion non magnétique) ont été effectudes seulement dans le cas de spi-
nelles de chrome (AchXZZ=2XX4’ ot Z est un ion trivalent non magnéti-

que) .

L'ion Cr3+(d3) a une préférence élevée pour le site octahé-
drique, par effet de la stabilisation par le champ cristallin de la
configuration tgg (état fondamental 3A2g) en symétrie octahdédrique.
L'interaction magnétique entre deux ions Cr3+ voisins s'établie par

plusieurs mécanismes compétitifs :

a) 1l'échange direct, di au recouvrement partiel des orbitales des ions
Cr3+, qui est antiferromagnétique,

b) la contribution de super~échange par 1'intermédiaire de 1'anion X
(1'angle de la chaine B-X~B est voisin de 90°, la valeur théori-
que}, qui est ferromagnétique,

c) les interactions par super-échange entre voisins plus éloignés, via
les anions X et les cations A, que 1l'cn ne peut considérer comme
équivalentes qu'en premiére approximation, ont une trésultante anti-

ferromagnétique généralement faible.

Le signe de 1'interaction résultante dépendra des valeurs absolues des
. -~ a rd rd . +
différents effets, Dans les spinelles oxygénées, les ions Cr3 sont
' 1 = LI -
proches 1'unm de 1'autre (ex. ZnCr204, dCr—Cr 2.95 A) et 1'interac
tion prépondérante est 1'échange direct. La résultante est une inter—

action antiferromagnétique trés forte.

Dans les spinelles souffrés et séléniés, la distance entre

254> dopocy = 3-53 A 5 CdCr,Se,,

Q
dCr—Cr = 3.80 A et l'interaction résultante est ferromagnétique.

les iomns Cr3+ augmente (ex. ZnCr

Néanmoins, pour certains composés, cette résultante peut &tre faible
en valeur absolue et conduire & une structure magnétique hélicoidale
(par exemple ZnCrzsa).

On n'a donc, pour les spinelles de chrome oxygénéds, seulement

-des interactions antiferromagnétiques, tandis que dans les spinelles sul-



furés et séléniéds, il v a compétition entre les interactions ferro-
magnétiques (premiers voisins) et les interactions antiferromagnétiques
(seconds voisins) et 1'effet de frustration pourra jouer : dans les sys-—
temes ZnCr2X1n2_2X84 et CdCr2X1n2_2X84 (ZnCr254 est un systéme antifer—
romagnétique, Ty = 18 X, CdCr,S, est un systéme ferromagnétique,

T, = 84.5 K), l'ordre magnétique est détruit rapidement avec la dilu-
tion et disparait pour une concentration (x, = 0.80-0.85) beaucoup

plus élevée que le seuil de percolatiom poﬁr les six premiers voisins

(pe = 0.386:0.009 (9), p, = 0.390%0.03 (2} en donnant lieu a4 une phase
verre de spin (10-15).

Pour le systéme oxygéné InCry. Ga, , 0, (ZnCrzoa est un sys—

i

téme antiferromagnétique, Ty = 13 K), dont 1'étude représente le sujet de

L

these, nous avons trouvé également une disparition de 1'ordre antifer-

romagnétique a une concentration (x, = 0.85) bien plus élevée que le
seuil de percolation et 1'apparition d'une phase verre de spin (16-21).
Dans ce cas, ol toutes les interactions sont antiferromagnétiques, la
frustration responsable de la phase verre de spin a une origine topo-
logique. L'état fondamental du sous-réseau B avec des interactions anti-
ferromagnétiques premiers voisins (en nédgligeant les interactions de
seconds voisins beaucoup plus faibles) a une dégénérescence trés élevée,
L'introduction dans le rdseau d'une certaine quantité d'impuretés non
magnétiques réduit cette dégénérescence et stabilise une phase verre

de spin, comme prévu par Villain (23} .

Dans le cas de dilution dans les deux sous~réseaux ou il faut
considérer les interactioms A-B particulidrement fortes et les inter-
actions A-A et B-B en méme temps, une phase spin glass (ou semi spin
glass) a été prévue théoriquement (1,23). Dans ce cas aussi, la rupture
de 1'ordre magnétique n'est pas un simple effet de percolation, mais

un effet de frustration d0 & la compétition entre les différentes inter-

cette
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actions magnétiques, destabilisant 1'ordre longue distance.

Récemment, et pendant notre étude de ZnCrszaz_zxoa, d'autres
systémes i structure spinelle ont été étudiéds : un comportement semi-
spin glass a été trouvé pour le spinelle Co,Ti0,, dans lequel les ions

4+

non magnétiques Ti"*" occupent les B sites, tandis que les ions magné-

2+

tiques Co occupent les sites B restants et les sites A (24).

Dans le systéme mixte Fez(1_v)Mg;+yTiyO4, ott les ions Tit*
occupent seulement les sites B, tandis que les ions Mg2+ et les ions

3+ occupent les deux sites A et B, une rupture de 1'ordre

magnétiques Fe
magnétique 4 longue distance a été trouvée pour une dilution (y. = 0.4)
(25-28) plus faible que le seuil de percolation calculd dans ce cas,

en considérant seulement les interactions A—B (yo = 0.68) (2). La frus-
tration due aux interactions compétitives A-A et B-B déstabilise 1'or—
dre 4 longue distance produit par les interactions A-B fortes et

une phase verre de spin a été prévue pour un certain intervalle de

concentration (2).

Un comportement verre de spin a également été trouvé aussi dans le sys—

t éme CuyCrYSnz_ysa dans lequel les ions Cu* sont sur les sites A et

les ions Snt* et cr3*  gur les sites B (29).
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I.2 - CALCUL DU SEUIL DE PERCOLATION POUR LE SOUS-RESEAU B DU SPINELLE

Dans l'article suivant ( Solid State Commun.32,831,1979), nous

avons calculé la probabilité critique de percolation pour le sous-reseau

octahédrique du spinelle en fonction des différentes nombre de voisins

(premiers voisins,premiers + second voisins,etec

.

Les calculs ont &té effectués par la methode de simulation

Monte-Carle. L'algorithme utilisg consiste en une simulation directe

de la nucleation des diff@rentes clusters en fonction de la probabilité

d'occupation du site octah@drique (p). On a considéré un réseau consti-

tué par 11000 sites et on a effectud 50 ité@rations au maximum.

Dans le tableau 1 de l'article on présente les valeurs des

probabilités critiques obtenues en fonction des interactions considérées

entre voisins. La wvaleur obtenue en considérant seulement les interactions

entre les premiers voisins (pC = 0.401£0.012) est en accord avec des résul

= 0.390 £ 0.003),effectués

tats plus récentes de simulation Monte Carlo (pC

sur un réseau plus grand et avec un nombre plus élevéd d'interactions

(F.Scholl et K.Binder,Z.Phys.B 39,239,1980). De plus,nos résultats pour un

nombre plus élevé d'interactions(allant jusqu'aux troisilmes et quatridmes

voisins) sont en accord avec l'expression asymptotique lim p-z

Do

= 2.7 donnée

par la méthode de développement en série de la dimension moyenne du clu-

ster (C.Domb and N.W.Dalton,Proc.Phys.Soc.89,859,1969).

Récemment, nous avons effectué de nouveaux calculs (non encore pu-—

bli&s) sur un nombre de sites plus'élévé (54000) et nous avons trouvd en

considerant les interactions entre premiers voisins une valeur tré&s proche

de celle trouvée par Scholl et Binder, qui ont fait les calculs sur les

mémes nombres de sites,mais limitds aux 6 premiers voisins (pc= 0.390+0.C03).

{Tab. A)
TAB A
Type de voisins Nombre total de voilsins
1° 6
1° + 2° 18
1° + 2° + 3° 30
1% 4+ 2° + 3° + 4° 42

0.386
0.130
0.084
0.060

*

i+

0.009
0.004
0.600
0.004
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The critical probability for the cationic B-sublattice in spinels has been

calculated by the Monte
of the atomic octahedral sites.

1. INTRODUCTION

THE SITE PERCOLATION MODEL [1] has been
applied to the interpretation of some properties of mag-
netically dilute systems, such as the occurrence of a
critical concentration for the long-range order [2—4].In
such a model the atoms are distributed randomly over the
sites in an infinite space lattice, with a fixed and indepen-
dent probability of occupation p at each site.

Atoms adjacent to each other or linked together by a
sequence of adjacent occupied atom sites belong to the
same cluster. The quantities of interest in this problem
are the disiribution of cluster sizes as a function of p
(probability of occupation) and, more particularly, the
critical probability p, at which the clusters tend to
merge together in an infinite array.

Different methods had been devised in order 10
solve the percolation problem; some of them are
based on the use of the Monte Carlo technique (5, 6],
others on the series of expansion formalism [7].

The application of the percolation madel to the
study of magnetically dilute spinels is a matter of
recent interest [8] and in our group experimental
evidence of a critical probability for the long-range
magnetic order in the tetrahedral, 4, sublattice of
spinels was found (91.

This paper presents the results of 2 Monte Carlo
simulation of the percolative process in the octahedral,
B, sublattice of spinels.

2. EXPERIMENTAL

Two algorithms have been proposed to simulate a
percolative process.

(2) The simulation of the growth of the largest
cluster in a chosen sub<crystal (i.e. portion of the

g31

Caro technique as a function of the connectivity

crystal taken into account in the calculation) as a func-
tion of p {5].

(b) The direct simulatjon of the nucleation of all the
clusters in the sub-crystal as a function of p [6,10].

The second method was applied, following [6],
because of its better properties of convergence and
precision in the determination of p,. The “modified”
second moment of the cluster size distribution has
been taken as an indicator of the behaviour of the
percolation process:

- fee) e

7i = size of the ith cluster,

where the summation index runs over all the clusters
present in the lattice at a given value of p [6]. A
typical behaviour of uf as a function of p is given in
Fig. 1. The p. is given by the abscissa of the inflection
point of the curve. The present calculations are per-
formed using a sub-crystal containing 11664 sites and
applying boundary conditions.

3. RESULTS AND DISCUSSIONS

The critical probabilities p, are reporied in Table 1
as a function of the number of shell neighbours con-
sidered (i.e. connectivity). The expected behaviour (7)
of p, vs the increasing number of neighbours is clearly
shown.

The critical probability for the case in which only
the first neighbours are considered (1 = 6) is different
from the reported value of the critical probability for
the simpie cubic lattice, in which the number of first
neighbours is the same (p, = 0.307 [7];p. = 0310 #
0.004 [11])-
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Table 1
Type of Total number No. of M.C. Ps MSD
neighbours of neighbours iterations ~ I
Ist 6 50 0.401 0.012
1st + 2nd 18 23 0.133 0.010
1st + 2nd + 3rd 30 25 0.089 0.004
1st + 2nd + 3rd + 4th 42 23 0.067 0.003
1O~ were considered, a different value was found for p, of
the B-sublattice (p, = 0.33). Strong doubts arise from
an examination of the above quoted results because the
same paper gives a p, value (p, = 0.33) for the 4-
sublattice, which is very different from all the previous
s ) results obtained for the same lattice (p, = 0.436 £ 0.012
e [5], p. =0.425 [7], p. = 0.428 £ 0.004 [11]) and
from our experimental value {9].
A new set of calcalation will be performed in the
near future increasing the number of sites considered by
a factor of five. In parallel a magnetic study will be
o E performed in order to obtain experimental evidence for
0 P, P

(]

Fig. 1. A typical behaviour of x5 as a function of p.

The present result underlines the importance of the
topology rather than connectivity in determining the
critical probability when a low number of neighbours is
taken into account (i.e. only the first shell of neigh-
bours).

Therefore the B-sublattice behaves as a lattice of
lower connectivity with respect to the simple cubic
fattice (i.e. higher p,).

The critical probability found for the B-sublattice,
when first and second neighbours are taken into account,
{p, = 0.133 £ 0.010} is very close to the value obtained
for the simple cubic lattice (p, = 0.137 [7]) for the
same number of total neighbours (n == 18). This fact
confirms that the detailed structure in a given
dimension becomes increasingly less important with
increase in the number of neighbours,

In a previous work [8], where only first neighbours

the long-range order in the B-sublattice of the spinel.
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CHAPITRE ITX

PREPARATION, CARACTERISATION ET ETUDE DES PROPRIETES ELECTRONIQUES DU
SYSTEME ZuCro.Gay_ o0, PAR SPECTROSCOPIE XPS ET MOSSBAUER

Dans l'article suivant (Solid State Commung. 39 (1981) 381),
nous décrivons la méthode de préparation du systéme ZnCro,Gag.9,0, et
nous présentons les résultats d'une étude des propriétés électroniques

effectuées par spectroscopie XPS et MSssbauer.

Préparation et caractérisation des échantillons

Les solutions solides ZnCrZXGa2_2X04 en poudre ont été pré-
parées (a Rome, I.T.S.E., Area della Ricerca, C.N.R.) & partir d'un
mélange d'oxydes : Zn0(99,99 %), Cr,04(99,999 7) et G3203(99,9997 Z).
Cn a effectué un recuit préliminaire & T = 800°C pour 24 heures. Les
poudres ont ensuite été broyées a 1200°C pour 48 heures, Le refroidis-

» 2

sement a température ambiante a été lent (12 heures).

La diffraction aux rayons X a montré qu'il existe une misci-
bilité compléte entre ZnCr204 et ZnGa,0, pour toutes les valeurs de x
et que tous les échantillons sont constitués d'une seule phase spinelle

dont le groupe d'espace est Fd3m,

La variation des parameétres de maille avec la composition x
est négligeable (voir tableau N.1 de l'article). En considérant aussi
que les deux spinelles de départ sont normaux et qu'il n'y a pas de
changement de répartition des atomes entre les deux sites avec la com-
position x, on peut s'attendre & ce que la substitution entre le chrome
et le gallium ne dérermine par d'effet de distorsion de site (les
rayons loniques du\Cr3+, r = 0.63 A et du Ga3+, r = 0.62 ﬁ, sont pres-—

que égaux) .




Etude XPS et Mossbauer

Les études XPS et MOssbauer ont été faites pour vérifier 1'ef-
fet de substitution par le gallium sur les propriétés électroniques du

chrome.

Les paramétres XPS ("binding energy', énergie de séparation
shake-up", "multiplet splitting") ne changent pas de facon appréciable
avec la composition x (tableau N.4-6). En particulier, la sédparation du
multiplet (tableau N.5) Qe_l’orbitale 3s (i1 représente l'interaction
d'échange entre les électrons 3d et un électron 3s men couplé résultant
du processus de photo-ionisation) reste pratiquement constante (elle
varie de 4.0 eV & 3.7 eV, c'est~3-dire dans la limite de précision,
égale & + 0.2 eV) en indiquant que le degré de délocalisation des élec-
trons 3d, donc le caractére covalent de la liaison, ne change pas avec

la composition x.

Les spectres Mossbauer, effectués 2 température ambiante et
a2 T = 77 K sur des échantillons dopés avec 1% de Fe57 par rapport &
la quantité de chrome, sont constitués d'un doublet paramagnétique,
dont les paramétres, déplacement isomérique § et séparation quadrupo-
laire ¢ sont typiques du Fe3* dans une symétrie octahédrique avec une
distorsion trigonale (qui est dans la directionl}1[]dans le cas du site

octahédrique du spinelle).

Aussi bien les valeurs de § que les valeurs de ¢ changent
trés peu avec la composition x (tableau N.2-3) indiquant que la varia-
tion de la densité des édlectrons "s" sur le novau (lide au caractére
des électrons de liaison "d") et la variation de la distorsion trigo-

nale sur le site octahédrique sont négligeables.

Ainsi, tant les résultats XPS que les résultats MSssbauer
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nous ameénent A conclure qu'il n'y a pas dans toute la selution solide
. Lg b ’ ) Ll rd . > . ) +
de changement significatif des propriétés électroniques du Cr3 . Cette

conclusion nous permet d'interpréter 1'évolution des propriétés magné-

tiques dans le systéme ZnCrszaz_szA uniquement comme 1& résultat de

la variation de la concentration en ions magnétiques, puisque l'interac—
tion d'échange entre deux ions Cr3t devrait &tre insensible aux varia-
tions de concentration. Dans ce éens, le systéme ZnCrszaz_ZXO4 est con-
venable pour la vérification expérimentale d'un modéle de percolation

ol on considére uniquement la croissance de la dimension des clusters

dans le réseau.
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XPS and Mdssbauer spectra at room temperature on ZnCr,Ga,_ 0, spinel
solid solutions are reported. The data indicate that, from the point of view
of lattice parameters and electronic structure variations with the com-
position, the system is a suitable one for percolation studies.

1. INTRODUCTION

THE DEVELOPMENT of theoretical [1—3] and exper-
imental [4—6) work on magnetically dilute systems,
directed towards the percolation transition [7, 8}, has
pointed out the need to choose suitable systems for
percolation studies.

In the percolation mode! a geometrical development
of the network through a given lattice is considered.
Therefore, in the application of the model to magneti-
cally dilute systems, only the variation of the concen-
tration of magnetic ions up to a critical value (the
percolation threshold x.) is taken into account, assum-
ing the exchange integral remains constant over the
whole concentration range. It is generally assumed
that in a solid solution 4,58, _, the dilution effects do
not significantly change the electronic structure of the
magnetic ions and the crystallographic properties of the
lattice (i.e., site symmetry and cell parameters). Exper-
imental verification of the existence of a critical concen-
tration in magnetically dilute systems was obtained for
square [9] f.c.c, [6, 10] lattices and for the A-sublattice
of the spinels [11].

In the framework of our investigations on percolative
phenomena on the spinel lattice {5, 11—13], we have
characterised ZnCr, Ga,—, O, solid solutions, with the
aim of investigating whether this system is in principle
suitable for percolation studies in the octahedral spinel
sublattice, Both ZnCr,04 (antiferromagnetic with
Txn = 13K {14]) and ZnGa, 0,4 {15} are normal spinels
and, given the high site preference, the magnetic Cr**
ions will occupy the octahedral sites in the whole
concentration range.
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Fig. 1. Typical M&ssbauer spectrum of ZnCr,Ga,_,O4
(1% *7Fe of the total chromium content) at 7= 300 K.

2. EXPERIMENTAL

ZnCr,Ga,_ .0, solid solutions were prepared start-
ing from a mixture of the oxides ZnO (99.99%), Cr, 03
(99.999%) and Ga, 05 (99.9997%) (Koch-Light).

The samples were prepared following a procedure
reported in literature [16].

Tron doped samples (1% 37Fe of the total chromium
content) for Mdssbauer spectra were prepared in the
same way adding 5"Fe, 05 to the starting oxide mixture.
Many thermal treatments followed by grinding were
done on these samples in order to obtain a random dis-
tribution of iron atoms in the laftice.
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Table 1. Lattice parameters a (A) for ZnCr,Ga,_,0,
solid solutions

ELECTRONIC PROPERTIES OF ZnCr,Ga,_. Qs

x 2 (A)

2.0 8.330 £ 0.001
1.6 8.330 £ 0.001
i2 8.331 £0.001
0.8 8.333 £0.001
04 8.333 £ 0.001
0.0 8.333 £0.001

Table 2. Hyperfine parameters for ZnCr,Ga, 0,

(1% *"Fe of the total chromium content) at T = 300 K.
§ = isomer shift with regard ro metallic iron at

T =300K; ¢ = eQV,, /4 = quadrupole splitting; T, =
expelrz'mental linewidth. The aceuracy is £ 0.01 mm

sec

x 8 (mmsec~!) e (mmsec™!) T, (mmsec™!)
200 034 0.17 0.25
1.90 034 0.18 0.25
1.80 0.34 0.19 0.26
1.65 034 0.20 0.26
1.50 0.33 0.20 0.27
1.20 0.33 0.21 0.29
090 0.33 0.22 0.28
0.60 032 0.24 0.29
040 0.32 0.23 0.30
0.20 0.26 0.31

0.31

Table 3. Hyperfine parameters for ZnCr,Ga,_,0, at
T = 77K. The accuracy is * 0.01 mmsec™!

x 5 (mmsec™) € (mmsec™!) T, (mmsec™)
200 045 0.17 0.27
190 045 0.17 0.28
1.80 044 0.18 0.28
165 0.4 0.19 0.31
1.50 044 0.19 0.29
120 043 0.21 0.30

By X-ray diffraction, using a Debye—Scherrer
camera with CuXo (Ni-filtered) radiation, the samples
were found to be composed of singte-phase spinel for
all the compositions x. The lattice parameters (Table 1)
were determined by reading the reflections 931, 844,
1020, 951, 1022, 953 in the range § = 60°—90°. The
corresponding lattice parameters were plotted against
the Nelson—Riley function, and the g values were
determined by extrapolation to 8 = 90°.

XPS spectra were run on a VG Esca 3 Mk I instru-
ment using Al Ka; ; (1486.6 eV) as exciting source.
Samples were dusted on double-sided scotch adhesive
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tape. The Cls peak (285.0 V) from the tape was used
as reference. Residual vacuum in the analyser chamber
was typically 10™? torr. Binding energy values are the
average of the results of a minimum of four different
samplings. The reproducibility of the measurements is

in the range of £ 0.2 ¢V, Reference compounds, namely
ZnQ, Cr,0; and Ga, 03 (Koch-Light) were used without
further purification.

Mossbauer experiments were carried out using a
conventional spectrometer operated in the constant
acceleration mode. The source used was 57Co in Pd.
The samples were doped with *"Fe as described above.

3. RESULTS AND DISCUSSION

3.1. MOssbauer spectra

A typical MGssbauer spectrum of ZnCr,Ga,_ 04
solid solutions is shown in Fig. 1. A conventional least-
square method was used to fit the spectra. The resuits
obtained at T =300 K and at 77K are reported in
Tables 2 and 3, respectively.

The values of the isomer shifts are slightly smaller
than the values for the trivalent iron oxides in octahedral
coordination (0.35—0.45 mmsec™!) [17]. This could be
due to the fact that in our compounds the fron atoms
are surrounded by gallium and chromium atoms and,
therefore, the s-electron density at the nucleus couid be
slightly modified.

The small increase in § with composition x
(0.03mmsec™! from x = 0.2 to x = 2.0) may be related
to: (i) modifications of the electron density at the
nucleus due to the gallium substitution; (i) pair-effects.
The probability of pairs of *’Fe increases with the
chromium content, since the number of *"Fe atoms is
proportional to x. If the existence of pairs increases the
slectron density (the values of § for the undiluted iron
oxides are sfightly higher), the observed increase in §
values with x may be related to pair-effects. In order to
clarify this point, the sample ZnCr, 04 was doped with
the rates of 0.5% and 1.0% ¥’Fe of the total chromium
content. In fact, Mossbauer specira do not show any
significant difference between the two concentrations,
confirming the weakness of the pair-effects, if any.

The values of the quadrupole splitting € = eQ¥V,./4
are typicai of Fe® ions in octahedral symmetry with
triponal distortion. The small increase of € with the
decrease of x may indicate a very weak increase of the
site distortion, as confirmed by the small increase of the
experimental linewidth I,

The variation of the hyperfine parameters with the
temperature (Tables 2 and 3) does not show any
ancomalies. The values of ¢ are the same within the
experimental errors and the variation of & can be
explained by the second-order Doppier effect.
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Tablze 4. Binding energy values (eV) and, in parentheses, FWHM’s (eV) for the compounds analysed. The accuracy is
+0.2eV
Compound Cr2p Cr3p Ots Zn2p3/2 Galp3/2
3/2 1/2
Zn0 - — - 5314 1022.0 -
(2.3) (2.4)
Ga, 05 - - - 530.0 - 11171
(2.4) (2.4)
Cr, 04 576.8 586.8 44.1 5304 - -
(3.2) (3.4) (3.3) (2.3)
ZnCr,0, 5774 587.3 44.6 531.4 1022.3 —
(3.2) 3.3) {3.3) {(2.4) (2.3)
ZnCry 4Gag 10, 5772 587.0 44.2 531.0 1022.6 11184
) (3.2) (3.3) (3.4) (2.4) (2.3) (2.4)
ZnCry 3Gagy .04 577.2 587.0 44.1 531.1 1022.3 11i8.4
: (3.3) (3.4) {3.2) (2.2) 2.4) (2.5}
InCr; ¢Gag 404 577.2 587.0 441 530.8 1022.2 1118.3
‘ {3.2) (3.4) (3.4) (2.3) (2.4) (2.4)
ZnCry 4Gag 604 577.1 5870 442 530.8 1022.0 i118.3
(3.2) 3.3} - 3.2 2.2) (2.2) 2.4)
ZnCry oGa; 004 577.3 587.1 44.1 531.0 1022.2 11184
(3.2) (3.4) 3.4 (2.2) (2.4) (2.4)
ZnCrq 4Gay 404 577.2 58790 440 531.1 1022.1 1118.3
(3.3) (3.4) (3.4) {2.2) (2.4) (24)
ZnCry ;Ga, 504 577.1 587.0 - 531.1 1022.2 11184
(34) (3.4) (2.4) 2.4) 24)

Table 5. Binding
accuracy is £ 0.2eV

energy values (eV) for the two components of the multiplet splitting of the Cr 3s orbital The
[

Compound Binding energy AF (Multiplet Splitting)
Cry, 04 756 79.6 4.0
ZnCr,04 76.1 799 3.8
ZnCry 9Gagy 104 759 798 39
ZnCry 3Gag 204 75.9 797 3.8
ZnCry ¢Gag 2Oy 758 796 38
ZnCry 4Gag 504 760 7938 38
ZIICILQGG.L(_)O‘; 759 79.6 3.7

3.2, XPS spectra

The Cr* ion presents an unfiiled d-shell (@ con-
figuration), so that more than one final state can cccur
upon core electron ionisation, giving rise to two kinds of
phenomena:

(i) “shake-up” excitation, when, simuitaneously
with the core electron ejection, an outer electron is
promoted from a valence orbital to an occupied one via
a monopole excitation (f.e. Al = As = Af = 0). This
phenomenon is revealed in XPS spectra as a satellite
signal spaced — to a first approximation — from the
main peak to the same extent as the energy separation

between the orbitals involved in the transition
(18}

{ii) “multipiet splitting” which is the exchange
interaction between the three d-electrons and an
unpaired electron (e.g. 3s) resulting from the photo-
ionisation process. On the ground of theoretical data
[19, 20] one can predict that the higher is the
delocalisation of the d-electrons over bound atoms
(say the bond covalency), the lower will be the Cr 3¢
muttiplet splitting.

Table 4 shows the binding energy (b.e.) values and
the FWHM’s (full width at half maximum) for the
compounds analysed.
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Table 6. Values of the shake-up energy separations (eV) from the Cr 2pl1/2, Cr 3p and O 1s peaks for Cr;05 and

InCr,Ga,_ 04 solid solutions. The accuracy is £ 0.5eV

Compound Cr2pl/2 Cr3p Ols
Cra0s 12.0 12.0 120
21.0 17.0

25.0

Z0Cr, 0,4 11.5 12.0 25.0
ZnCry 5Gag ;04 12.0 12.0 25.0
ZnCr, Gag 104 13.0 12.0 25.0
ZnCr; ¢Gag 404 12,0 12.5 23.0
ZnCry 4Gay ¢04 12.0 12.5 25.0
ZnCr, oGa, ¢O4 12.0 13.0 230
ZnCro 4Ga, 604 11.0 - 230
ZnCry ,Ga, §04 11.0 - 24.0

It is worth stressing that all the Cr 2p3/2 b.e. values
for the spinel compounds lie, within the experimental
errors, at an average value of cz 577.2 eV, slightly
larger than those for Cr;04. The difference could be
attributed te a different Madelung potential contri-
bution in the spinels and in the oxide. All of the Cr 2p
peaks exhibit a quite similar FWHM value (about
3.2eV) close to those already observed by Allen et al.
[21] for 3d3 Cr compounds.

Table § shows the Cr 3s multiplet spiittings for
Cr, 05 and the spinel sedes, with the exception of the
most dilute compounds because of the low concen-
tration in Cr** ions coupled to the very small photo-
ionisation cross-section of the Cr 35 orbital [22]. Only
a small difference in the AF values exists between
Cr, 05 and the spinels which exhibit a quite similar
energy separation of ca. 3.8 eV. Short-range effects, due
to the difference in electronegativity (Cr--O bond), are
monitored very well by XPS experiments;in fact,
multiplet splittings very much depends on the nature
of the element bound to the transition atom: a dif-
ference of about 1 eV is reported between CrF; (4.2eV)
and CrBr; (3.1) [20]. Therefore, the quite similar AE
values (Table 5) indicate, in our opinion, a similar
covalency degree in all the ZaCr,Ga,_ .0, solid
solutions, independently of their compositicn.

in Tabie 6 the values of the shake-up energy
separations from the main peak are reported. Even in
this instance there Is no appreciable difference between
different loadings. Our data, however, fit very well with
other measurements [23} by which, for oxy-chromite
systems, the presence of such a satellite signal is
generally explained in terms of (O2p) el - (Cr 3d)ed
electron back-donation.

In conclusion, Mossbauer and XPS spectra analyses
indicated that in the spinel solution ZnCr,Ga,_,0.,
no significant change in the electronic structure of Cr*
ions oceur.

Oniy a small increase in the lattice parameters 2 and
in the octahedral site distortion with the gallium content
was observed. Therefore, we can expect that the
magnetic exchange integral does not change significantly
in the whole concentration range. '

From this point of view, the solid solutions
ZnCrGa,_,0, seem suitable for the application of
percolation theory in the octahedral spinel sublattice;
magnetic investigations are in progress [24].

Acknowledgements — Mr G. Cossu is gratefully
acknowledged for technical assistance and help in
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MAGNETIC PHASE DIAGRAM OF ZnCr
FRUSTRATED LATTICE

2XGaZ_ZXO4 SPINELS : AN ANTIFERROMAGNETIC

D. FIORANI, S. VITICOLI, J.L. DOBMANN, J.L. THOLENCE, J. HAMMANN,
A.P. MURANI and J.L. SOUBEYROUX

J. Phys. C : Solid State Phys. 16 (1983) 3175.
Résumé

Dans cet article, nous avons présenté une version simplifiée
du diagramme de phase magnétique (Fig. 1) du systéme ZnCr, Ga, , 0,
résultant des mesures préliminaires de susceptibilité (en continu et en

alternatif), de diffraction de neutrons et de spectroscopie Mossbauer,

Le spinelle pur ZnCrZO4 est un antiferromagnétique qui présen-
te une transition du premier ordre & basse température (13 K) avec une

distorsion tétragonale au~dessous de Ty. Les interactions a courte por-

tée sont trés Fortes (§ = = 392 K) et le trés faible rapport T = 0,03

|8

#

refléte la présence d'importants effets de frustration dans le réseau.
L'introduction d'une petite fraction d'impuretés non magnéti-

ques perturbe 1'ordre antiferromagnétique i longﬁe distance, qui sub-

siste pour x > 0.85, et stabilise une phase verre de spin pour 0.40gx<0,85,

La concentration critique pour l'ordre antiferromagnétique (x, = 0.85)

est beaucoup plus élevée que le seuil de percolation pour le sous-réseau

octahédrique du spinelle (p_. = 0.401), conséquence du degré élevé de

frustration dans ce systéme (frustration topologique}.

On peut distinguer trois régions de concentrations dans le dia-
gramme de phase magnétique :

1) 0.85 < x < 1.00

On observe un ordre antiferromagnétique aussi bien par diffrac-—
tion de neutrons que par les mesures de sugceptibilité et de spectrosco-
pie Mossbauer. Une seule température caractéristiqﬁe est obtenue par les

différentes techniques pour cet ordre A.F.




-21m

En diminuant x, cet ordre A.F. devient de plus en plus perturbé, con=
cernant une fraction de plus en plus petite de spins. Une fraction
croissante de spins se situe alors dans des clusters A.F. (superpara-
magnétiques). Ceci est montré par les différentes techniques :
= Diffraction des neutrons : 1l'intensité des réflections magnéticques
diminue rapidement au profit d'une large bosse de diffusion diffuse
(Fig. 2).
- Mesures de susceptibilité : l'anomalie correspondant 2 la tempéra-
ture de Néel devient de moins en moins marquée, du fait de la contri-—
bution croissante des entités paramagnétiques (Fig. 3),
- Spectres MOssbauer : le spectre magnétique, qui peut 8tre fitté par
une distribution de champs hyperfins, devient de plus en plus large
et son intensité diminue progressivement au profit d'un doublet para-
magnétique (Fig. 4).

Au-dessous de 1 K la susceptibilité montre un comportement
paramagnétique di 4 des spins libres, dont 1'existence est lide & 1la

frustration (spins fous) (Fig. 3).

I1) 0.40 £ x £ 0.85 _
Il n'y a plus d'évidence d'antiferromagnétisme &tendu par diffraction
de neutrons (jusqu'a 1.5 K, la température plus basse obtenue par le
cryostat), qul montre seulement la bosse de diffusion diffuse (Fig. 2).

0.75)

Seul 1'effet Mdssbauer permet encore de détecter (jusqu'a x
un ordre A.F. fortement perturbé dans des petits clusters.
L'existence d'une phase verre de spin est montrée par un pic
de susceptibilité a T, (Fig. 5) qui dépend de la fréquence, par les
propriétés d'irréversibilité (aimantation rémanente) et par les spec-

tres Mdssbauer.

III) x < 0.40
Le régime devient paramagnétique mais organisé en trés petits clusters
(x < po) comme le montre les déviations & la loi de Curie-Weiss &

basse température,
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Abstract. The magnetic phase diagram of the system ZnCrzGa;-;0; has been experi-
mentally determined by using low-field DC and AC susceptibility measurements, neutron
diffraction experiments and Mdssbauer spectroscopy. A spin glass behaviour has been found
in the concentration range 0.40 =< x < 0.85; this behaviour is a result of the frustration
inherent in the octahedral spinel sublattice with antiferromagnetic interactions only.

1. Introduction

Itis now widely accepted that frustration plays an essential role in determining spin glass
properties (Toulouse 1977). In metallic spin glasses the frustration is inherent in the
oscillatory form of the RKKY interaction, while in insulating ones it occurs between
short-ranged exchange interactions.

It is known that the existence of interactions of opposite sign, e.g. in EuSr; - .S
(Maletta and Felsch 1979), CdCrzIn;-2,54 (Alba er af 1981, 1982, Fiorani et 2l 1982,
Viticoli et al 1982) and ZaCrz Al -2S4 (Alba et al 1982), is not a necessary condition
for spin glass behaviour in insulators. Indeed spin glass properties have been found
even in topologically frustrated systems with only antiferromagnetic interactions,
e.g. Cdy_,Mn,Te (Galazka er a/ 1980, Escorne and Mauger 1982, Escorne et al
1981) and HgMn; .., Te (Nagata et al 1980). The spin glass freezing in these systems
is a result of the frustration inherent in the underlying lattice, as first suggested by De
Seze (1977).

A spin glass phase has been predicted even for the antiferromagnetic B-spinel (a
spinel lattice with magnetic ions in octahedral sites only), which has high ground-state
degeneracy (taking into consideration only NN interactions}, if a sufficient number of
non-magnetic substitutional impurities are introduced (Villain 1979, Poole and Farach
1682}, '

(€r 1983 The Institute of Physics 3175
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In the present paper we report an experimental determination of the magnetic phase
diagram of the system ZnCr;Ga,_»,0,, representing an example of an antiferro-
magnetic B-spinel in which only antiferromagnetic interactions are present, predomi-
nantly between nearest neighbours.

The pure magnetic spinel ZnCr,Q, is an antiferromagnet with very strong antiferro-
magnetic interactions (8, = —392 K (Baltzer et al 1966), which undergoes a first-order
magnetic transition ( Ty = 13 K), with a tetragonal distortion below Ty (Plumier et al
1977, Hartman-Boutron et af 196%). Without this distortion, the magnetic state of this
compound shouid be a ‘collective paramagnetism’ (Villain 1979). The very low ratio
Tn/|6,| = 0.03 already suggests the presence of a substantial degree of frustration in the
lattice.

The magnetic study of the system ZnCr».Gas -»,0, performed by low-field suscep-
tibility measurements, neutron diffraction experiments and Mossbauer spectroscopy
has given evidence of the existence of a spin glass phase in the concentration range
0.40 = x < 0.85.

2. Experimental details

ZnCr;0; and ZnGay04, both normal spinels, form solid solutions through all the con-
centration range, as shown by x-ray diffraction, with gailium atoms repiacing chromium
atoms in the octahedral sites. ZnCry,Ga; - Oy solid solutions were prepared following
a procedure described by Battistoni et af 1981. These authors also reported that lattice
properties are not appreciably modified by the substitution. and that the lattice par-
ameters vary very little across the series{ az,c.,0, =8.330 A; AznGa,0, = 8.333 A) . More-
over, the dilution does not appreciably change the electronic structure of the chromium
ions, as indicated by the negligible variation of the room-temperature parameters of
both the xps and the Mossbauver spectra (Battistoni et al 1981). Therefore the interaction
between magnetic ions should not be modified when non-magnetic impurities are intro-
duced in the lattice

2.1. Suscepribiiity measurements

Low-field susceptibility measurements were performed with a SQUID magnetometer
(magnetic field of =300 mOe) in the temperature range 1.5=< T=40K and by an
extraction method in the temperature range 0.05 K = T'=< 4.20 K using an apparatus
provided with an adiabatic demagnetisation cryostat,

The susceptibility was measured by the SQUID magnetometer in two ways; (i) after
cooling in zero field to the lowest temperature, the field was applied and was held
constant during the measurement, with increasing temperature (yzzc); and (i} after
cooling at the same constant field the measurement was made with increasing temper-
ature (xyrc).

Measurements were made by the extraction method as follows: the sample was
field-cooled (H = 300 Oe: a higher field was used because the sensitivity was lower than
that of the sQUID magnetometer) and at each temperature two magnetisations were
measured: M(H), the magnetisation at the field H; and the remanent magnetisation M,
measured at zero field after suppression of the cooling field. Two susceptibilities were
deduced: the total field-cooled susceptibility ¥y = M{H)/H; and the reversible suscep-
tibility yeey = (M(H) — M.)/H.
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AC susceptibility measurements were performed in the temperature range
1.5 = T = 40 K using a mutual inductance bridge at » = 17 Hz.

2.2. Neutron diffraction experiments

Neutron scattering experiments were performed on the D2 diffractometer at the Institut
Laue-Langevin (Grenoble) using neutrons of wavelength 2.37 A obtained with a
Ge(111) monochromator. The measurements were obtained as a function of tempera-
ture in the range 1.5 < T=<< 293 K.

2.3. Mdssbauer specira

Mdssbauer spectra were measured as functions of temperature (7' 4.2 K) on the
S"Fe-doped samples using a conventional spectrometer operated in the constant-accel-
eration mode. The source was *’Co in Pt.

3. Results and discussion

Low-field DC and AcC susceptibility measurements, neutron diffraction experiments and
Mossbauer effect measurements have allowed us to derive the magnetic phase diagram
of the ZnCry,Ga; - 2,04 system, as givenin figure 1. We distinguish three differentregions
of composition. ‘

-
|l o X
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Figure 1, Magnetic phase diagram of Figure 2. The difference between the intensity
ZnCr, Ga; -0, at T'=1.5K and that at T = 293 K taken as back-

ground, obtained by neutron diffraction
measurements. The values on the spectra are of
X
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Figure 3. Temperature dependence of the sus- v lmms )
ceptibility for x = 0.90 (yzec measured by the
squID magnetometer) and for x = 0.95 {xac Tipure 4. Mossbauer spectra of ZnCr»Ga; -0,
at p=17Hz for T'>4.2K; in the inset: te doped with TFe for different values of + (given
for T<4.2K, measured by the exiraction on spectra) at 4.2 K: the full curve corresponds
method) in 10% emu/mol Cr**. to the fiied spectra.

3.1.0.85<x=1.00

Neutron diffraction spectra at 7 = 1.5 K indicate the existence of long-range magnetic
order, as shown by the presence of a pattern of magnetic Bragg reflections (figure 2).
The same pattern of magnetic peaks is observed for x = 1.0. 0.95 and 0.90, indicating
that there is no change of magnztic structure with composition. _

For x = 0.95 and 0.90, however, the magnetic peaks are on top of a broad diffuse
hump indicating the existence of long-range-ordered magnetic structure as well as some
short-range order. The short-range-order characteristics become much more important
with decreasing x.

The data show that the introduction of only 55 of non-magnetic impurities (Ga**
ions) is sufficient to produce a large degree of disorder in the lattice. as clearly shown by
the progressive reduction of the intensity of magnetic reflections with dilution, reflecting
the decrease in the number of chromium spins antiferromagnetically ordered, and the
concomitant increase of the diffuse scattering.

The temperature evolution of the short-range order has been determined for x =
0.95 and 0.90 by subtraction of the spectrum at T = 293 K as background. The ditfuse
scattering increases with decreasing temperature until a maximum is reached at the Néel
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measured by the sQUID magnetometer) at 293 K taken as background obtained by neutron
and for x = 0.80 (@ y..; O y1 measured diffraction measurements. The g-region of the stroag
by the extraction method) in 10°emuy/ nuclear peaks is omitted in the plots,

mol Cr™.

temperature. The subsequent decrease results from the onset of long-range order which
reduces the number of spins contributing to the diffuse scattering.

The Ac susceptibility measurements (figure 3) for x = 0.95 show a discontinuity at
the temperature 7 = 10.5 K. below which the susceptibility decreases slowly. corre-
sponding to the Néel temperature deduced by neutron diffraction experiments. Low-
field ypc measurements (performed using a SQUID magnetometer) show a much smaller
anomaly at Tx that is the same for both ZrC and FC susceptibilities. The presence of some
disorder, coexisting with the antiferromagnetic order, makes it difficuit to obtain clear
evidence of the antiferromagnetic transition. The DC susceptibility measurements per-
formed at x = 0.95 for temperatures down to 50 mK (figure 3) show an increase of the
susceptibility below 1 K following a paramagnetic behaviour. For x = 0.90 the contri-
bution to the susceptibility arising from disordered spins becomes dominant at low
temperatures and does not allow clear evidence of a Néel point; any such evidence is
overshadowed by a 1/T paramagnetic contribution below T = 9 K.,

Méssbauer spectra at T = 4.2 K (figure 4) show a magnetic hyperfine pattern for
xr =1 and the superposition of an enlarged sextuplet and a paramagnetic doublet for
x =0.95 and 0.90 (Dormann er al 1982). The temperatures up to which the hyperfine
pattern appears agree (within the error £0.5 K) with the Néel temperatures deduced by
neutron diffraction experiments, With decreasing x the progressive increase of the
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paramagnetic doublet with respect to the hyperfine pattern gives further evidence of the
rapid evolution of the disorder with the introduction of non-magnetic impurities, in
agreement with neutron diffraction and susceptibility data.

The enlarged shape of the sextuplet can be interpreted by assuming a distribution of
hyperfine fields, and also spin-spin relaxation phenomena due to disorder. When x
decreases the width of the distribution increases because of the influence of the groups
of short-ranged-correlated spins.

An experiment (Dormann et al 1982) with an applied field of 4.5 T has been per-
formed for x = 0.9. In this case the paramagnetic component due to short-range-cor-
related spin disappears: without an applied field the ground state of such groups of spin
is degenerate and the application of a magnetic field has the effect of reducing the
degeneracy. ’

In this range of composition the magnetic phase corresponds to a mixed state. Ata
temperature much higher than Ty, groups of short-range-correiated spins, with a
degenerate ground state, appear. At Ty a partial antiferromagnetic order is established
while groups of short-range-correlated spins should still be present down 1o 0K, in
agreement with the very low-temperature susceptibility data. The number of these spins,
whose existence is related to frustration, increases when x decreases.

In this range of composition neutron diffraction, susceptibility measurements and
Mossbauer experiments all give the same transition temperatures, which are therefore
independent of time, unlike the case for x < 0.85.

3.2.0.40=x<0.85

Low-field Dc and Ac susceptibility measurements show a peak at a temperature Tr.
which is dependent on frequency, and the appearance of irreversible properties, indi-
cating the existence of a spin glass phase in this region of concentration (Fiorani et al
1983) (see figure 5).

For x = 0.80 a paramagnetic behaviour (the susceptibility foilows the law y=
¥o + C/T) is followed below T = 1K, as reported for x = (.95, revealing the presence
of some spins that are not frozen below Tr. Such locse spins are spins or clusters of spins
with very weak magnetic moments (quasi-compensated clusters) for which the internal
fields coming from the neighbours cancel. The existence of this type of spins (entropic
spins; Rammal et al 1979) has been theoretically predicted in frustrated systems {Rammal
et al 1979, Bray er a/ 1978) and has been experimentaily verified in other‘frustrated
lattices with antiferromagnetic interactions only (Escorne and Mauger 1982, Escorne ez
al 1981). :

Neutron diffraction spectraat T = 1.5 K, the lowest temperature attainable with the
“He cryostat used, show only short-range-order characteristics for x < 0.80. On increas-
ing the temperature the diffuse peak becomes broader and weaker, reflecting the thermal
disruption of short-range magnetic correlations (figure 6). For the composition x = (.80
we have verified that the evolution of the short-range order is continuous across
the freezing temperature { Ti{» = 17 Hz) = 2.50 K). The short-range magnetic order
persists up to temperatures (T = 150 K) much higher than the freezing temperatures.
This fact indicates that strong short-ranged spin correlations are established at high
temperatures, as confirmed by susceptibility measurements showing large deviations
from the Curie—Weiss law.

Méssbauerspectraat 7 = 4.2 K, the lowest temperature attainable with our cryostat,
show that down to x = 0.75 there is a superposition of a broad hyperfine pattern, fitted
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with a distribution of hyperfine fields, and a paramagnetic doublet whose intensity
increases with decreasing x (Dormann et a/ 1982). For x < 0.75, only a para-
magnetic doublet is left at T = 4.2 K. The temperatures of appearance of the hyperfine
patterns, shown in the phase diagram (figure 1), are higher than the freezing tem-
peratures deduced from susceptibility measurements, reflecting the dynamical effect
related to the shorter measuring time (4 =2 X 1078 §).

A preliminary spectrum for x = (.82 obtained with an applied field of 4 T shows
the disappearance of the paramagnetic component. This fact confirms the hypothesis
of entropic clusters.

For x < 0.6 a clear reduction of the freezing temperature is abserved in the phase
diagram (figure 1). This behaviour cannot be interpreted as a blocking of superpara-
magnetic clusters because x > p. (p. = 0.401 is the nearest-neighbour percolation
threshold; see Fiorani et af 1979).

33 x< 04

For these concentrations the susceptibility measurements do not reveal any disconti-
nuity down 50 mXK, the lowest temperature we could reach, but only deviations from
the Curie-Weiss law, associated with the presence of quasi-compensated clusters.

4. Conclusions

Experimental evidence for the presence of a spin glass region in the magnetic phase
diagram of the ZnCr,,Ga;-2, 0 system has been given. The nearest-neighbour per-
colation threshold p. {p. = 0.401), calculated by Monte Carlo simulation for the
octahedral spinel sublattice (Fiorani er al 1979), is much lower than the experimentai
critical concentration for the antiferromagnetic order (x, = 0.85), refiecting the high
degree of frustration present in this system when it has only antiferromagnetic inter-
actions. The experimental data give evidence that short-range spin correlations,
afready established at relatively high temperatures, are dominant in the system, and
strongly influence the magnetic behaviour.
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SPIN~GLASS BEHAVIQUR IN AN ANTIFERROMAGNETIC FRUSTRATED SPINEL :

ZnCry gG2ag 49,

D. FIORANT, 8. VITICOLI, J.L. DORMANN, J.L. THOLENCE and A.P. MURANI

Phys. Rev. B 30 (1984) 2776.
RESUME

Dans cet article, nous avons présenté une étude détaillée des
propriétés magnétiques du composé ZnCry gGag, 404, qui se situe dans la
région verre de spin du diagramme de phase magnétique du systéme

chrsz32—2X04°

L'étude a été effectude 3 1'aide de différentes techniques
susceptibilité en champ faible (en continu et en alternatif), diffraction
de neutrons, spectroscopie Mossbauer et R.P.E.

La température de gel T, dépend du temps de mesure (Fig. 3,7)

g
Tg(tm =40 5 ; XDC) = 2.40+0.05 K ; Tg(v = 17 Hz) = 2.50+0.05 K ;

Tg(v = 198 Hz) = 2.65320.05 X), La sensibilité de Tg 4 la fréguence de

AT ) .
mesure, définie par WTTBEG est égale 2 5,102, plus élevée d'un ordre
de .grandgur de celle én (5.10‘3) obtenu pour

les verres de spin canoniques CuMn et AgMn. Ceci montre clairement que,
dans notre systéme isolant ol les interactions & courte portée sont do-—

minantes, le gel est moins coopératif.

La variation thermique de l'aimantation thermorémanente suilt
une lol exponentielle TRM(T,H,t) = TRM(Q) exp(-BT) avec un coefficient
g (t = 30 s) qui augmente avec le champ de réfroidissement [B(H=O.3 kDe)=
1.49 5 B(E=2.0 kOe) = 1.64 ; B(H=2.9 kOe) = 2.19] (Fig. 8,9). La TRM ne
s'annulle pas a Tg et sa variation thermique est encore de type exponen-

tiel mais avec un coefficient plus faible pour T > Tg (Fig. 9). La par-
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tie haute-—température de la TRM correspond au blocage de la fraction
résiduelle de clusters A.F. perturbés (dont 1'existence est montrée

par spectroscopie Mossbauer),

La dépendence en fonction du temps de la TRM suit une loi de
puissance du type TRM(T,H,t) = TRM(T,H,O)t_u, avec un exposant ¢ qui
dépend du champ Eu(H=2.0 kOe) = 5.3 10"2 ; o {H=2.9 kOe) = 6.8 10“2]
(Fig. 10). Le type de variation delaTRMavec la température et le temps

est cohérent avec un processus de blocage thermiquement activé.

Au-dessous de 1 K (Fig. 3), la susceptibilité a un comporte-

ment paramagnétique dii 4 la présence d'une certaine fraction de spins

libres (4 1073 si on les considére commedessphs3/2 réellement iﬁdépen—
dants) dont l'existence est liéde & la frustration (spins fous). Ces
spins ne sont pas réellement isolés (pour cette concentration élevde
en chrome, ils seraient en quantité négligeable) mais ils interagis-
sent avec le reste du systéme en champ local nul. Cependant, ils
voient des champs internes, dus aux voisins, dont la résultante s'annule.
Les spectres de diffraction des neutrons ne montrent pas
(jusqu'ad la température la plus basse atteinte, 1.5 K) de réflextions magnéti-
ques, mais seulement une large bosse de diffusion diffuse lide a
1'ordre 4 courte distance (Fig. 14). Cette bosse persiste jusqu'a

haute température indiquant l'existence de fortes corrélations magnéti-

ques a courte distance (premiers voisins) (Fig. 14,15).

Les expériences Mossbauer montrent 1'apparition d'un spectre hyperfin
trés élargi aT=6.5K (persiztence de clusters A.F. résiduels
non détectables aux neutrons parce que trop petits) dont 1'intensité
augmente en diminuant la température (Fig. 16,17). En diminuant la
température (Fig. 16,17}, la forme du sextuplet évolve d'une forme
largement influencée par les phénoménes de relaxation (évidence de

clusters avec une distribution de temps de relaxation) vers une forme
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décrite par une distribution statique de champs hyperfins. Les tempéra-
tures de blocage des différents clusters sont distribudes autour de Ty,
qui pour le temps de mesure Mdssbauer (£ = 2 10™8 §) peut &tre estiméde
4 3.3K. AT = 1.8 K (la température la plus basse), le spectre est

bien décrit par une distribution symétrique de champs hyperfins

i

(<H> = 395 kOe ; largeur A demi-hauteur = 90 kOe) cohérent avec un état

verre de spin.

Ces résultats, cohérents avec ceux obtenus par d'autres
techniques, nous permettent de conelure 3 un gel entre clusters dans

notre échantillon plutdt qu'ad un vrai verre de spin (avec "tramsition™).
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A study of magnetic properties in the insulating spinel ZnCr, ¢Gay 4O, (chromium ions in octahe-
dral sites) has been made by carrying out low-field dc- and ac-susceptibility measurements as well as
neutron diffraction, Méssbauer, and EPR experiments, which all give evidence of spin-glass-like
behavior. The topological frustration, connected with the high ground-state degeneracy of the anti-
ferromagnetic spinel octahedral sublattice, is the origin of the spin-glass ordering. Strong nearest-
neighbor antiferromagnetic interactions are dominant in the system, leading to short-range magnetic
order which appears at temperatures much higher than the freezing temperature defined by the ac-
susceptibility cusp [T (v=17 Hz)=2.50 K is frequency dependent]. The thermoremanent magneti-
zation does not vanish at T, suggesting the existence of uncompensated clusters blocked above Ty
A paramagnetic behavior is observed below T'=1 K, providing evidence for the presence of un-

frozen spins below T (entropic clusters).

I. INTRODUCTION

Bond frustration has been identified as being the origin
of spin-glass behavior.! In a metallic spin-glass the frus-
tration character is related to the oscillatory form of the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.
In these and in the insulating spin-glasses, where the mag-
netic interactions are predominantly short range and not
mediated by the conduction electrons, the frustration may
be due to the competition between interactions of different
signs {i.e., Eu,Sr;_,S (Ref. 2)] or it may be inherent in
the underlying lattice in a system with only antiferromag-
netic interactions [e.g., fcc lattices Cd;_,Mn,Te (Refs.
3—5) and Hg,_,Mn, Te (Ref. 6)}.73

Randomly substituted solid solutions with spinel struc-
ture, which have magnetic moments only on octahedral
sites, offer further examples of both types of frustration
(competing interactions and topclogical frustration} that
are possible in insulating spin-glasses. Indeed, spin-glass
behavior has been recently found in the thiospinels
CdIng_z,,Cr,_xS4 {Ref. 9—13) and znA.Iz_ZxCI'z,:S4 {Refs,
9 and 10), due to the simultaneous presence of competing
ferromagnetic [nearest-neighbor (NN)] and antiferromag-
netic [next-nearest-neighbor (NNN)] interactions.

In this paper, we present experimental evidence of
spin-glass behavior in the oxispinel ZnCr, ;Ga, (O, in

30

which all of the interactions are antiferromagnetic and
predominantly short range, and the frustration is inherent
in the lattice.'*

The B sites of the spinel lattice form tetrahedra and
each site is common to two tetrahedra (Fig. 1), The char-
acter of the frustration of the octahedral antiferromagnet-
ic sublattice (magnetic ions, antiferromagnetically cou-
pled, on B sites only) with only NN interactions was
stressed by Anderson'® and more recently by Villain.®
Many configurations having the same energy are possible,
the ground state being determined by the condition that
all tetrahedra separately have their energy minimized (as-
sociating the four spins in two antiparallel pairs). The

FIG. 1. Octahedral sites of the spinel lattice with first-
nearest neighbors.

2776 ©1984 The American Physical Society
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high ground-state degeneracy would prevent. any long-
range order from being established. The term “coopera-
tive paramagnet” has been used to describe the resulting
magnetic state.?

In the real systems the ground-state degeneracy can be
reduced in several ways, e.g., from lattice distortions, as in
MgCr,04 and ZnCr,O,, which order antiferromagneticai-
ly with tetragonal distortion below Ty.®~% Moreover,
although weaker by an order of magnitude, the superex-
change interactions with more distant neighbors are
nevertheless non-negligible, and are believed to be respon-
sible for the variety of magnetic structures observed at
low temperatures in this kind of spinel.”!

The ground-state degeneracy can also be reduced by de-
fects, e.g., nonmagnetic impurities, whose presence in suf-
ficient number can stabilize a spin-glass phase, as suggest-
ed by Villain.?

The magnetic phase diagram proposed by Villain,? as-
suming the presence of only NN interactions, has been re-
cenily discussed, and a modified form bas been suggested,
taking into account the experimental results for real sys-
tems, which includes the presence of an antiferromagnetic
phase for the pure magnetic B spinel, as well as for high
concentrations of magnetic B ions.2

ZnCry)0, is an antiferromagnet (T =13 K) with very
strong antiferromagnetic interactions (®=-—1392 K)2
predominantly between nearest neighbors.

We have experimentally verified that the introduction
of 20% of substitutional nonmagnetic impurities (Ga**
ions) in the octahedral sites of ZnCr;Q, produces a spin-
glass phase. The observation of a spin-glass state for
x==0.80, while the percolation threshold for antifer-
romagnetism in the octahedral spinel sublattice is
0.40,%% reflects the high degree of frustration present in
the lattice. _

The magnetic study of the spinel ZnCr; ¢Gag 4Oy has
been carried out by low-field dc- and ac-susceptibility
measurements, neutron-diffraction experiments, and
Massbauer and EPR spectroscopy.

II. BXPERIMENTAL SETUP

ZnCr,04 and ZnGa,0,, both normal spinels, form solid
solutions throughout the entire concentration range, as
shown by x-ray diffraction, with gallium atoms replacing
chromium atoms in octahedral sites.26—2

A. Preparation

Polycrystalline ZnCr) 4Gag 404 was prepared starting
from a mixture of the oxides ZnO (99.99% pure}, Cr;0,
(99.999% pure), and Ga,0; (99.9997% pure) (Koch-
Light) following the procedure reported elsewhere (anneal-
ing at T=_800 C for 1 d, then grinding and reannealing at
1200°C for 2 d).%® This annealing was followed by a slow
cooling {12 h) to room temperature. An iron-doped sam-
ple {1 at. % “'Fe of the total chromium content) for
Mdssbauer spectra was prepared in the same way, adding
"Fe;0; to the starting oxide mixture, X-ray diffraction
shows that both samples powder are composed of a
single-phase spinel with a lattice parameter a4

=(8.330£0.001) A. The fact that we have a powder sam-
ple can influence the low-temperature irreversible proper-
ties.

B. Susceptibility measurements

Low-field dc-susceptibility measurements were per-
formed in the temperature range 0.05< T <4.20 K by an
extraction method using an apparatus provided with an
adiabatic demagnetization described elsewhere.”® High-
field ( H=28.4 kOe) susceptibility measurements were per-
formed in the temperature range 4.2 < T <100 K using a
Faraday balance described elsewhere.®® ac-susceptibility
measurements were performed in the temperature range
15¢T <42 K, using a mutual inductance bridge at
v=17 and 198 Hz.

C. Neutron-diffraction measurements

Neutron-scattering experiments were performed on the
D2 diffractometer at The Institut Laue-Langevin (Greno-
ble) using neutrons of wavelength 2.37 A with the Ge(111)
monochromator. At this wavelength there is a small con-
tamination giving additional Bragg peaks of weak intensi-
ty. The measurements were carried out as a function of
temperature from room temperature to T=15 K, the
lowest temperature attainable with the *He cryostat used.

" D. Mdssbauer spectra

Mdssbauer experiments were carried out as a function
of temperature (T > 1.8 K) on the *’Fe-doped sample us-
ing a conventional spectrometer operated in the constant-
acceleration mode. The source was >’Co in Pt.

E. EPR spectra

The EPR spectra were recordad at X-band frequency in
the temperature range 4.2 < T <300 K using a Varian E9
spectrometer with an Oxford continuous-flow cryostat
(ESR19).

III. RESULT AND DISCUSSION

Low-field dc- and ac-susceptibility measurements,
neutron-diffraction exzperiments, and MdJssbauer-effect
measuremnents have allowed the magnetic phase diagram
of the ZnCry, Ga,_,, Oy spinel system?’ to be derived (Fig.
2). Here we report a detailed magnetic study for the com-
position x=0.80, which is in the spin-glass region.

A. Low-field dc-susceptibility measurements

Low-field dc-susceptibility measurements were per-
formed in the temperature range 0.5< 7T <4.20 K as fol-
lows: the sample was field-cooled (H=300 Qe)} and at
each temperature two magnetizations were measured:
M{H,T), the magnetization at the field H, and the
remanent magnetization M, (H,T,t) measured at zero
field after suppression of the cooling field.

Two susceptibilities éwere deduced corresponding to the
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FIG. 2. Simplified version of magnetic phase diagram of
ZnCr;,Gaz_;_,O4. .

linear regime of M versus H: the total field-cooled sus-
ceptibility Xr=M /H, and the reversible susceptibility,
Xeew=(M~-M,)/H.

The susceptibility curve (Fig. 3) shows a spin-glass
behavior, the reversible susceptibility X,.,(¢,, =40 s) exhib-

Am
{10° emu/g )

1 2 3

FIG. 3. Temperature dependence of the low-field do suscepti-
bility.  +, Xeo=[{M(H =300 Oe)— M,])/H(300 Oe); 0O, Xr
=M{H =300 Oc)/ H(300 Oe).

4 TK)

its a peak at T,;=(2.40%0.05) K, while the total (ficid-
cooled) susceptibility Xy shows no discontinuity, being al-
most independent of the temperature below T '+, except for
a slight increase with decreasing temperature.

At lower temperature {(below 1 K) the susceptibilities
again increase. Below the freezing temperatures the sus-
ceptibility is described by the law

¢
T—-0'

which is the sum of following contributions. (a) Xo+aT:
this term is assumed to represent the spin-glass contribu-
tion, constituted by a constant term X, (=7.7x 103
emu/mol Cr’*), which should represent the T—0 limit
of X in the absence of low-temperature paramagnetic
behavior, and a term varying with temperature a7
(@=5.1x10"7), which would represent the usual spin-
glass contribution to the susceptibility below Ty, assum-
ing that it is proportional to T. (b) a paramagnetic term
CAT-0)(C=59%10"% B=—004 K).

The paramagnetic contribution reveals the existence of
a residual fraction of unfrozen spins below T;. These
spins may not be truly isolated spins (considering the very
high chromium concentration), but instead interacting
spins for which the internal fields, coming from their
neighbors, cancel or at least give a resultant lower than
the thermal energy KT (H <{KT/u)=200 Qe, T=50
mK being the lowest measuring temperature). At lower
temperatures a blocking of these spins is possible, as ob-
served in Eu,Sr,_, 831~

For paramagnetic chromium spins (S =+), the Curie
constant is given by

_ NoS(S +1)g%u5
B 3kp

There, (the experimental value of C (=7.3x10~?) would
correspond to a fraction N/Np=4Xx10"> of Iloose
chromium spins, if they were considered truly indepen-
dent entities with S=<. These loose entities may be
spins grouped in clusters, which should have an almost-
compensated average magnetic moment. In that case,
N'/N is then an underestimated concentration of single
spins. One notes that the fraction of truly isclated spins
predicted for a statistical distribution at this concentration
is negligible (5 10~7), representing only 1% of the loose
chromium spins calculated as above.

The existence of these observed loose spins has been
theoretically predicted in frustrated systems. Investi-
gations by computer simulation of the ground states™ and
low-energy excited states®® of several periodical models
have shown the presence of a number of spins which ex-
perience an effective field equal to 0 (entropic clusters).
These entropic clusters are readily reversed, flipping spin
by spin at constant energy, with the mean reversal time Te
depending only on the square of the number of spins.*®
They are predicted to provide a Curie-type contribution to
the observed susceptibility, as found in our system and
Cd;_.Mn,Te (Refs. 4 and 5) below Ty.

Static susceptibility measurements were also performed
below T=4.2 K using higher cooling fields (see Fig. 4 for
H=2.9 kOe). The effect of using a high cooling field is

X=Xp+aT 4

Co =1.875.
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FIG. 4. Temperature dependence of dc susceptibility. [J,

Xew=s[M{H=2.9 kOe}—M,])/H(2.9 kQe}; A, Yr=M(H=2.9
kQe)/ H(2.9 kOe).

to round off the maximum of X,,, and to shift it to lower
temperatures. Moreover, the behavior of Y; is also
strongly modified, continuously increasing with decreas-
ing temperature. It is known that an increase of the cool-
ing field produces a decrease of M/H and a gradual
disappearance of the discontinuity at T;, when present.
A discontinuity of X7 around T, has been observed in
concentrated Cu;_,Mn, {x=12 at. %) (Ref. 37), while a
slow increase of Xy has been observed below T; in
La;_,Gd,Al, (Ref. 38) (where the amplitude ¥ of the
RKXKY interaction is much smaller) and in very dilute
Cu;..Mn, (Ref. 39). These differences may be attributed
to the strong sensitivity of the anomaly to the applied dec
field (H /x), which is characteristic of the system (experi-

M/
(10° emu/g)
3000e

8

1 2 3 4
FIG. 5. Temperature dependence of de susceptibility for dif-

T

ferent cooling fields: @, H=300 O¢; O, H=2.9 kOe;
kOe; A, H=50kCe.

y H=10
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mentally, it is found that the upper field limit for observ-
ing such discontinuity varies with the system and concen-
tration). '

In Fig. 5 the behavior of X1 with the temperature is re-
ported for various field values including H=10 and 50
kOe. Upon cooling under H=30 kQe, X7 becomes al-
most constant below 4.2 K,

B. High-field dc-susceptibility measurements

High-field (H=84 kOe) dc-susceptibility measure- .
ments were performed in the temperature range
42<T <100 K after zero-field cooling. M (H) is always
linear in these ficld and temperature ranges.

Strong deviations from Curie-Weiss behavior, which in-
crease with decreasing temperature, are clearly observed
from temperatures far above T, (Fig. 6). Measurements
up to higher temperatures than presently studied would be
necessary to attain a pure Curie-Weiss behavior and hence
to correctly deduce the Curie constant C and the asymp-
totic Curie-temperature (@) value. Nevertheless, the high
negative intercept on the temperature axis of the straight
line observed at higher temperatures clearly shows that
strong antiferromagnetic interactions are present [for the
pure compound ZnCr;Q,, ©= —392 K (Ref, 23)}.

The observed behavior of the susceptibility demon-
strates that strong short-range correlations among
chromium spins are established far above T4, as con-
firmed by neutron-diffraction experiments and EPR spec-
tra (see below), and evolve with decreasing temperature,
leading to the gradual growth of uncompensated clusters,
bearing a weak moment, which have properties similar to
antiferromagnetic superparamagnetic particles. Inde=d,
the progressive increase with decreasing temperature of
the slope dX~'/dT, equal to 1/C in the paramagnetic re-

g

2 {temimole Cry)

g

=Y 100 TK)

FIG. 6. Temperature dependence of dc susceptibility (H==8.4
kOe),
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gime, reflects a progressive decrease of the apparent Curie
constant, which is as expected if the magnetic moments of
these clusters with antiferromagnetic interactions are
smaller than n'/%u (n is the number of spins in the clus-
ter).

C. Frequency dependence of T

ac-susceptibility measurements performed in the tem-
perature range 1.5<T <42 K at y=17 and 198 Hz
showed a peak at T =(2.50%0.05) and (2.65+003) K,
respectively (Fig. 7). The freezing temperature derived
from X, measurements by the extraction method (z,, =40
s)is Ty=2.40K.

The freguency sensitivity of the spin-glass transition,
defined as the relative variation ATr/Tr per decade of
time in a given frequency range is ATy/(TrAlnv)
=5%10"2, The frequency dependence of Ty has been
found to follow scaling laws in a metallic spin-glass,***!
while a concentration dependence of ATr/{TxAlnv) has
been reported for insulating ones (i.e., Eu,Sr;_, 8.9 1In
any case, the frequency sensitivity found for our sample is
1 order of magnitude higher than those reported for
canonical spin-glasses, i.e., CuMn { Refs. 40—42} and
AgMn (Refs. 40-—-43), for which a concentration-
independent value of 5107 is reported. This fact sug-
gests a less cooperative freezing in our insulating spin-
glass, where the interactions are predominantly short
ranged.

D. Remanent magnetization

The behavior of the thermoremanence with the tem-
perature T, the time ¢, and the cooling field H has been
studied.

The thermal variation of the thermoremanent magneti-
zation is reported in Fig. 8 for different cooling fields H.

.‘é’
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FIG. 7. Temperature dependence of the ac suseeptibility for
v=17 and 198 Hz.
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FIG. 8. Thermoremanent magnetization My as a function
of the temperature for different cooling fields. ¥, H=300 Oe;

0, =20 kOe; A, H=3.0 kOe; +, H=10 kQe; 0, H=50
kQe.

An expomential law of the type Mq(T,H,1)
= Mg {Olexp(—BT) is followed (Fig. 9} with a coefficient
increasing with the cooling field [B(H=0.3 kOe)=1.49;
BlH=2.0 kOe)=1.64; S{H=3.0 kOe)=2.19]. Mry per-
sists above Ty, continuing to follow an exponential
behavior with a lower coefficient. The change of slope in
the plot InM1p versus T corresponds to the freeezing-
temperature value determined by X, measurements
(Ty=2.40 K). The high-temperature part of Myy corre-

1nTRM
(@mig)

2 3 4 T

FIG. 9. Temperature dependence of the thermoremanent
magnetization Mg ~expi —BT) in a semilogarithmic plot for
H=2.0%k0e.
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sponds to the blocking of some remaining antiferromag-
netic clusters (whose existence is later shown through
Maissbauer experiments). Then, when ome enters the
spin-glass regime ( T"<2.4 K), the more rapid increase of
Mg is associated with the coupling between clusters.
The same type of behavior has been found in the case of
very small interacting particles.*—*

The time dependence of My follows a power law of
the type Mygr(T,H,t)=M+x{T,H,0}t 7% The exponent a
is field dependent: a(H=2.0 kQe)=5.3x10"% a{H=2.9
kOe)=6.8x 10~2, increasing with the field (Fig. 10). A
power law to describe the relaxation of Mz was initially
proposed in the literature on the basis of Monte Carlo
simulations*’ and was experimentally verified (in a given
range of time and temperature) on some system, ie,
Bug 4570,¢5.*%% In that system the coefficient was found
to increase with field, tending to a saturation value and
divergence for temperatures approaching 7.

The observed thermal variation and time dependence of
Mg seems consistent with a thermally activated blocking
process described by an Arrhenius law. Indeed, the time
and the temperature dependence of My can be described
by the relation Mgp(7T,t,H)=M3(O)exp{ —AT nBT) (4
and B are constant) which associates the time and the
temperature dependence in a single variable. The mea-
surements were performed below Ty down to T=13 K
and the time evolution was followed up to ¢=>50 min.

The general behavior observed for the saturated ther-
moremanent  magnetization in  spin-glasses is
MER(T,1)=M%g (0)exp] —(T/To)in(t /)], This rela-
tion was found to hold in the temperature range between
-;-Tf and $77.°*"" In our case the applied field was
lower than the saturating value.

The field dependence of Mtz and My (isothermal
remanent magnetization) is reported in Fig. Il. The
saturating-field value should be higher than 40 kOe. The
unuswal maximum of My could be explained by consid-
ering the quite large application time of the field (2 min),
as suggested in other cases.’ Indeed, it is known that for
an increasing application time of the field H, Mty tends
to M1, whose behavior is characterized by the presence
of a maximum.

Recently, the field dependence of My in spin-glasses

InTRM
{emuzg}
5
H=2940e
6 :
1 3 5 7

Int {s)

FIG. 10. Time dependence of the thermoremanent magneti-
zation at T=1,70 X; Mg ~¢~* for two fields.
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FIG. 11. Isothermal remanent magnetization (Mpy) and

thermoremanent magnetization ( Mg} as functions of the previ-
ously applied field at T=1.50 K. The magnetization was mea-
sured 1 min after suppressing the field. For Mz measurements
the ficld was applied for 2 min after zero-field cooling.

has been attributed to an homogeneous dynamical ef-
fect*™® resulting from the increase of the rate of relaxa-
tion with cooling field, in contrast with the inhomogene-
ous description in terms of clusters with a different activa-
tion,” whose existence is evidenced by Mdssbauer spectra
in our case (see below).

E. Field-dependent magnetization
measurements

The field dependence of the magnetization at T=4.2 K
(T > Ty} after zero-field cooling is illustrated in Fig. 12.
At higher field a deviation from the linearity is observed,

T=4,2K 4

M:-lemu /mol Cr3%

W 20730 43 533 éu
' RkOe)
FIG. 12. Field dependence of the magnetization at T=42 K

after zero-field cooling. ¢
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pected to saturate out at sufficiently low temperatures
well below the freezing temperature. We also note that
the short-range order is fairly well developed at relatively
high temperatures, 7=150 K, and may even be present at
room temperature. This is not surprising since the sus-
ceptibility measurements indicate fairly high Curie-Weiss
temperatures [@=—392 K in ZnCr,0, (Ref. 23)]. Suach
strong short-range magnetic correlations have been direct-
ly observed by polarized scattering techniques at elevated
temperatures, much higher than the magnetlc ordering
temperatures, in systems such as MaSi.**

G. Mossbauer spectra

The spectra show a paramagnetic doublet [isomer shift
referred to metallic iron at 300 K: 5=0.44 mms~l;
quadrupole splitting eQ¥zz/4=0.19 mms~! at 77 K
{Ref. 27)] down to (6.5+0.5) K, the temperature at which
a hyperfine spectrum appears. Below T'=6.5 K the spec-
tra consist of a superposition of a paramagnetic doublet
and an enlarged sextuplet (Fig. 16) whose intensity in-
creases with decreasing temperature down to T=1.8 K
(Fig. 17) (at this temperature the intensity of the paramag-
netic component is less than 2%, the limit of the instru-
mental precision).

It is not possible to fit the enlarged sextuplet with a
simple model. At T=1.8 K the model which seems the
most appropriate is a distribution of hyperfine fields
Hyy,, symmetrical with (Hyy, »=395 kOe and a width of
90 kOe (at half-height). When the temperature increases,
the sextuplet’s shape deviates towards that of one Jargely
influenced by relaxation phenomena. Therefore it should
be necessary to take into account both phenomena, i.e., re-
laxation and Hyy, distribution, but this procedure is com-
plex and requires a higher experimental accuracy.

The evolution with temperature of the shape and the in-
tensity of the enlarged sextuplet shows the existence of
clusters with a disiribution of relaxation times, evolving
with decreasing temperature.

An exact value of the freezing temperature correspond-
ing to the time constant of the Mdssbauer experiment
(1=2x107% s) cannot be deduced. However, the block-
ing temperatures of the different clusters should be distn-
buted around T, which can be roughly estimated from
the temperature corresponding to the inflection point
{T~3.3 K) in the carve shown in Fig. 17. This tempera-
ture is higher than the temperature of the susceptibility
maximum (i.e., Ty =2.50 K for v=17 Hz), reflecting the
existence of a dynamical effect. On the other hand, the
observed H\,, distribution at low temperature is coherent

coURTS x 1o°
6.68 oo™ " =
it O/ B “
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FIG. 16. Mossbauer spectrum at T=2.27 K,
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with spin-glass-type order.

The appearance of the hyperfine pattern at T=6.5 K
should be due to the persistence, at this chromium con-
centration, of a small residual antiferromagnetic frame-
work (involving a fraction of spins too Jow to give detest-
able magnetic reflections in neutron-diffraction spectral.
Indeed, this temperature is coberent with the ordering
temperatures measured for x >0.85 (Ref. 28), and the
Hy,y, distribution, at 4.2 and 5.0 K, shows a maximum at
about 440 kQe, a value close to that found for x »0.85
{Ref. 28). The order is probably very disturbed (see below)
and the population of these antiferromagnetically ordered
spins is about 1095. At lower temperature this order
should be destroved because no asymmetry is detected at
T=18 K in the H,; distribution.

A preliminary spectrum performed at T=4.2 K with
an applied field of 60 kQe shows that the intensity of the
paramagnetic doublet is strongly reduced, replaced by a
relaxing hyperfine spectrum (with relaxation times distri-
buted around 107% 5). No important modification in the
shape of the enlarged sextuplet is observed. Therefore the
spin direction is not defined, indicating that antiferromag-
netic order is very perturbed; we are probably in the pres-
ence of a random, canted structure, Cn the other hand,
the magnetic field produces an energy barrier determining
an increase of the relaxation time of the different clusters
and, therefore, the intensity of the enlarged sextuplet in-
creases. The shape of the sextuplet, however, does not
change with the applied field, but it is different from that
observed at T=1.8 K. The resulting order is thercfore
different. Additional experiments are in progress in an at-
temnpt to elucidate this point,

Qur results are not inconsistent with the presence of en-
tropic clusters, whose telaxation time is tempe.ratu.rc in-
dependent, if their number is less than 2%, in agreement
with the estimation from susceptibility measurements.
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_ increasing with increasing field. Two types of contribu-
tions to the magnetization are present: a contrdbution
coming from extended antiferromagnetic regions and a
contribution coming from the orientation of uncompen-
sated magnetic moments (uncompensated clusters of dif-
ferent dimensiuns), which increases with decreasing
chromium concentration. At low fields both are expected
to give a magnetization proportional to the field, but at
higher fields the susceptibility of the first term does not
change, whereas that of the second one decreases with in-
creasing field, because of the orientation of the resulting
moment of the clusters in the field direction. This is con-
sistent with the behavior of M /H (Fig. 5) measured as
function of the temperature at different fields below
T=4.2 K, which decreases with increasing field and
which becomes almost temperature independent at the
highest field (H =50 kOe).

F. Neutron-diffraction measurements

The neutron-diffraction pattern at T==293 K shows the
nuclear Bragg peaks corresponding to the spinel structure,
including additional peaks due to the A/3 contarnination
[Fig. 13(a)). The presence of the strong nuclear Bragg
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FIG. 13. (a) Neutron-diffraction pattern measured at T=293
K as a function of the scattering angle 6. The neutron wave-
length was 2.37 A. The smalil hashmarks indicate the nuclear
peaks arising from the 3i component. (b} Spectrum at T=15K

meeasured under the same conditions.
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FIG. 14. Difference spectrum (T —293) K. The ¢ region of
the strong nuclear peaks is omitted in the plots because of the
small changes in the lattice constant with temperature, which do
not allow an exact subtraction of the spectra.

peaks makes it difficult to ascertain whether some small
amount of short-range order is present at this tempera-
ture. However, taking the data at T=293 X as reference
we have determined the evolution of the short-range order
by simple subtraction of the 293-K spectrum as back-
ground. The resulis are shown in Fig. 14, where at the
lowest temperature (T=15 K) we observe a strongly
developed short-range-order hump peaking between the
(111) and (220) reflections. The broad diffuse peak be-
comes broader and weaker as the temperature is raised,
corresponding to the thermal disruption of the magnetic
correlations.

For now we have made no attempt to fit the data to the
shell models but have, for simplicity, evaluated the height
(#) of the broad short-range-order peak as a rough mea-
sure of the short-range “order parameter.” This, together
with the haif-width at half-height (A, ) proportional to
the inverse correlation length, is shown in Fig. 15. We re-
mark that the evolution of the shori-range order is con-
tinuous across the spin-glass freezing temperature T
(=250 K for v=17 Hz). Although the height of the
short-range-order peak continues to increase down to
T=1.5 K, the lowest temperature in this study, it is ex-

h {arb. unit ) Ay,

409

408

50 100 B Tw

FIG. 15. Temperature dependence of the height (4} and of
the half-width at half-height (A} of the broad short-range
peak in the neutron-diffraction spectra.
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H. EPR spectra

The room-temperature signal consists of a strong
symmetrical absorption with g=1.99. The line shape is
Lorentzian and the spectrum is attributed to large clusters
of chromium ions coupled by exchange.”> The tempera-
ture dependence of the peak-to-peak linewidth AH |, is re-
ported in Fig, 18 down to T=60 K. Below this tempera-
ture the signal is almost lost because of strong antifer-
romagnetic interactions present in the system. The line
broadens continuocusly from T=300 to 60 X, as observed
in other spin-glasses approaching T}.**%

in the temperature range 120< T <300 K an analysis
of the line shape has been performed assuming the analyt-
ical expressions of the first derivative for a Gaussian and
a Lorentzian absorption line,)® The signal remains
Lorentzian down to T=120 K, and the relaxzation rate
71 can be caleulated® from the equation yAH =X7 'wir.
The results indicate that the criterion wgr << 1 is valid in
this temperatore range and, therefore, we ascribe the in-
crease in AH |, to a slowing down of the spin fluctuations.

Below T'=120 K the linewidth increases more rapidly
as the temperature decreases, but, unfortunately, the very
low intensity of the signal prevents an accurate analysis of
the line shape. Therefore we cannot correlate the
phenomenon to a failure of the exchange-narrowing
mode] as observed in CdIn,_,,Cr;.S,."* The lack of shift
of the resonant field down to T=60 K may be related to
the very high ratio T'/Ty~25,

A study of the temperature dependence of the relative
number of the spins IT (area resonance mulitiplied by the
temperature) clearly indicates the antiferromagnetic char-
acter of the magnetic correlations and their progressive
evolution with decreasing temperature (Fig. 19). These
magnetic correlations seem to play a role even at room
temperature; the product IT does not reach a constant

5001, AHpp(G)
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100 . N
100 200

FIG. 18, Tcmpera!ure dependence of the AH, linewidth of
the EPR signal,

300 T

FIORANI, VITICOLI, DORMANN, THOLENCE, AND MURANI 30

T ' LT
. 10
arb. unit 7
ol ! )
i
I
t
a
-
!
1
|
L ¢
|
s
x i
I
1
a
05 |
)

100 200

T 4

FIG. 19. Temperature dependence of IT (area of resonance
temperature} for ZnCr| 4Gag«O (W) and for CdCr, (Ing S, (C)
reported for comparison (from Ref. 12) in the EPR spectra,

value as expected for a well-behaved paramagnet without
low-energy excited states and if Av<<K7T. This hy-
pothesis is in agreement with the neutron-diffraction data.

Figure 19 reports, for comparison,. the IT-versus-T
behavior for the thiospinel spin-glass with the same
chromium concentration CdCr; ¢Ing 484, where the NN
ferromagnetic interactions predominate over the NNN an-
tiferromagnetic interactions,'?

I¥. CONCLUSIONS

We have reported experimental evidence of spin-glass
behavior in the antiferromagnetic frustrated spinel
ZnCr, ¢Gag 404 using low-field dc- and ac-susceptibility
measurements, neutron-diffraction experiments, Mdss-
bauver and EPR spectra.

The antiferromagnetic order observed in the pure com-
pound (x=1) persists down to x=0.85. Then it stabilizes
into a spin-glass phase which we have characterized in
this paper. This kind of behavior corresponds to the gen-
eral phase diagram proposed by Poole and Farach.??

The system is highly concentrated in magnetic ions
(80% of octahedral sites occupied by chromium ions). It
is characterized by strong short-range antiferromagnetic
interactions, with short-range magnetic order present up
to temperatures much higher than the freezing tempera-
ture, as evidenced by neutron-diffraction spectra. This is
confirmed by susceptibility measurements, where a devia-
tion from the Curie-Weiss law is observed at high tem-
peratures, and EPR spectra, where there is a continuous
increase of the linewidth with decreasing temperature,

As the temperature decreases, the antiferromagnetic
short-range order evolves towards a collective freezing at
Tf {(=2.50 K at v=17 Hz).

The presence of irreversibility effects above the freezing
temperature indicates the presence of uncompensated
clusters, some of them frozen above T;. This is coherent
with the existence of clusters with a distribution of relaxa-
tion times, suggested by Mdssbauer spectra, which show a
large hyperfine pattern appearing at T=6.5 K and in-
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creasing continuously in intensity down to T=1.8 K.

Below T=1 K a paramagnetic behavior of the suscepti-
bility has been found, revealing the existence of unfrozen
clusters of different dimension, including single ions.
These clusters have been suggested to be entropic-type
clusters resulting from the frustration. They experience a
zero effective field, due to imteractions with their neigh-
bors, and therefore give a Curie-type contribution to the
observed susceptibility. The proportion of such clusters
should increase with the number of frustrated bonds and
therefore would be strongly concentration dependent. The
study of the evolution of the very-low-temperature mag-
netic properties, as a function of the composition, of the
complete system ZnCry, Gay._ 2,0, is actually in progress
and should permit us to develop the above-reported con-
cepts.
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LOW-TEMPERATURE MAGNETIC BEHAVIOUR
OF THE ANTIFERROMAGNETIC FRUSTRATED SYSTEM ZnCrszaz_ZXO4

D. FIORANI
J. Phys. C : Solid State Phys. 17 (1984) 4837.
RESUME

Dans cet article nous présentons les résultats des mesures de

susceptibilité en continu & trés basse température (0.05 K T 4.20 K).

Pour 0.65 < x £ 1.00 la susceptibilité augmente au-dessous
de 1 K avec une allure du type paramagnétique (Fig. 2). En fait, la
susceptibilité mesurée est la somme de différentes contributions et sa
variation thermique est décrite par la relation :

C
= + 5T ———
x = {x, + o) T=%

Le premier terme (X°+uT), représente la contribution due a

la partie ordonnée antiferromagnétiquement (pour 0.85 < x < 1.00) ou

a4 la partie verre de spin (pour x < 0.85),

Le deuxiéme terme, qui représente la contribution la plus
importante 4 la susceptibilité A ces températures (T < 1 K), est di

aux spins libres dont l'existence est liéde aux effets de frustrationm.

Nous avons analysé la variation de différents termes Xys O

C, @ en fonction de la concentration x (Table 1).

X,»> qui représente la limite pour T + O de x en 1'absence de
spins "paramagnétiques’, augmente lorsque ¥ diminue indiquant
que la partie ordomnée ou simplement corrélée antiferromagnétiquement

est de moins en moins compensée.
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Le coefficient o augmente en méme temps que la susceptibilité

de haute température quand on setrouve dans le régime verre de spin.

En ce qui concernme 1l'évolution en concentration des termes
paramagnétiques on peut déduire de C la fraction de spins libres (N/N,
dans la table 1) s'ils sont considérés entidrement comme spins individuels. La
fraction de ces spins augmente lorsque x diminue, passe par un maximum
pour x = 0,85 et aprés diminue quand on rentre dans le régime verre de

spin (établissement d'un état plus collectif).

La constante de Curie-Weiss 6 augmente lorsque x diminue de
1 a4 0.8, ce qui refléte une interaction résiduelle sur ces spins (effet
d'interaction ou de concentration). Le comportement paramagnétique de
ces spins est confirmé parles mesures d'aimantation en fonction du champ,
qui montrent leur tendance & se saturer dans un champ magnétique faible

(1500 Qe) (Fig. 4).

Une dimantation rémanente est mesurde non seulement dans le
régime verre de spin mais aussi dans le régime d'antiferromagnétisme
perturbé (0.85 < x < 1.00) (Fig. 3). Sa pius faible valeur pour x>0.85
est associée a la prédominance des interactions antiferromagnétiques

dans ce régime : clusters bloqués et matrice antiferromagnétique.

Pour 0.40 £ x £ 0.65 on ne détecte pas de spins libres (ume
petite fraction qui deviendrait évidente 3 plus basse température ne
peut pas &tre exclue). Un maximum de susceptibilité marque 1'existence

d'une phase verre de spin & des températures inférieures 2 1 K (Fig. 2).
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Abstract. Low-temperature (0.05K = T=4.20K) nc susceptibility measurements have
been performed on the antiferromagnetic frustrated system ZnCry,Gag . O.. Paramagnetic
behaviour has been observed below T = 1 K, providing evidence for the existence of joose
spins, resulting from the lattice frustration, far below the Néel temperature Ty and the
freezing temperature 7;. The evolution with the concentration x of the contribution of these
spins to the susceptibility is discussed.

1. Introduction

In earhier papers (Fiorani er a/ 1983a, b) we reported the magnetic phase diagram (figure
1) of the spinel system ZnCr,Gajy - 5,04, which shows a spin glass region.

This system represents an example of an antiferromagnetic B-spinel (chromium ions
occupy octahedral sites) with antiferromagnetic interactions only, predominantly
between nearest neighbours, for which a spin glass region has been predicted to occur
as a consequence of topological frustration (Villain 1979), '

Neutron diffraction experiments, Mdssbauer specira (Dormann e al 1982} and
low-field DC and AC susceptibility measurements have all provided evidence that the
introduction of non-magnetic impurities (Ga®* ions) in the octahedral sites produces a
progressive disruption of the antiferromagnetic structure (existing forx = 1 (Ty = 13K
(6= —392 K)) Plumier 1968a, b, Plumier ef al 1977, Hartmann-Boutron et a 1969, Olés
19703, hence stabilising a spin glass phase.

Inthe present paper we report the results of low-temperature (0.05 K < T'= 4.20 X)
DC susceptibility measurements which have allowed us to obtain evidence for the exist-
ence of loose spins (interacting spins which, because of the frustration, behave as if
decoupled from their environment; Bray er af 1978, Rammal er al 1979) far below Ty
and Ty and to follow their evolution as a function of the concentration x.

1 Present address: Istituto di Teoria, Struttura Elettrenica e Comportamento Spettrochimico dei Composti
di Coordinazione, CNR, Area della Ricerca di Roma, Via Salaria Xm 29.5, Caselta Postale 10, 00016
Monterotondo Stazione, l1aly.

0022-3719/84/274837 + 06 $02.25 © 1984 The Institute of Physics 4837
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2. Experimental details

ZnCr,04 and Zn(a; O, form solid solutions throughout the whole concentration range
(Gesmundo 1975). The preparation method and the characterisation of the system
(x-ray diffraction, Xrs and Mdssbauer spectroscopy) are reported elsewhere (Battistoni
et al 1981).

» Missbauer
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Figure 1. Simplified version of phase diagram of ZnCr..Ga. 2,0,

Low-field susceptibility measurements were performed in the temperature range
0.05K =T =<4.20K by an extraction method using an apparatus provided with an
adiabatic demagnetisation cryostat, described elsewhere (Tholence 1973).

The sample was field-cooled and two susceptibilities were measured: the total sus-
ceptibility yr=M{H.T)/H and the reversible susceptibility y. = (M(H,T)-
Mz(H,T,0)/H where M(H, T) is the magnetisation at the cooling field H and
Mr(H, T, 1) is the remanent magnetisation measured at the same temperature at zero
field after suppression of the cooling field.

3. Results and discussion

Low-field BC and AC susceptibiiity measurements, neutron diffraction experiments and
Mdossbauer cifect measurements have allowed the magnetic phase diagram of the
ZnCry,Ga;-,04 spinel system to be derived (figure 1; see Fiorani er al 1983a, b).

Here we report the results of DC susceptibility measurements from T = 4.2 K down
to T = 0.050 X (figures 2-6).

Two regions of concentration can be distinguished, as described in §§3.1 and 3.2
below,
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Figure 2. Temperature dependence of the low-field susceptibility of ZnCry, Ga; . .04 O
Xree = (M(300 Oc) — M3 }/300 Oe; O, 3y = M/H
M/H (after zero-field cooiing) H = 300 mOe (s0
The values on the curves are of x,

31 065=sxs1

H

{after field cooling; H = 300 Qe); @, y=
UID magnetometer); A, yac{v = 17 Hz).

In this concentration range the low-temperature magnetic properties are characterised
by an increase of the susceptibility below T'=1K following a paramagnetic behaviour.
Below T or T; the susceptibility curve (%) is well described by the equation: -

x=Co+ aT)+ CAT - ).

The values of the terms x;, o, C and 8 are reported in table 1 as functions of the

composition.
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Figure 3. Temperature dependence of the revers-
ible susceptibility x.. and of the total field-cooled
susceptibility xr for H = 300 Oe.
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Figure 4, Field dependence of the magnetisation
for x = 0.85. The braken curve indicates the dif-
ference M(T = 4.20K) — M{(T = 0.060 K} {see
the text). The values by the symbois are of Tin K,
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Figure 5. Temperature dependence of the zero- Figure 6. Temperature dependence of the total
field-cooled susceptibility (yzrc = M/H) meas- field-cooled susceptibitity ¥r(H =800e¢, ®)and
ured at different fields (given by curves in Oe) for zero-figld-cooled susceptibility yorc for x = .40
x=0.60. (&, H =40 Oe; W, # = 80 Oc).

. The susceptibility results from the sum of the contributions (xo+ aT) and
C/{T ~ 6). The first of these two terms is assumed to represent the antiferromagnetic -
order contribution for 0.85 < x < 1, as well as the spin glass contribution, for x < 0. 85,
to the susceptibility. y, would represent the T— 0 limit of xin the absence of low-tem-
perature paramagnetic behaviour. It increases with decreasing x. The coefficient «
decreases going from x =1 to x = 0.95 and then becomes much greater when one
enters the spin glass regime.

A remanent magnetisation has been observedin the antiferromagneticregime {figure
3). This fact suggests the presence of domains in the antiferromagnetic powder or/and
of frozen clusters of different dimensions, coexisting with the extended antiferro-
magnetic cluster. In agreement with the second type of view preliminary Méssbauer
measurements, corresponding to a shorter measuring time, indicate at temperatures
lower than the temperature of appearance of a hyperfine spectrum a residual freezing
of the remaining clusters within the antiferromagnetic matrix.

The CAT - 6) paramagnetic term, representing the most important contribution to
the susceptibility below 1 K arises from loose spins (or clusters of spins) which in principle
are either really isolated (single jons or isolated clusters) or can be considered loose

Table 1. Numerical values of the terms , o, C and 6 dedyced by fitting the susceptibility
curve below T = 4.2 K. The ratio N/N, represents the fraction of loose spins corresponding
1o the paramagnetic term.

x x6(207 emu(mot Cr**)-1) e 10°C 10NN, 8(K)

1.00 236 1.0 14 0.8 -0.01
0.95 3.32 0.4 4.2 22 —-0.01
0.85 6.89 1.1 9.6 5.1 —0.04

0.80 7.86 51 2.9 3.2 ~0.04
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because the internal fields coming from the neighbours cancel or give a resultant lower
than kT (H < kT/u=2000e, T = 50 mK being the lowest measuring temperature).
The fraction of isolated spins predicted for a statistical distribution (=x(1 — x)°, con-
sidering the six NN oniy) for so high a chromium concentration is extremely low
(~107% for x = 0.95; ~107 for x = 0.75) and their contribution to the susceptibility is
riegligible. Therefore, the observed paramagnetic contribution to the susceptibility
arises mostly from spins of the second type, whose existence as an effect of the frustration
has been thearetically predicted (Bray ef al 1978, Rammal ef al 1979). The same type of
paramagnetic behaviour has been found below T in Cd.Mmn,;_,Te (which represents
another example of an antiferromagnetic frustrated lattice (FCC); (see Escorne ef al
1981, Escorne and Mauger 1982). ' '

For paramagnetic chromium spins (s =) the Curie constant is given by
Co = NoS(S + 1)g4d/3ks = 1.875 where Npis the Avogadro number. From the experi-
mental values of C we can therefore deduce the fraction N/N, (reported in table 1) of
* loose chromium spins, if these are all considered as single spins. The fraction of these
spins increases with decreasing x, reaching a maximum for x = (.85 and then decreases
for x = 0.80, when the spin glass regime is entered (table 1).

The Curie-Weiss constant 8 is proportional to the strength of the effective internal
field acting on these loose spins. The increase of § with decreasing x should indicate
therefore that the internai flelds arising from the neighbours become less compensated
between them. The spins should therefore Jose their particular character, the dilution
determining a reduction of frustrated bonds.

Field-dependent magnetisation measurements have been performed for x = 0.85 at
T = 0.060, 1.58 and 4.2 K (figure 4). The data are consistent with low-field susceptibility
measurements, indicating no change of magnetisation between 7 = 4.20 and 1.58 K.
Moreover the curvature observed at T = 0.060 K reflects the orientation with the field
of the loose spins. Their contribution to the magnetisation at T = 0.060 K can be deduced
by subtracting the magnetisation curve at T = 4.20K from the curve at 7= 0.060K
(broken curve in figure 4). In this case we consider as a first approximation that the
non-paramagnetic contribution {(x + «T)H in low fields) is independent of tempera-
ture. The observed saturation of the resulting difference curve confirms the paramag-
netic behaviour of such spins and agrees with the view involving ‘entropic spins or -
clusters’ (Rammal e al 1979) which are readily reversed by the application of a magnetic
field, '

3.2.0.40=x=0065

In this concentration range there is no longer any evidence of loose spins in the low-
temperature region (their presence below T = 0.050 K carnot however be excluded).
A maximum is instead observed at low temperatures (figures 2, 5, 6), temperatures
much lower than the freezing temperatures found for higher concentrations. The weak
interactions between spins lead to a spin glass order. For x = 0.6 the susceptibility curve
is reported in figure 5. In this case the susceptibility has been measured after zero-field
cooling down to the lowest temperature, applying the field and holding it constant during
the measurements with increasing temperature (yzec = M(H, T, 1)/H). The suscepti-
bility has been found to be dependent on field below, as well as above, the freezing
temperature. A

For x = 0.40 the susceptibility curves are reported in figure 6; they show the presence
of a remanent magnetisation well above Ty. The susceptibility depends on the applied
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field and the maximum is very sensitive to it (for H = 80 Oe the maximum is no longer
observable).

4, Conclusions

The low-temperature magnetic properties of the system ZnCryGa,_»,O. indicate that
two different spin glass regimes can be distinguished, as described in §§ 4.1 and 4.2

below,

4.1 065<x<0.85

In this concentration range some residual antiferromagnetism is detected through Moss-
bauer experiments (figure 1), the average size of AF regions vanishing for x — 0.6. The
spin glass regime observed at lower temperatures includes such AF clusters (cluster
glass). A fraction of loose spins coexists with this cluster glass state.

4.2, 0.40 < x =< 0.65

In this concentration range the spin glass regime is established at much lower tempera-
tures since it involves weakly interacting spins (instead of clusters of spins). Moreover
in this case there is no evidence of loose spins down to 0,05 X and we have a more usual

spin glass phase.
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MAGNETIC PRQPERTIES OF THE
ANTIFERROMAGNETIQUE FRUSTRATED SYSTEM ZnCr, Ga 0
27T 2=2x 4

D. FIORANI and 8. VITICOLI
Soumis & J. Magn. Magn. Mat.
RESUME

Dans cet article, nous présentons les résultats des mesures
de susceptibilité statique en champ fort (H = 8.4 kOe) et a haute
température 4.2 K £ T £ 150 K) et des mesures d'aimantation en fonction

du champ (Hp,. = 190 kOe) .

De fortes correlations antiferromagnétiques a courte dis-
tance existent et s'établissent 3 haute température (température
de Curie-Weiss élevée, 8 = —-400 K pour x = 1.0. Les clusters antiferro-
magnétiques se formert pour des températures beaucoup plus élevées que Ty
(=13 K pour x = 1.0) et Ty (< 4.2 K) des déviations & la loi de Curie-
Weiss sont observées). Leur nombre et leur taille augmente lorsque la
température diminue en méme temps que des interactioms, faibles, &

plus longue distance s'établissent.

Les courbes d'aimantation en fonction du champ dans la région
de concentration 0.85 < x < 1,00, pour laquelle un ordre A.F. étendu
subsiste, montrent pour T < Ty la présence de deux contributions : umne
due 3 la partie ordonnée A.F. et 1l'autre au moment non compensé de
clusters A.F., la contribution de ceux—ci devenant plus importante

lorsque la température diminue (Fig. 8,9).

Les courbes d'aimantatiom & 4.2 X (T > Tg) pour x < (.85 pré~-

sentent une courbure plus importante lorsque x diminue, ce qui refléte
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la diminution de lataille des clusters (de moins en moins compensés) et
l'apparition progressive de spins isolés. Lorsque x diminue, les courbes
d'aimantation tendent progressivement vers un comportement paramagné-

tique (Fig. 11-13) décrit par une fonction de Brillouin, pratiquement
vérifide pour x = 0.01 (Fig. 13).
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ABSTRACT

Magnetic susceptibility measurements (T ) 4.2K) and
field dependent magnetization measurements have been per-
formed on poly-crystalline ZnCszGa2“2XO4 spinels. Short-
range correlations, established at high temperature, are
dominant in the system and determine the observed magnetic
behaviour in all composition range. In the antiferromagne-
tically ordered region (x > 0.85) the presence of antifer-
romagnetic clusters is clearly evident from susceptiblity
and magnetization measurements above as well as bellow the
Néel temperature TN. In the spin-glass region {(0.40K5 x <0.85)
the short-range correlations, established far above the

freezing temperatures T (Tf < 4,2K}, lead to the gradual

f
growth of antiferromagnetic clusters, precursor of the coo-

perative freezing at Tf.




INTRODUCTION

In earlier papers (1-4) we reported the low-tempera-

ture magnetic properties of ZnCr_ G 0 a system exhi-

ex T2-2x4’
biting a spin-glass behaviour for a given concentration ran
ge (0.40LK x £ 0.85).

ZnCrexGa2F2XO4 mixed crystals are magnetically di-
luted insulators, having spinel structure, with antiferro-
magnetic interactions only, predominantly between nearest
neighbours (ZnCr204:TN=13K; paramagnetic temperature é)};
= = 392K} {5 - 10).

Magnetic CP3+ ions and ncn magnetic Ga3+ ions are
distributed in the octahedral sites, while an+ ions occupy
the tetrahedral sites of the spinel lattice. For this Kind
of lattice (spinel-B sublattice), which has high ground-
state degeneracy (taking into consideration only nearest
neghbours interactions) a spin-glass phase has been theore-
tically predicted, if a sufficent number of non-magnetic
impurities are introduced {(11).

The magnetic phase diagram of the system ZnCr2XGa2_2xO4
determined by neutron diffraction experiments, Mossbauer
spectra (12), low-field DC and AC susceptibility measure-
ments, was reported in previous papers (1,3,4).

For 0.85 < x € 1.00 a mixed regime was found, costi-
tuted by the coexistence of a long range antiferromagnetic
order and short-range antiferromagnetic order.

For 0.40 &€ X «0.85 a spin-glass phase was found
with properties which are strongly concentration-dependent.

In this paper we report the results of high-tempera-

ture DC susceptibility measurements (4.2K KT K 200K) and



of field dependent magnetization measurements as a fuction
of the composition x. Both types of data indicate that dif-
ferent components contribute to the observed magnetic beha-
viour, confirming the important role of short-range antifer-
romagnetic clusters in determining the magnetic behaviour in

both the antiferromagnetic and the spin-glass regime.

EXPERIMENTAL

ZnCrZO4 and ZnGa204, both normal spinels, form solid
solutions in the whole concentration range (13). The pre-
paration method and characterization of the system (X—Pay,
XPS and M@ssbauer spectra) are reported alsewhere (14).

The DC susceptibility measurements were performed
after zero field cooling at H=8,45kOe 1in the temperature
range 4.2K,§'T S'EOOK using a Faraday balance described el-
sewhere (15). The field-dependent magnetization measurements
were performed at different temperatures using the above-men
tioned Faraday balance (H £ 70kOe) and by an extraction

method (S.N.C.I. Grenoble) (H £ 190kOe).




SUSCEPTIBILITY MEASUREMENTS

The temperature dependence of the susceptibility for
the different composition x is repbrted in Fig. 1 in the
form. of jkml vs T plots. A Curie-Weiss law /Ef; c is
followed in the high temperature range. The high ngéafive
intercept on the temperature axis clearly shows that very
strong antiferromagnetic interactions are present in the sy-
stem. The experimental values of C)}és well as of the Curie
constant ¢ for the different compositions x are not reported,
because in the measured temperature range contributions of
short-range order are still appreciable. A very large mini-
mum in the‘éf - vs T 'plots is observed for x=1.00 and
x=0.95 for which  a long range antiferromagnetic order is
observed by neutron diffraction experiments as well as MOs-
sbauer spectra at T=12K (x=1.00) and at T=11K (x=0.95).
Short-range magnetic order, established well above TN, as
indicated by the large deviations from a Curie-Weiss beha-
viour, prevents clear evidence for an antiferromagnetic
transition to be obtained. For X £ 1 short-range order
persists even below TN’ as shown by the superposition of
a large diffuse scattering and magnetic reflections in low
temperature neutron diffraction spectra (1).

For x < 1 uncompensated antiferromagnetic clusters
give an important contribution to the susceptibility, increa
sing with decreasing x. This contribution becomes dominant
at low tehperatures for x=0.90, for which a long range anti-
ferromagnetic order is still present (neutron diffraction

spectra show weak magnetic reflections appearing at T=10K).



Indeed the /2f=113 T curve for x = 0.90 does not show a mi-
nimum, but an inflection followed by a rapid decreasze with
decreasing temperature.

For x::?CLSS ne change of slope is observed at low
temperatures, but a continuous downturn of‘/%fml towards
the origin. This behaviour reflects the presence of uncom-
pensated clusters, whose susceptibility increases with de-
creasing temperature. With decreasing x the mean cluster

size decreases and a growing fraction of isolated spins is

present in the system, determining the tendency of the su-

gsceptibility curve towards the thecretical Curie-behaviour

C . . .
/Z/z 5o reported for comparison in Fig. 1. The ¢ wvalue

27 52
Ng ,Q S(S+1)
' 3K,
spectroscopic splitting factor,/g the Bohr magneton, S the

(C where N is the Avogadro number, g the

o

spin and KB Boltzmann's constant) has been calculated u-

3+
sing the g value measured by the E.P.R. spectrum of Cr
in ZnGa204 matrix (g=1.9776) (16).

In the concentration range O.40_§'x < 0.85 a spin-

- glass behaviour was found below 4.2K by low field DC and

AC susceptibility measurements (1-4). The susceptibility
behaviour above 4.2K indicates that strong short-range an-
tiferromagnetic correlations are established far above Tf
and evolve with decreasing température leading teo the gra-
dual growth of uncompensated clusters. The spin-glass free-
zing is therefore gradually approached through the déve-
lopment of these superparamagnetic - type clusters, which
become long-range correlated at Tf. Iﬁ the case of small
antiferromagnetic particles (PhﬁPXVE), (Fh is the magne-

tic moment of a particle constitued of n spins) the asso-

ciated Curie constant C is equal to the paramagnetic Curie
n

.-




constant C and it becomes smaller if the magnetic moments
are well compensated, as can occur in big antiferromagne-

tic particles. Approaching T_ the slope ofiA%al vs T cur-

g
ve gradually increases, indicating a decreasging in the ap
1

parent Curie-constant (equal to = C for T=poo),

AT LT

This fact would mean ‘that the antiferromagnetic clusters,
weakly antiferromagnetically correlated among them, be-
come more compensated withldecreasing temperature.

Comparing the low-temperature deviations from the
Curie-Weiss behaviour for the different compositions x
(for x £ 0.85) an increase of slope (a decrease in the
apparent Curie Constant Q)for increasing x is clearly vi-
sible (Fig. 1) indicating the growth of antiferromagnetic
clusters. Such deviations from the high temperature Curie-
Weiss law have been observed in other metallic and insula-
ting spin-glasses and an opposite behaviour (an increasing
of C increasing x) was found in systems where ferromagne-
tic clusters are present above T..

f

7); Fe M
(i.e CdCszIn2w2x84(l ) e glmelz

For the lowest concentration x = 0.10, {(Fig. 2) for

(18); Cu Mn (19).
x 1-x

which only single spins and small isclated clusters are
présent, we tried to fit the susceptibiiity curve assu-
ming a random distribution of Cr3+ ions over the B-sites
of the spinel lattice. Considering only interactions with
the 6 n.n. the fraction statistically predicted of single
spins, pairs and of the possible trinuclear clusters was
calculated as reported by other authors (20-22): fS=O.58?;
fp=0.286; f+=00023 {equilateral triangles); f;: 0.104

(isosceles triangles and linear trimers). The susceptibi-

lity is described, for a given field, by the equation:

S



/ZK(T,J,X) =_§;; f n (x)/%f; (T,J) where fn is the fraction
of clusters containing n spins (including n=1},‘é?; is the
susceptibility of the cluster with n spins and J the ex-
change integral.

It was not possible to fit the susceptibility curve
assuming a random distribution of Cr3+ sping. If we take
the exchange integral value measured by E.P.R. spectra
(J/K = -4.4K) (23) on the pure compound ZnCr204, the so
calculated susceptibility curve is placed well above the
experimental one,

A much higher value of J has been determined by
optical and E.P.R. sgpectra of nearest-neighbcurs CP3+ pairs
in ZnGaBO4 (J/K==32K) (24,25) .

This value agree with the value expected from the correla-
tion between J and the chromium~-chromium distance found

in a series. of chromium oxides {21}. However even for so
high J values the calculated curve remains above the cal-
culated one. The fitting of the susceptibility curve main-
taining variables all the five unknowns (fs,fp,f+,f; and
J) gives many equivalent solutions with relative adjuste-
ments between the different values. Therefore we did not
try to derive the cluster distribution and the J value
from our data. To explain the experimental results the
fraction of single spin has to be strongly reduced with
respect to the statistical predictions. Indeed in the case
of statistical distribution the calculated single ion su-
sceptibility curve alone, withoﬁt considering the clu-
sters contribution, is above the experimental one at low

temperatures, The reduction of isolated spins could be




related to the fact that the annealing of the samples at
T % 1200°C was followed by a slow cool-down, which favours
the-fopmation of clusters,

In principle a number of isolated spins lower than
the number predicted for a random distribution, considering
only interactions with 6 n.n., could mean also that the an-
tiferromagnetic interactions extend to more distant neigh-
bours. This is not the case, because the fraction of pre-
dicted single spins should be toé low to explain the ex-
perimental susceptibility: fS = 0.15 (for 6n.n.+12n.n.n.)
or fs = 0.04 (for 6n.n. + 30n.n.n., considering equivalent
the exchange interactions with 2,3,4 neighbours, because of
the same super-exchange path, as suggested by other éuw
thors.)(10). The dominant antiferromagnetic clustering is
therefore between nearest heighbours chromium spins. Howe-
ver next-nearest neighbours interactions may be not com~
pletely negligible, especially in diluted samples, but
they are much weaker. E.P.R. spectra pérformed as a fun-
ction  of the cémposition x showed that a high number of
neighbours is correlated with an exchange integral J/KE 0.4K

(23).



FIELD DEPENDENT MAGNETIZATION MEASUREMENTS

Field dependent magnetization measurements were per-
formed at different temperatures (T> 1.5K) for the diffe-
rent compositions x.

x = 1.00

A survey - of the results for the pure magnetic spinel
(x = 1.00) is reported in Fig. 3. Differences are observed
between the M vs H curves measured below and above the Néel
Temperature (TN = 12K). |

At T > TN the M vs H curves show an increase of the
slope in the low-field region and a constant slope at high
fields (Fig. 3a). Moreover hysteresis effects are present
(Fig. 3b). |

At T > TN a constant slope is instead observed in all
the measured field range (H & 50kOe) (Fig. 3a,and SCL-hyd
steresis effects are absent (Fig. 3c). -

The increase of the slope in the M vs H curves below
TN reflects the progressive flopping of the spins direc-
tion perpendiculary teo the field direction. This is in a-
greement with Mossbauer spectra performed at T=4,2k0e with
an applied magnetic field (30kOe and 60kOe) (26).

This phenomenon reflects the presence of a weak ani-
sotropz in ZnCr204. The single-iog+anisotropy is very weak,
being Aag the ground state of Cr ion in octahedral sym-
metry, lacking in first-order spin-orbit coupling. There-
fore, the anisotropy field should be due mainly to dipole-

dipole interaction.

S




The weak hysteresis effect observed below TNF when
measurements are performed.successively with increasing
and decreasing field (Fig. 3b), disappears almost comple-
tely after cooling down in an applied magnetic field of
40k0Oe (Fig. 3d). Domain effects can be important in a fi-
ne polycrystalline antiferromagnet and should be respon-
sible for the observed behaviour: the increase of the su-
sceptibility M/H in the low-field region is proportional
to Hg, as predicted by Néel (27), as a consequence of do-
main-wall movements. At low fields, domains whose m.agne--=
tization is perpendicular to the field direction grown at
the cosf of less-favourable domains. By cooling in an ap-=
plied magnetic field the formation of one particular do=-
main is strongly favoured and, consequently, hysteresis
effects disappear; so that only the effects of spin ro-
tation are measured.

Low-field susceptibility measurements performed be-
low 4.2K showed the presence of a remanent magnetization,
which can be associated to the presence of domains in the
antiferromagnetic powder {(4). Different magnetic behaviour
could be in principle observed in a single crystal, as re-
ported, for example, in the case of the antiferromagnet
X -Mns (28).

Xx = 0.95

In the ilow-field region, the M vs H curve at T=4.2K
shows the same effects as observed for x = 1.00, i.e. an
increase of slope (Fig. 4) and hysteresis effects (weaker).
At high fields (Fig. 5), the curve shows a progressive de-

viation from linearity which increases, starting from lower



fields, with decreasing temperature, as shoﬁn for T=1.53K.
This fact suggests that the magnetization can be divided
into two parts, the first coming from a long range anti-
ferromagnetically ordered cluster and the second one co-
ming from finite uncompensated clusters (superparamagne-
tic in type). The first part will give a contribution si-
milar to the curve observed for x=1.0. The contribution of
the isclated clusters will have a Brillouin-type behaviour.
At low field the contribution to the magnetization
from the antiferromagnetically ordered part is field de-
pendent (spin-rotations,domain effects), while the super-
paramagnetic contribution is field independent'(M=/#§H§/3KT
if’ f&H << KT; M- 1s the non-compensated moment for unit
volume and V is the mean volume of the superparamagnetic
particles;}.
| At high fields the pure antiferromagnetic behaviour
is basically field independent (the slope of M vs H, re-
mains constant) because very high magnefic fields should
be attained to reach a saturation. Instead, the magneti-
zation from uncompensated antiferromagnetic clusters tends
to be gradually orieﬁted in the field direction, without
reaching a saturation, determining a curvature in the M
vs H curve, which is more pronounced at T=1.5K, because of
the growing importance with decreasing temperature of this
contribution with respect to the antiferromagnetic one (8).
The presence of the two above-mentioned contributions
to the magnetization for x = 0.95 is consistent with low-
temperature neutron diffraction and Mossbauer spectra, sho
wing for T SflO.SK a superposition of magnetic reflections

Cwith a large diffuse scattering and a magnetic hyperfine

N




pattern with a paramagnetic doublet, respectively (1,12).
At T = 4.2K about 10% of the Mossbauer spectrum is

paramagnetic, due to the fast relaxing clusters. We can

write in’first approximation M = M’

M' _=0.90M +
Fogp

A 5] AF
+ 0.10 MSP considering the magnetization sum of the two
contributions, the first coming from the antiferromagne-

tically ordered part (M' F) and the second from the su-

A
perparamagnetic part (M'_ ). If we roughly estimate MAF

Sk
considering it equivalent to the pure magnetic compound
simply taking into account the dilution effect we can eva
luate, by subtracting it from the experimental magneti-
zation M, the M vs H curve for the superparamagnetic con-
tribution (MéP = M = MAF) (Fig. 6). The curve obtained
shows a downward deviation from linearity at high fields,
as expected. In Fig. 6 is also reported for comparison
the paramagnetic Mpxg H curve calculated assuming that 10%
of the paramagnetic spectrum is due to isolated spins,
whose magnetization is described by the Brillouin func-
tion for § = 3/2. The resulting sum MAF+ MP is also re-
ported for comparison with the experimental curve. The
comparison clearly shows that this assumption is wrong,
because it leads to an overestimate of the contribution
associated with the paramagnetic spectrum, and it confirms

that these spins are grouped in almost compensated anti-

ferromagnetic clusters,

x < 0.90

For x £ 0.920 no change of slope and no hysteresis
effects are observed at T=4.2K in the low-field region
(Fig. 7a). Xith decreasing x, in the high-field region

the M vs H curves show a concavity which becomes progres




sively more pronounced and the deviation from linearity
starts from lower and lower fields (Figs. 7b-7d).

For x = 0.90 magnetic reflections are still present
in neutron diffraction spectra at T=4.2K, but much weaker
with respect to the brecad short-range diffuse scattering
(1). This fact, indicating a strong reduction in the num-
ber of antiferromagnetically ordered chromium spins, is
reflected in the M vs Hcurve where the contribution from
the antiferromagnetically ordered part in no more so e-
vident at low-fields, while the deviation from linearity
at high fields is more evident than for x = 0.95.

The progressive curvature of the M vs H curves with
decreasing x reflects the increasing importance of the
cluster contribution to the magnetization (Figs. 7b-7d).
With decreasing x the mean cluster size decreases and the
number of single spins progressively increases, leading
to the cbserved tendency towards a single icn paramagne-
tic behaviour, described by the Brillouiﬁ functicn, al-
most attained for x = 0.01 (Fig. 7d).

Mapgnetization measurements were performed at dif-
ferent temperatures for x = 0,60 and x = 0.10 and showed
an approach to a paramagnetic regime with increasing tem-
perature (Figs. 8-9). The non superposition of the M vs
H/(T-»&Qﬁ curves observed for x = 0.10 ( é)%-—SOK) (Fig.9)
indicates that the overall magnetic behaviour(due to sin-
gle spins and small isolated clusters) is not superparama-
gnetic in type. The pure paramagnetic behavicur in the
high temperature limit (giﬁ?SH<§(K(T—-¢}LT.is reported for

comparison.




CONCLUSION

Temperature- dependent susceptibility measurements
(T>4.2K ) ' and field-dependent magnetization measure-
ments have provided evidence for the important role of
short-range antiferromagnetic clustering in determining

. hay s f th t ZnC Ga G, -
the magnetic be aviour o € system 2zn ng_ 2=-2x 4

In the antiferromagnetic regime (0.85 < x < 1.00)
the clusters coexisting contribution is clearly evident
above as well as below TN. In the spin-glass regime
(0.40 K x €0.85 ) short- range correlations are esta-
blished far above Tf leading to the growth of antiferro-
magnetic clusters, precursors of the cooperative freezing
at Tf. In the paramagnetic regime (x < 0.40 ) the presence
of antiferromagnetic clusters is still.evident from the
deviation from a Curie-Weiss behaviour up to relatively
high temperatures.

The analysis of the susceptibility curve for a di=
luted sample x = 0.10 reveals a deviation from a statisti-
cal distribution of chromium spins in the B-sites of the
spinel lattice with a strong preference towards cluster
formation. This fact is considered to have great impor-
tance in determining the properties of the different ma-—
gnetic phases, mainly the spin-glass one, as found in

other systems, non metallic (i.e. Cd1 anxTe) (29) as

well as metallic (i.e. Cul Mnx) {30},
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FIGURE CAPTIONS

Fig. 1 Reciprocal magnetic susceptibility of ZnCr‘ngagdgxo4
as function of the temperature

Fig. 2 Temperature dependence of the susceptikility for
x = 0.10. The curves 1,2,3 correspond to the cal-
culated susceptibility assuming a statistical di-
stribution considering only with the 6 n.n. inte-
ractions: 1) Single ions susceptibility; 2) su-
sceptibility of single ions + clusters (pairs and
triads) (see the text))taking J/K = -4.4K;: 3) su-
sceptibility of single ions + clusters/taking
J/K = -32K. The curves 4,5 correspond to the sin-
gle ion calculated susceptibility assuming a sta-
tistical distribution considering interactions
with the 6 n.n. and 12 n.n.n. (4) or 30 n.n,n.(S).
{(see the text).

Fig. 3a Magnetization versus field curves for x = 1.0
(O T = 4.20K; O T = 25.5K)

Fig. 3b Magnetization versus field curve for x = 1.0 at
T = 4.2K measured with increasing field { ¢ H-»>»)
and with decreasing field ( @ H <«€). The insert
shows the field dependence of(M/H)(IOB

Fig. 3c Magnetization versus field curve for x = 1.0 at

T = 15.1K (@ H-—»¥; O H<e )

Fig. 3d Magnetization versus Tield curve for x = 1.0 at
T = 4.7K measured after a cooling down under a
field of 40kOe; ( ¢ H-—=>»; g H &<)

Fig. 4 Magnetization versus field curve at T = 4.2K for

x = 0,60 (@) and for x = 0.95 (m).




Fig. § Magnetization versus field curve for x = 0.95 at
T = 4.2K and T = 1.3K.

Fig. 6 Magnetization versus field curve at T = 4.2K for
X =0.95 { M, A ). The meaning of the remaining
calculated curves is described in the text.

Fig.7a Magnetization versus field curves for different
compositions x at T = 4.,2K.

Fig.7b Magnetization versus field curves for different
compositions x at T = 4.2K,

Fig.7c Magnetization versus field curves for different
compositions x at T = 4.2K.

Fig.7d Magnetization versus field curves for different
compositions x at T = 4.2K. The Brillocuin function
calculated for S = 3/2 is reported for comparison
(dotted line).

Fig. 8 Magnetization versus field curves for x = 0.60 at
different temperatures.

Fig. 9 Magnetization versus H/(T- 5}2') for x = 0.10 at
different temperatures. The calculated paramagne-
tic behaviour (PARA) in the high temperature limit

(g FgSH << KT) is reported for comparison.
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FROM THE ANTIFERROMAGNETIC REGIME TO THE SPIN-GLASS STATE IN THE
FRUSTRATED SPINEL SYSTEM ZnCr, Ga 0
- 2% 2=2x 4

D.FIORANI, J.L.DORMANN,J.L.THOLENCE and J.L.SOUBEYROUX
Soumis & J.Phys.C : Solid State Phys.
Résumé

Notre travail a porté sur 1'&tude d'un systéme isolant antifer-
romagnétique frustré ZnGrszaz_zx{)4 (sous-reseau octahédrique du spinelle)
dans lequel la substitution d'atomes magnétiques par des atomes non magné-
tiques perturbe l'ordre 3 longue distance et fait apparaitre 1'&tat verre

de spin.

Pour 0.85 < x < 0.97 l'antiferromagnétisme perturbé persiste
dans une matrice de plus en plus pauvtre en spinsFt dans de petits clusters
superparamagnétiques. Une seule temperature caractéristique de cet ordre
antiferromagnétique perturbé& est obtenue par effet Mossbauer, neutrons ou
pic de susceptibilité. Le nombre de spins ordomnés A.F. diminue rapidement
avec %, mails la quertité d'ordre A.F. vue par les neutrons diminue beaucoup
plus vite que l'intensité de la partie magnétique du spectre Mossbauer.
Cela peut s'expliquer par une fraction de clusters qui contribuent 2 la
bosse de diffusion diffuse dans les mesures aux neutrons,alors qu'ils par
ticipent encore & 1'intensité du spectre hyperfin MOssbauer a basse tem-
perature. Lorsque la témperature est abaissée il y a d'abord une extension
de la matrice antiferromagnétique (ordre & longue distance) au detriment
d'entités paramagnétiques et superparamagnétiques. Puis on observe le blo-
cage progressif des clusters A.F. de differentes tailles et formes (evi-
dence MGssbauer). L'interaction entre les moments resultants de ces clu-
sters et la matrice A.F. modifie localement la direction d'antiferromagné
tisme. Ceci est montré par spectroscople M&ssbauer et diffraction de neu-
trons,oli une faible réduction de 1'intensité des réflections magnétiques
est observé@e au voisinage de 4-5K.

A plus basse temperature (T < 1K, qu'on ne peut pas atteindre

par les experiences Mossbauer et diffraction de neutrons) on détecte un




- 29 -

maximum de la susceptibilité differentielle,dM/dH,(a condition d'appliquer
un champ qui sature les spins ou clusters libres residuels) associé 3 ce
blocage entre clusters et matrice A.F. (&tat "cluster glass-antiferroma-

gnétisme" ;"réentrant A.F. cluster glass" 7).

Au dessous de x = 0.85 la matrice antiferromagnétique est forte-
ment fragmentée,l'ordre A.F.,tr8s perturbé,reste localisé dans des clusters
de plus en plus petits et ne concerne qu'une fraction de plus en plus ré-
duite de spins,le reste &tant paramagnétique. On ne voit plus d'ordre ma-
gnétique (A.F.) aux neutrons. Seul 1l'effet Mdssbauer permet encore de de~
tecter (jusqu'd x = 0.75) cet ordre A.F. fortement perturbé dans de petits
clusters. En diminuant la température des amas de differentes tailles
et formes se bloquent de facon progressive en raison de la distribution de
leurs températures de blocage (mise en evidence par effet Mdsshauer d'une
distribution de temps de relaxation). La forme du spectre magnétique Mos-
sbauer,influengie par les effets de relaxation & plus haute temperature,
evolue en diminuant la température vers un large sextuplet symmetrique,qui
peut 8tre fitté par une distribution de champs hyperfiﬁs (ce qui est cohe=-
rent avec un &tat verre de spin). Le blocage des amas magnétiques (0.60< =
< 0.85) se traduit par un maximum de sﬁsceptibilité qui marque 1'appari-
tion d'une phase verre d'amas ("cluster glass").

La concentration x v 0.85 semble bien correspondre i la limite
av dessous de laquelle la direction de 1'ordre antiferromagnétique, qui
gtait conservée sur de longues distances (taille de 1'echantillon)(x > 0.85)
devient aldatoire lorsque la taille des clusters diminue (au dessous de
cette concentration la transition antiferromagnétique n'est plus detecta-
ble par mesures de susceptibilité et de diffraction de neutrons).En méme

temps, l'ordre intra cluster est perturb& progressivement lorsque x diminue.

Finalement pour 0.40 £ x £ 0.60 on observe & tr&s basse tempéra-
ture (T < 1X) par mesures de susceptibilité ume phase verre de spin de type plus clas-~
sique, toute trace de l'antiferromagnétisme initial (pour x = 1) ayant ap-

paramment disparue,
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ABSTRACT

A rondomly dilute antiferromagnetic system with spinel struc-

ture ZnCr_ Ga 0 (octahedral magnetic sublattice) was studied
2x  2-2x 4

by means of low-field susceptibility measurements, neutron diffrac
tion experiments and Mossbauer spectra. With decreasing x the anti
ferromagnetic structure existing for x = 1 (TN = 13K) is progressi
vely perturbed and a spin-glass phase is established for
0.40<€x < 0.85 as a consequence of the frustration inherent in the

octahedral spinel sublattice with only antiferromagnetic interac-

tions.




INTRODUTION

In the previous papers (Dormann et al 1982, Fiorani et al
1983) we reported various results on the magnetic behaviour of
the ZnCr_ Ga O, system, example of frustrated antiferroma-

2X 2-2x 4
gnetic B-spinel (chromium ions occupy octahedral sites and on-
ly antiferromagnetic interactions are present). For this kind
of lattice a spin-glass phase has been predicted because of the
high ground state degeneracy (taking into account enly n.n, in-

teractions)} when a sufficent number of non-maghetic substitu-

tional impurities are introduced (Villain 1979).

Low-field susceptibility measurements, neutron diffraction
experiments and Mossbauer spectra have all provided evodence
that the antiferromagnetic matrix (long range A.F., order) exi-
sting for x = 1 (TN = 13K) (Plumier 1968, Hatmann-Boutron et
al 1969, Olés 1970, Plumier et al 1977) is rapidly perturbed
and finally destroyed by the introduction of non-magnetic Ga

impurities, which stabilize a spin-glass phase at low temperatu-

re (Fiorani et al 1983).

In this paper, we present a syntesis of additional results
of low-temperature experiments, which allow a more compiete de-
scription of the magnetic phase diagram of ZnCr_ Ga 0 to

2x 2-2x 4
be made.



EXPERIMENTAL DETAILS3

The preparation of the samples and their characterization
by X-ray diffraction, XPS and Mossbauer spectroscopy have been

reported elsewhere (Battistoni et al 1981).

Susceptibility measurements

D.C. susceptibility measurements were performed with a Squid
magnetometer in the temperature range 1.5,&'T|S’4OK and by an ex-
traxtion method in the temperature range 0.0S‘S T 5?4.20K, using
an apparatus provided with an adiabatic demagnetization techni-

que.

Further details are reported elsewhere (Fiorani et al 1983).

Moassbauer spectra

MBssbauer spectra were measured as function of temperature

57
(T,2;1.4K) on the Fe -doped samples using a conventiocnal spec-
trometer operated in the constant acceleration mode. The source

57
was Co in Pt.

Neutron diffraction experiments

Neutron scattering experiments were performed at the Insti-
tut Laue Langevin (Grenoble) on the D2 and D1B diffractometers

as a function of temperature in the tange 1.5 é;T 5”293K).




The D2 diffractometer, equipped with a multidetector,has
Q
a maximum flow for N = 1.22A. A good statistics is obtained
for diffuse scattering, but the resolution for the Bragg peaks

is rather poor.

The D1B diffractometer, equipped with a multidetector,has
a maximum flow for }\: 2.522. The best resolution is obtained
for 1G°-<’2¢ﬂ;:400, corresponding to the angular range of mo-
st of the magnetic Bragg reflections. However the range of dif
fuse vectors Q = —f;§$££0¢’51— is much smaller than that attai
nable with the D2 diffractometer. Vanadium sample holders were
used. Corrections due to the sample holder, to the cryostat and

to the electronic background have been made, taking into account

the absorption of the sample.

RESULTS AND DISCUZSSION

Th td h di f th t ZnC G ] i
¢ magnetic phase diagram o e system Zn PEX a2—2x 4 18
reported in Fig. 1. The following regions can be distinguished

from their maghetic behavicur:
I) concentration range 0.97 £ x £ 1.00

An antifefromagnetic structure is observed for x = 1.00 by
neutron diffraction (Fig: 2) and by Mossbauer experiments (Fig.
3). The first order transition is characterized by the constant
intensity of the Bragg reflections (Fig. 2b)} and of the hyper-—
fine spectrum (Fig. 4a) for TH(TN. Neutron diffraction data pro
vide evidence for the presence of antiferromagnetic demains (e-
xistence of several propagation vectors), confirmed by hystere-

sis effects in magnetization measurements.



The same type of Mossbauer spectrum is observed for
x = 0.97 as for x = 1.00, indicating that the magnetic struc
-ture is not appreciably perturbed: onset of the hyperfine ma
gnetic spectrum and disappearance of a paramagnetic component
in a narrow temperature range {(Fig. 4a), which correspond to

the growth of an infinite cluster when T decreases around TNQ

II) concentration range 0.85 < x < 0.97

An extended antiferromagnetic order is still observed by
neutron experiments (Fig. 2) (presence of magnetic reflections)
as well as by Mossbauer spectra (Fig. 3-5) (hyperfine pattern)

and by an anomaly in the susceptibility curve at TN (Fig. 6).

All the different experiments give the same transition tem
perature (inside the experimental errors), which, therefore, is
independent on the measuring time. However, for decreasing x in
this concentration range, the anomaly in the susceptibility be-
come less and less proncunced, due to the decreasing number of
antiferromagnetically correlated spins and to the growing con-
tribution of superparamagnetic clusters and of paramagnetic en

tities to the susceptibility {(Fig. 6-8).

The same type of magnetic reflections observed for x = 1.00
are still present in neutron diffraction spectra, but their va-
nishing intensity does not allow to check the magnetic structu-

re (Fig. 2).

Decreasing x the hyperfine Mossbauer spectra become progres

sively enlarged and less and less symmetric, indicating that the




long range antiferromagnetic order is progressively perturbed
(with respect to the antiferromagnetic structure existing for

x = 1.00) (Fig. 3-5).

The number of spins involved in the antiferromagnetic ma-
trix decreases rapidly with decreasing x, as shown by the pro
gressive reduction of the intensity of magnetic reflections in
neutron diffraction spectra (Fig.2). At the same time with de-
creasing x the intensity of the hyperfine Mossbauer spectrum
decreases much slowly (Fig. 3.4a) indicating the existence of a
fraction of perturbed spins which are not detected by neutron
diffraction. It appears that superparamagnetic clusters and re-
sidual paramagnetic entities coexist with the progressively va-

nishing antiferromagnetic matrix.

The application of a field H = 27 at 4.2K produces the di-
sappearance of the paramagnetic component for x = 0.90, without
changing the shape of the magnetic spectrum. That means that:

i) the A.F. order inside a cluster is similar to that of the
AVF. matrix,.ii) the direction of the antiferromagnetic order

is not modified, even applying an higher field of 4.5T (Dormann
et al 1982). On the contrary, for x = 1.00 a rotation of the A.
F. direction into the perpendicular direction is observed for a

2T field.

Mé'ssbauer spectra evolve with temperature as follows. The
thermal variations of the fractions of paramagnetic and super-
paramagnetic clusters, as deduced from the relative intensity

of the paramagnetic doublet and of the hyperfine magnetic pattern



are reported in Fig. 4a. One can distinguish three regions.
With decreasing temperature first the paramagnetic fraction

of the spectrum decreases, the shape of the hyperfine spec-
trum does not change, but its intensity increases in the 2K
range below TN (high temperature points in Fig. 4b). That
means that the size of the A.F., matrix increases in the same
temperature range (for x» 0.97 all spins are part of the A.F.

matrix below (TN - 2K) (T region).

Then no change is observed in the shape and intensity of
the spectra down to about 4-5k (II region), where the remaining
paramagnetic fraction begins to freeze (the paramagnetic frac-
tion decreases again (III region). This behaviour corresponds
to a progressive Blocking of perturbed antiferromagnetic clusters,
blocking governed by a thermally activated process {(the low tem-
perature points in Fig. 4b correspond to the averége blocking

temperature for the antiferromagnetic clusters).

In the correspondence with the upper temperature (4-5k) of
the final freezing (IIT region) the intensity of magnetic reflec
tions in neutron diffraction spectra show an anomaly (¥Fig.2b):
the freezing process inside the antiferromagnetic matrix weakly
modifies the long range antiferromagnetic order (small changes
in spins directions) giving the small decrease of the intensity
of magnetic reflections. From the intensity cf the Bragg peaks,
this low temperature magnetic state corresponds to a larger di-
sorder at low temperature. It could be a reentrant spin-glass
state folleowing the A.F. order observed at TN. A strong time de-

pendence of the low temperature freezing is shown from Mossbauer
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(10 s) or Neutron (10 s) experiments or from D.C. magneti-

zation measurements (20 g).

Indeed at much lower temperatures (below 1K, not attaina-
ble in ﬁeutrons and MdOssbauer experiments) a maximum in the su__
sceptibility is observed (Fig. 7), when a magnetic field suf-
ficient (H = 1300-2000)0e to saturate the remaining loose enti-
ties is applied. A fiéld indipendent maximum is observed in

aAM curves. (The same method applied to a system with distri-

H
bution of superparamagnetic moments, not all saturated, would

also give a maximum in AM , but this maximum would be displaced
4O H
to high temperatures for increasing fields). This maximum marks

the freezing between the residual clusters or between clusters

and the A.F. matrix with a rearrangement of spin directions,.

The composition x = 0.85 represents the limit below which
the antiferromagnetic transition is no more detectable by susce
ptibility measurements and neutron experiments. The Mossbauer
spectra, too, look intermediate between what is observed for

x > 0.85 or x < 0.85.

III} concentration range 0.60< x £ 0.85

No magnetic feflections are observed in neutron diffrac-
tion experiments down to T = 1.5K. In this concentration range
the antiferromagnetism is strongly perturbed, concerns a vani-
shing fraction of spins and persists only in small and smaller

antiferromagnetic clusters (which cannot be detected in neutron



diffraction experiments down to 1.5K, if their diameter is
smaller than 150;)n The presence of such clusters is detec
ted only through Mossbauer experiments (for x > 0.75), being
associated with the appearance of a hyperfine spectrum (high
temperature points in Fig. 4b) whose intensity tends to va-

nish with decreasing x.

The Mossbauer spectra look different from what is obser-
ved for 0.85 € x €1.00. For x = 0.80 and x = 0.75 decreasing
temperature the relative intensity of the paramagnetic spec-
trum begin to decrease slowly and then more rapidly below a
given temperature. The hyperfine spectrum evolves with de-
creasing temperature from a shape largely influenced by rela
xation phenomena towards an enlarged and more symmetrical
spectrum which can be fitted by a hyperfine field ditribution.
Thiz evolutionwith T is coherent with a distribution of rela-
xation times {the low temperature points in ¥Fig. 4k indicate
the average value of the temperature of the '"paramagnetic dou
blet—>3hyperfine pattern” transition in the range of rapid de-
crease of intensity). For decreasing x this distribution beco-
mes narrower (for x < 0.75 the intensity of paramagnetic spec-

trum decreases rapidly in a short temperature range).

A maximum of low field susceptibility at a temperature fre
quency dependent and the appearance of a remanent magnetization
indicate the existence at low temperature of a spin glass state
(rFig. 1), involving clusters {(cluster-glass state?), whose bloc-

king temperatures are distributed around Tf.




Like for higher concentrations, loose spins, giving a
Curie-Weiss contribution to the susceptibility, are detec-
ted below 1K, their number reaching a maximum (a fraction
equal t§ 5010m4) at x = 0.80. These loose spins are easily
saturated in 1500 Oe, as shown in Fig. & by comparison of

the magnetization measured at 0.06K and above 1.86K.

IV) concentration range 0.40 K x £ 0.60

In this concentration range no trace of the initial an-
tiferromagnetism (for x = 1) can be detected. Moreover there
is no more evidence of loose spins down to 0.05K. A spin-
glass regime is observed at very low temperature (Fig. 6)
between individual spins or very small clusters. In this sen
se we have a more usual spin freezing with Pespecf tec that in

the higher concentration range.

V) Concentration range x < 0.40

For x lower than the percolation threshold (for n.n.,
pC = 0,401/Fiorani et al 1979; pc = 0.390 Scholl and Binder
1980) no magnetic anomaly was found down to 0.05K. The regi-
me is paramagnetic, but organized in small clusters as shown

by the deviations from the Curie-Weiss law at low temperature.



CONCLUSIONS

Experimental determination of the magnetic phase diagram
of the topologically frustrated system {(octahedral spinel su
blattice with only antiferromagnetic interactions) has been

reported.

Strong antiferromagnetic short-range spin correlations, g
stablished at high temperature (a large diffuse magnetic scat
tergin is present in neutron diffraction spectra up to room
temperature) are dominant in the system and strongly influen

ce the observed magnetic behaviour.

For x = 1.0 a long range antiferromagnetic order is obser
ved. The introduction of non-magnetic impurities perturbs
this A.F. order. Different magnetic regions are reported in
the magnetic phase diagram (Fig.1, 4b}. A qualitative descrip
tion of this diagram is made in terms of the .size of the per-
turbed antiferromagnetic matrix or clusters taking into account

the performances of different technigues.

For decreasing x the initial antiferromagnetism {(for x = 1)
is progressively perturbed and antiferromagnetic (and superpa-
ramagnetic) clusters are formed within an antiferromagnetic ma
trix. A Néel temperature is still detectable with differentes
techniques down to x = 0.85. This concentration x = 0.85 cor-
responds, therefore to the limit above which long range anti-

ferromagnetism is detected (antiferromagneti®matrix).




For O.40,$’x < 0.85 a freezing process is established,
which evolves, depending on the cluster size, from a spin-
glass~type state organized in clusters towards a more usual

spin-glass state.
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FIGURE CAPTIONS

Fig. 1 . Magnetic phase diagram of ZnCraxGae_ﬂsz4
Fig. 2 a)The difference between the intensity at T = 1.5K
and that at T = 293K taken as background obtained
by neutron diffraction measurements for different
values of x.
b)The thermal variation feorthe intensity of the va-
rious magnetic Bragg peaks (marked by the number

1-4 in Fig. a) for different values of x.

. 57
Fig, M ba t f ZnC G 0] i
ig. 3 ossbauer spectra o n PZx a2—2x 4 doped with Fe
for different values of x at 4.2K; the full curve

correspond to the fitted spectra.

Fig. 4 a)Thermal variation of the relative intensity of the
"paramagnetic' component of the Mossbauer spectra
for different values of x.
b)Magnetic phase diagram of ZnCr_ Ga 0 deduced by

2x 2-2x 4
Mossbauer spectra (see Fig. b).

Fig. 5 Thermal wvariation of Mossbauer spectrum for x = 0.95.

Fig. 6 Temperature dependence of low field susceptibility

for different values of x
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field cooling)
A M

Fig. 7 Temperature dependence of ==== for x = 0.90

Ay

M(200 0e)-M(0)
200 Oe

M(1500 Oe)-M(100Q Oe)
500 Oe

M(2000 QOe)-M{1500 Oe)
500 De

Fig. 8 Field dependence of the magnetization for x = 0.85.
The dotted line indicate the difference curve

M{T = 4.2C 'K}-M{(T = 0.06K).
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REALISATION ET CARACTERISATION DES MATERIAUX

GRANULAIRES FemA1203

Les échantillons ont été réalisés par copulvérisation cathodique
dans un plasma d'argon par C. Sella (Laboratoire de Physique des Matériaux,
C.N.R.S. Meudon (1). Les cibles sont comstitudes de plaques d‘'alumine per-
cées de 20 a 50 trous de diamétre variable posées sur une plaque de fer, de
facon a obtenir des surfaces relatives du fer et de 1'alumine variables.

On obtient ainsi des échantillomns dont la concentration en fer est variable.

La cible est immobile ou peut &8tre animée d'un mouvement de rotation
lent (1/4 & 4 tours/min), excentrique autour de son axe, de facon & éviter
un enrichissement (ou appauvrissement) local en fer aux endroits du subs=-
trat situés en face du fer {(ou de 1'alumine) de la cible. Les échantillons

réalisés de cette maniére sont repérés dans leur dénomination par la lettre A.

Les substrats sont adaptés aux mesures & effectuer : kapton de 7 um
pour les mesures magnétiques, verre pour les mesures d'épaisseur, d'¥PS,
de résonance ferromagnétique, cuivre pour les mesures & la sonde Castaing,
grille de carbone pour les mesures de microscopie électronique. La durde
de la pulvérisation est d'environ 8 heures pour des couches dont 1'épaisseur
se situe autour du micromeétre. Pour la microscopie électronique, 1'épaisseur

=]

des couches est d'environ 200 A.

Diverses mesures de caractérisation ont été effectudes : micro-sonde

Castaing, XPS, spectroscopie Mossbauer 2 300 K, microscopie électronique.

Les résultats des mesures effectuées 2 la sonde Castaing sont indiqués
dans la table 1. Les éléments Fe, Al et O ont été analysés. On trouve un

excédent d'oxygéne par rapport A celui nécessaire & la molécule Al indi-

0
273
quant une oxydation partielle du fer (mais la précision sur la mesure guan-

titative de l'oxygéne n'est pas trés grande).

Sur la table 2 sont présentés les résultats déduits de 1'analyse des
spectres Mossbauer a 300 K réalisés par J.L. Dormann*(2) et de l'analyse XPS
réalisée par E. Papparazzo®* (3) en ce qui concerne l'état d'oxydation du
fer. Mais il faut considérer 1'état d'oxydation Fe3™ déduit des mesures

Mossbauer avec prudence. En effet, & 300 R, la plupart des échantillons sont

* (Laboratoire de Magnétisme, C.N.R.S. Meudon)

*k (I.T.S,E. - Area della Ricerca di Roma - C.N.R.)
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A’1203' Fe Oexcédentaire
s 11 68.5 25 6.5
5 12 47 50 3
s 13 42 55 3
s 16 23 70 7
S 14 20.5 75 435
s 15 8 90 2

Table 1. Pourcentage en poids déduit des mesures de sonde Castaing.

s s +
La précision est de ~ 2.

Méssbauer XPS
Fe® Fe3*t Felt Fe’ Feoxyde
s 11 10 66 24 0 100
S 11 A 26 46 28 22 78
S 12 63 24 13 58 42
S 12 A 38 35 27 34 66
5 13 60 28 12 56 44
S 16 bt 40 16 41 59
S 14 77 17 ) 72 28
s 15 89 9 2 84 16

Table 2. Pourcentage du fer métallique et du fer oxydé déterminé par

spectroscopic M8ssbauer a 300 K et par XPS.
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Ci:?izng Mdssbauer
s 11 6.5 8.5
s 12 3
5 13 3 9
S 16 7 13
S 14 4.5
s 15 2

Table 3. Pourcentage en poids de 1'oxygine excédentaire déduit

des mesures de sonde Castaing (table 1) et calculé

d'aprés les mesures de spectroscopie MSssbauer (table 2).

épaisseur | épaisseur{pourcentage
diamétre couchg couche+ de particules

(E) per?g§bee ext. Fe(ﬁ‘totaég%gggs
s 11 40 8.5 2 35
S 11 A 40 4.5 2.5 16
512 50 2.5 1.5 v 0
S 12 A 50 3.5 2.5 8
S 13 60 3 1.5 3
5 16 75 6 2.5 18
S 14 100 2.5 1.5 Q0
s 15 150 1 1 Y

Table 4. Diamétre des particules ; épaisseur des couches extérieures et
perturbées calculées d'aprés les mesures Mossbauer, poutrcentage
de particules totalement oxydées en considérant une épaisseur

de couche perturbée égale & 2.5 A,
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dans un état superparamagnétique et il est aisé de séparer les contri-
butions dues au Feo (déplacement isométrique § 20 mm/s), au Fez+

(6 = 1.00 mm/s) et au Fe3+ (§ =2 0.5 mm/s). Mais pour cette derniére
contribution, on ne retrouve pas, & basse température, pour les
spectres magnétiques, un pourcentage équivalent correspondant a des
champs hyperfins voisins de 500 kOe, caractéristiques du Fe3*‘ Il

est donc probable que la population de F33+ trouvée a 300 K corres-—
ponde effectivement a du Fe3+, mais aussi & du fer "métallique qui

serait perturbé par un environnement oxydé.

Les résultats d'analyse XPS présentés ici ont été obtenus apres
o
la deuxiéme abrasure (soit & une profondeur de 500 A) et ne permettent

+ . 0 .
3 (ou autre état), le Fe a toujours une

pas de séparer le Fe2+ du Fe
population légérement plus faible que celle déduite des expériences
M&ssbauer, mais ceci indique qu'ad la profondeur mesurée, il existe
encore une oxydation résidueile (en gurface tous les échantillons

sont totalement oxydés).

Dans la table 3, nous avons rappelé le pourcentage de 1'oxygeéne
excédentaire déterminé par sonde Castaing et le pourcentage d'oxygene
excédentaire nécessaire déduit des mesures MOssbauer en considérant
les valences 2+ et 3+. Ces valeurs sont toujours nettement plus grandes
que les valeurs mesufées, indiquant soit une sous évaluation trés impor-
tante de la mesure & la sonde Castaing (peu probable), soit plutdt des
états de valence différents de 2+ et 3+. Pour expliquer cette contradic-—
tion, il faut tenir compte de deux résultats importants obtenus par
1'analyse XPS. D'une part celle-ci a montré 1l'existence d'aluminate
de fer (Fer 2+) situde a l'interface grain-matrice. D'autre part, 1l'ana-
lyse XPS a montré que, en surface, le fer était complétement oxydé (3+)
et que cette oxydation diminuait progressivement suivant la profondeur,
avec une extension de l'ordre de 1000 g, cette extension étant d'autant
plus grande que 1'échantillon est pauvre en fer. De ce fait, nous pou-
vons prévolr une population de Fe3+ allant d'environ 5 % (pour S$15) a

10 % (pour S11).

Nous pouvons donc considérer le modéle suivant : une particule serait
. 0 fs
constituée d'un coeur de Fe ', d'une couche extériecure de FeAlzo4 et
d'une couche intermédiaire assurant la liaison entre le fer métallique

2+ . , .
et le Fe des aluminates, correspondant donc aux fers '"métalliques'
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perturbés. Nous indiquons dans la table 4 les diamétres des particules
évalués d'aprés la microscopie électronique et les épaisseurs de la
couche extérieure et perturbée, calculée d'aprés les résultats de la
table 2.

L'épaisseur de la couche extérieure ne dépend pas (en tenant compte
des erreurs) du diamétre des particules, ce qui est normal. Par contre,
ceci n'est pas le cas pour 1'épaisseur de la couche intermédiaire qui
augmente lorsque le diamétre diminue, I1 faut donc envisager 1'hypothése
de particules complétement oxydées En supposant 1'épaisseur de la couche
perturbée = 2.5 K, on peut calculer alors le pourcentage de ces particules
(table 4). Ce pourcentage prend des valeurs notables pour les échantillons
ayant les plus petites particules (S11-S114)) et S16. Pour ce dernier
échantillon, ceci est explicable du fait des mauvaises conditions expéw
rimentales (plasma un peu pollué). Ceci indiquerait que lorsque les par-
ticules sont tras petites, elles sont totalement oxyddes. Ce résultat
est cohérent avec les mesures de MSssbauer & basse température on
1'on observe pour les températures de blocage les plus strictes (corres—
pondant aux particules les plus petites) un érat d'oxydation typiquement
3+. En conclusion, les mesures de XPS, spectroscopie Mossbauver et micros-
copie électronique ont permis une bonne caractérisation des particules

Fe—Alzog.
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RESUMES

Dang les articles suivants, nous avons présenté les résultats des
mesures de susceptibilité en alternmatif et d'aimantation rémanente sur
les composés granulaires FeuAl2O3. Nous avons analysé la dépendence en
fréquence de la température de blocage Tp et la variation de 1'aimenta—
tion thermorémanente (TRM) en fonction du champ, du temps et de 1la

température.

La températufe de blocage a été déterminée par mesure de sus-—
ceptibilité en alternatif, Xac (17 Hz = v £ 11 kHz) et par spectrosco-
pie Mdssbauer (v = 5 1077 Hz}. Xgo Mmontre un maximum bien défini (com-
parable a ce gu'on observe dans les verres de spin) qui devient de plus

en plus aigll en augmsntant la concentration en fer (art. T : Fig. 1

Table 1).

3




Les spectres MOssbauer montrent 1'apparition d'un sextuplet
(début du processus de blocage), qui pour un certain intervalle de tem—

pérature est superposé A un spectre paramagnétique.

La variation avec la fréquence de Tp ne peut pas 8tre décrite
par un modéle de particules indépendentes. Les courbes log % vs-% mon~
trent une faible courbure pour les échantillons S13 et S$16. Pour les
eéchantillons S12 et S12A on pourrait faire passer une droite par les
points expérimentaux (loi d'Arrhenius), mais les valeurs des paramdtres

(= 10—‘18 s et 10_22 s respectivement) et E, qu'on obtiendrait sont
sans signification physique {(art, I : Fig. 2).

La dépendence en fréquence de T, pour les différents échan-

B

tillons est mieux décrite par une loi de Fulcher {comme observé dans

-13 , —t4
-10

d'autres verres de spin) avec une valeur unique de T, de 10
La dépendence en fréquence de TB diminue en augmentant la concentration
en fer (art. I : Table 1), ce gui montre 1'existence d'intéractions |
entre les grains qui produisent un gel de plus en plus coopératif. Au
contraire aux faibles concentrations la variation de Ty avec le temps
tend vers une loi d'Arrhenius, ce qui indique plutdt un blocage de par-

ticules quasi indépendentes,

Un cycle d'hysteresis régulier et symétrique a été observé
pour 1'échantillon S124 3 4.2 K (T <« Ty) aprés un refroidissement a
champ nul (art. IL : Fig. 2). La dépendence de l'aimantation isctherme
remanente saturée (IRM) (et de l'aimantation thermorémanente saturée,
TRMg) suit une loi de puissance RM, ~nt %, comme observé dans plusieurs

verres de spin (Fig. 6).

La variation thermique de la TRM, pour 1'échantillon $12 suit

une loi exponentielle TRM, ~ exp(-bT) avec deux valeurs de b (art. III :



Fig. 3) au~dessous et au-dessus de <Tp>. La présence de TRM est due a
une distribution de tailles des particules dont une fraction se blogue
a T><Tp>. Pour T><Ty>, l'augmentation de TRM_ est beaucoup plus rapide
et est due au blocage du reste des particules en interaction entre

elles,

On a observé que la dépendence en température et en temps de
TRMS est bien décrite par une relation unique TRMg ~ f (KT 10g-§)
(comme pour certains verres de spin dans un intervalle de température

limité) dont un temps de relaxation caractéristique Tt = 1 s peut

atre déduit.
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France

J.L. Dormann
Laboratoire de tlagnétisme, C.N.R.5., 92130 Bellevue, France

A.C. Susceptibility measurements and lossbauer spectroscopy have been made on granular
Fe-Ala03 thin filws. The effect of interactions between particles is evidenced rhrough

the fracuency dependence of Th for different compositions (Fulcher taw). This behavior
is similar to what is also observed in spin glasses.

INTRODUCTION

The granular films, consisting on [inely disper-
sed metallic grains in an amorphous matrix, are
of recent interest (1), The main atctention is
devoted to the characterlstics of the blocking
process, giving & maximum in the a.c. suscepti-
bility, in relation with the volume of the
metallie particles and their concentratien,

In this view we started the study at different
measuring times (17 Hz < v S 5.107 Hz) of the
magnetic properties of fine Fe parricles disper-
sed in an amorphcus AlgQ3 marrix, as fumction of
their volume and of iron concentratien.

PESULTS AND DISCUSSION
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The granular Fe~A1,O3 thin films with different
compositions were prepared by co-sputtering Fe
and Alg@s (2). Three samples were prepared and
their compesitions were checked by electron
microprobe analysis (Tab. 1).

A.C. susceptibility measurements were performed
using a mutual inductance bridge in the frequen-
ey range 17 Hz S v < 11 kHz. Typical temperature
dependence of ¥, ., is reported in Fig. 1. x'
exhibits & well defined maximum at Tb. A maximur
of " 1s cbserved below Tb. The maximum of '
becomes sharper with increasing Fe concencratio.,
as evaluated comparing the correspending 4x'/%'
ratios, as shown in Fig., |. The uncertainties in
Tb given by the maximum of x, . are £ 0.1 K. It
is more difficult to define a blocking tempera-
ture from the lossbauer spectra. Iwo values for
Tb can be deduced one (the highest value) 1is
given by the appearance ¢f a six lines pattern
superposing to the paramagnetic spectrum. The
other corresponds to a 100 7 magnetically eordered
spectrum.

Arrhenius plots (I'-l vs log V) give a non-physi-~
cal characteristic time 1, (= 2.10718 sec) for
the most diluted sample 512a(46 Z Fe) and show =

f T

o Foggiy : R
$13/ s
‘—0p
*/ Ty
i L
0 00 0.02

Fig. 2 : Reduced diagramm for the Fulcher law
determined for the differenr compesitions. O , O
correspend respectively to the high and low Tb
values deduced from lossbauer spectra.
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1
SAMPLE x Th{v=17.3 Hz) | 2%, (v=17.3 H2) T Balg
(% _Fe) (K) X (x§ )
slz 46 27.5 0.06 7 594
13 51 41.6 0.05 20 644
S16 56 148.0 0.02 58 2667

n ]
Tab. ! : Composition x, Tb, EXT at Tb, and characteristic parameters T, and Ea/K determined frem a plot

Tb vs L/in (v_/v) with v, = 1014571,

curvature for the 513 and $16 samples. The usa of
a Fulcher law T = 15eR3/K{Ts~To) " recencily
applied to spin glasses systems {3), allows to
better describe the frequency dependence of Tb
for the three samples with a unique and more
reasonable 1, value : T, = 10718 sec. In Fig. 2,
the Fulcher law determined using T4 = 10-1% sec
is reported in a reduced diagramm

log g /v vs %/Ty. The non-superposition of the
curves indicate the absence of scaling laws. The
comparison of the curves shows a tendency to an
Arrhenius law when the concentration decreases.
The behavior of S13 and Si6 compared to S12
suggests a more cooperative freesing in these
systems. Taking into account the uncertainty of
measuring time corresponding to the blocking
temperature deducad from Mossbauer spectra and
using the higher temperatures (squares in Fig,2)
a Fulcher law with v, = 10135-1 {5 also valid.

Although these rasults show the existence of
interactions between metallic particles, a compa-
rison between the distribution of Th deduced

from d{x'T)/dT {(as given in the superparamagnetic
model cof Wolfarth (4}), is explicative. In Fig.3
d(x'T)/dT, proportional to the distribution of
Tb, is reported as a function cf reduced tempe-
rature T/Tb for the three samples. Indeed the
apparent shape of the distribution functions of
Tb deduced from this superparamagnetic model

{nen interacting magnetic clusters) suggests a
more cooperative like transitionm at Tb for §13
and 516, since higher inhomogeneity in size
distributions is found from electronic microscopy
for increasing irom content,

Preliminary magnetization measurements performed
on the £12 sample have shown the existence of
remanent magnetization at 4.2 XK. Moreover the
non~superposition of the M vs H/T curves chtained
by measurements in the unbleocked temperature
range confirms the existence of interactions
between metallic grains.

* On leave from L.T.S.E., Area Dslla Ricerca di
Roma, C.N.R., Italy.

g {X.(17]]

a{TITy)
s b

$18

512

ol -

2

Fig. 3 : d{x'T)/4T, proporticnal to the distri-
bution of the blocking temperatures PF(Th), as
function of the reduced temperature T/Tb.

CONCLUSIONS

The present results indicate that the observed
blocking process for granular Fe-Alo03 films

can not be described as a pure superparamagnetis
blocking (independent moments)., Moreover the
frequency dependence of the blocking temperature
shows similarity with that of some spin glasses,
like the obedience te a Fulcher law. It indica-
tes a more cooperative freezing {small frequen-
cy dependence of Tb), due to increasing inter—
actions inter grains and not to a particular
blocking temperature distributiom function P (Th)
of independent grains.
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MAGNETIC PROPERTIES OF GRANULAR FILMS Fe-Al,0;
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The frequency dependence (17 Hz <

< 2103 Hz) of the blocking temperature Ty and the time and temperature evolutfion of

the thermeremanenl magnetizalion TR\A of granular Fe-Al,0; (46% Fe) films have been studied. These properties are

characteristic ol fine ferromagnetic grains.

1. Introduction

Granular films are composiie materizls consisting of
finely dispersed metallic grains in a generally amarphous
maltrix. Above a blocking temperature Ty, giving a
maximum in the ac susceptibility, these materials ex-
hibit superparamagnetic behaviour.

Recently. the dynamical properties of granular
Fe-Al,O, films have been the object of interest with
special regard 10 the analogies exhibited with respect to
spin glass behaviour. such as obedience to a Fulcher law
{1.2]. These properties have been found to be strongly
concentraiion dependent.

In this paper we report a study of the magnetic
properties of a granular Fe-Al,O, film with an iron
content of 46% (sample S12A) [2]. Results of measure-
ments of ac susceptibility and of remanent magnetiza-
tion {(time and temperature evoluticen) are discussed.

2. Results and discussion

The granular film Fe—Al,O, (S12A} was prepared by
cosputtering Fe and Al,0,. The substrate was rotated
during the sputtering in order (¢ ensure a better homo-
geneity, The composition of the sample was checked by
electron microprobe analysis (0.46 Fe: 045 Al 0.09
O-An.

2.0, AC suscepribility measuremenis

AC susceptibility measurements were performed
using a mutual inductance bridge in the frequency range
17 Hz < v < 2103 Hz. The temperature dependence of
X, at different frequencies is reported in fig. I: X!
exhibits & well defined maximum at Ty a maximum in
v is observed below Ty. The de susceptibility (xg =
M HY measured after field cooling ( H = 240 Oe¢) con-
tnues lo increase slowly below 7.

NMossbauer spectra (v =53 107 Hz) give a blocking
temperature between 7= 50 K and T'=40 K, where the

= U leave from LT.S.E. Arez della Ricerca Jdi Ronu, PB L0
Mo Monterotondo Stazione, Rome, Ttaly.
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Fig, I. The temperature dependence of the ac susceptibility for
three frequencies is composed to the de suscepuibility. The
imaginary part, x 7, is also shown for a frequency of 198 Hz.

iwo temperatures correspond to the appearance of a
six-lines pattern superposed on a paramagnetic spec-
trum and a 100% magnetically-ordered spectrum, re-
spectively.

The frequency dependence of the blocking lempera-
ture follows an Arrhenjus law =7, exp( £, /KT ). bul
the parameters deduced are unphysical (7, =107
E /K =1630 K).

Although the range of temperature is limited a clear
deviation from a Curie-Weiss behaviour up o tempera-
ture well above Ty [Tgir = 17 Hz) = 34.4 K] it observed
in the x ' vs. T plots. The maximum in x,, therefore

1983 North-Hollund
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tl T T 1 ¥ T
5000 a.u T4.2K -
C Tg=34K (v=1THz) i
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r H 7
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0 10 20 30kCe

Fig. 2. Hysteresis cvcle at T=4.2 K after zero field cooling
from 7 » Ty.

does not define a transition (o a pure paramagnelic
state. probably because of the inhomogeneity of the
sample {distribution in particle size) and of interactions
berwszen particles above 7.

2.2, Remunent magnerization measurements

Irreversibility properties have been observed in the
granular Fe-Al,O, (iim. At T=42 K (T=Ty) a
regular and symmetric hysteresis cycle was observed
afler zero-field cooling from 7= Ty (fig. 2) with IRM
(iscthermal remanent magnetization) = M /2, as ex-
pected for single domaine ferromagnetic particles with
relaxation time larger than the measuring time.

The time evoluton of saturated IRM, and TRM,
(thermoremanent magnetization} has been studied at
T=42 K. A power law RM @ /7% is followed as ob-
served in some spin glasses.

The temperature dependence of TRM_ has been
measured after field cooling down to the lowest temper-
awre (7=4.2 K) and then warming {large steps of
temperature) after removing the field. The thermorema-
nent magnetization rematns well above Ty indicating
the presence of some particles stll blocked above the
emperature of the susceptibility maximum. An ex-
ponential law TRN_ a e™®7 is observed with a change
of slope at the blocking temperature.

If a thermally activated blocking model of double-
well potentials, governed by an Arrhenius law, with a
distribution of energy barriers P{}¥} is assumed, the

30 f T Y T r -
RM.(au)
TRM
s0 L IRM |
Tz42K
Tg = 34K (v=17 Hz)
10 E
1 1 1 L L ]
o] 0 20 30 40 50k 60

Fig. 3. Field dependence of IRM and TRM at T=4.2 K. The
remanent magnetization (RM) being measured 605 zfter
switching off the field.

time and temperature evolution of TRM, are associated
in the same unique variable KT log(t/7,). This medel
has given a satisfactory description in the case of some
spin glasses, such as CuMn, for which the following
expression was found in the temperature range 7,/3 < T
< 27 /3 [3]: TRMUT, 1) = TRM (0} exp[—(T/
) In(1/7)].

The time and temperature evolution of Fe-Al.Q,
granular films (S12A) can be described by the above
reported equation from which a characteristic relaxation
time 1, = 107" 5 is deduced, giving a satisfactory super-
position of the data in terms of T In(r,/1,).

The field dependence of IRM and TRM was studied
at T=42 K (fig. 3). TRM increases with the field up to
a constani value. as expected for a series of independent
and additive refaxation processes, differently from what
is observed in canonical spin glasses, exhibiting a maxi-
mum.

One of the authors (D.F.} is indebted to the " Centre
de Recherches sur les trés basses temperatures™, for its
hospitality (NATO fellowship).
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DYNAMICAL PROPERTIES OF SMALL PARTICLES; COMPARISON WITH SPIN GLASS

BEHAVIOUR
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D. FIORANI *, J.L. THOLENCE
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and C. SELLA
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Finely dispersed small iron particles in an amorphous alumina matrix are studied. AC susceptibility (17 Hz g » < 11 kHz),
Massbauer spectroscopy, magnetization, TRM and IRM measurements are performed. The time dependent properiies are
similar to those of spin glasses and are explained with the small particle model taking inte account the interaction between

particles.

1. Infroduction

Many spin glass properties are time dependent. These
phenomena can be interpreted with a model of magnetic
objects of which the magnetization relaxes between
preferential directions. In this case. the properties should
be analogous to the ones of small particles (superpara-
magnetism phenomenon). The behaviour of small inde-
pendenl particies 18 well known [1] but not that of small
intgracting particles. Many experiments {1] have been
performed on small particles but generally with only
one measuring time. Thermoremanent magnetization
(TRM) and isothermal remanent magnetization (IRM)
versus applied field. temperature and time have never
been the subject of detailed study. Therefore. the dy-
namical properties are not well known.

* Presenl address: LTSE Area della Ricerca di Roma. Via
Salaria, Monterontondo Stazione, [taly.

Table 1

In this work, we present the results obtained on
small particles from different experiments (with differ-
ent measuring times). A comparison with spin glass
properties is discussed.

2. Experiment

The samples consist of finely dispersed iron grains in
an amorphous Al,0, matrix. They were prepared by
co-sputtering Fe and Al,O; [2]. The target was sta-
tionary or rotated at 1/6 rpm (S12A). In the first case,
the samples were inhomogeneous. some regions being
rich in very small particles-ether~regions=in=1arger
particles [3]. Different samples were prepared and their
compositions were checked by electron microprobe
analysis (table 1), The parucle diameters were de-
termined by electron microscopy. AC susceplibility (17
Hz < v 5 11 kHz), Méssbauer spectroscopy. magnetiza-
tion, TRM and IRM measurements were performed.

x% Fe in weight, experimental and theoretical slope of log,yl/» versus 1/Ty (K) experimental values of log,u7,. characteristic

parameters of the Fulcher law T and E, /& {K) [or different samples

Samples X Slope log 7 Calculated Ty E,/k
% Fe (K) slope (K) (K)
512 0+3 430 — 18 13 7 390
S12A 50+ 3 500 -2 i8 - -
513 55£3 970 -3 25 20 640
316 5+8 S 3200 ~ 28 82 58 2670

(:304-8853 /83 /0000-0000,/503.00 © 1983 Nerth-Holand




118 J.L. Dormann et al, / Dyramical properties of small particles

3. Results and discussion
3.1. Frequency dependence of the biocking temperature

Typical temperature dependence of x,, is reported in
fig. 1 where a weli defined maximum in correspondence
with T is observed. The characteristics of the blocking
process appear to be concentration dependent. In-
creasing the iron concentration the maximum of ¥ be-
comes sharper, as evaluated by comparing the Ax’/x’
ratios [4].

The values of Ty for different samples are reperted
in a reduced diagram log [ /v versus x/Ty (fig. 2). In
the case of independent particles, we should find a
straight line. The siope and log 1/#(1/Ty = 0) = log 7,
can be calculated [1] in the cubic symmetry with K, = 3
% 10° erg/cm’® (magnetocrystailine energy). The experi-
mentai values of the slope and log 7, and the theoretical
values of the slope are reported in tabie 1, the theoreti-
cal value of log 7, = ~ 10.

The important deviations between the values show
that the model of independent particles is not ap-
propriate. If the magnetocrystalline energy is not the
predominant term in the anisotropy energy, the main
term being magnetostatic energy, or interaction energy

. the value of K, can be higher and the case of
uniaxial symmetry should be accounted for. Then, the
vaiues of the slope become coherent with experimental
values, but log 7y = — 11 to - 12, remains much higher
than the experimental values. In addition log 1 /» versus
x/Ty presents a weak curvature for S13, $16 samples,
unexplainable with the model of independent particles.
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Fig. 1. Temperature dependence of the ac susceptibility for the
S$i3 samples; x' the in phuse component and x” the out of
phase component for » =173 Hz,
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Fig. 2. Variation of the blocking temperature Ty versus measur-
ing time 1/# in a reduced diagram. The curves correspond to a
Fulcher law.

The use of a phenomenological Fulcher law 7=
7 exp| £, /&{T; — Ty}, recently found adequate [3] to
describe the dynamical properties of some spin glasses
ailows the frequency dependence of Ty to be described
for 812, 813, 516 samples. In fig. 2 this law is reported
using a more reasonable 7, value, log = =14 and the
deduced characteristic parameters are indicated in
table 1. The comparison of the parameters of these
samples shows an evolution of the Fulcher law towards
an Arrhenius law with a more physical value of x,. So
when the concentration decreases a tendency towards
the properties of a system of non-interacting particles is
observed.

Increasing the iron conten:, the number of particles
and their mean size increase and hence they become
closer to each other and more interacting. This property
is confirmed by the highet Sharpress of x* and the more
peaked shape of the distribution functions of the block-
ing temperatures [4] with increasing the iron content, in
spite of the increase of the width of the particle diame-
ter distribution as seen by electron microscopy.
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Fig. 3, Temperature dependence of TRM, for the §12 sample.
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Other effects have to be considered, in particular the
effect of the particle size distribution and its topology.
The comparison of the results obtained on the samples
$12 and S12A (same iron content) shows that for S12
the frequency dependence of Ty is described by a
Fuicher law, which is not adequate for S12A. The lower
frequency dependence of Ty for S12A should suggest a
more cooperative blocking process with respect to S12.
These properties should be related to the better homo-
geneity of the particle size and their distribution in the
sample for SI1ZA,

It is possible to explain the appearance of the Fuicher
law for interacting particles by the following process. If
the particles have a diameter distribution, Ty is also
distributed. For independent particles, the blocking
temperature Ty, for the samples is Ty, = (Ty). If we
suppose an interaction between the particles, for a tem-
perature where the magnetization of the bigger one are
blocked, the other particles see a magnetic field due to
the blocked particles. In this case the anisctropy energy
ingreases and Ty increases. For the interaciing particles
Tg(l) > Th. This process is valuable for any measut-
ing lime, hence for any temperature. In addition the
ratio Ty (1)/ Ty, increases when the temperature de-
creases, in particular because the interaction energy
increases with the square of magnetization. Then, it i§
possible to have a theoretical curve in agreement with
experimental values. In reality, the variation of Ty is
much more complicated and should depend on the
distribution and the topology of particles.

2.2, Remanent magnerizaiion

IRM and TRM were observed not only below 7y but
also above, at the difference which is scen in classical
spin glasses. The variation of saturated TRM_ versus
temperature is shown on [lig. 3 for sample S12. A de-
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Fig. 5. TRM and IRM versus / and T =42 K for the S12A
sample.

tailed study of IRM and TRM, versus time for the
$12A sample is presented elsewhere [6]. The variation of
IRM and TRM, follows a power law ¢~ “ which is in
agreement with theory [7] if a 4 < 1. The variation of
TRM, versus temperature follows an exponential law
exp| — 57| with two values of b; above Ty, few particles
are blocked and the imteractions between particles are
weak. The decrease of log TRM, when T increases
concerns only these quasi independent particles and is
weak. Below Ty, many more particles are blocked and
are coupled. The decrease of log TRM, is more im-
portant. A theoretical explanation in terms of small
particles for this law does net seem to exist but for spin
glasses these laws have been proposed [8] and experi-
mentally verified in the range T;,/3 < T < 27,/3.

The field dependence of TRM and IRM at 4.2 K is
reported in fig. 4 and § for S12 and S12A samples
respectively, A significant difference is found in TRM.
exhibiting a maximum for S12 and 2 continucus in-
crease up to a saturation value for S12A, The TRM
maximum cannot be explained with the independent

H (klOe]

o 20 30

40 o0

Fig. 4. M, TRM and IRM versus H and T =4.2 K for the 312 sample.
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particle model and it is necessary to take into account
the interaction between particles. This maximum can be
explained if the a coefficient of the power law (¢
increases versus field until a value corresponding to
TRM = IRM, as seen in spin glasses [9]. We suggest the
following explanation. When the applied field is weak,
it could be canceled in the smaller particles by the
interaction field due to the bigger particles. The field
being canceled, the obtained relaxation time corre-
sponds only to the interacting bigger particles and it is
higher. This phenomenon will be pronounced only if the
particle distribution is topologically inhomogeneous.

In conclusion, we have shown in this work that
certain time dependent properties observed in spin glass,
are also true in the case of real small particles and can
be explained taking into account the interaction be-
tween particles,
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COMPORTEMENT DE LA SUSCEPTIBILITE NON LINEAIRE DES

PETITES PARTICULES Fe—A1203

INTRODUCTION

.

L'ensemble des propriétés magnétiques des composés granulaires
Fe AlZO3 correspond & wmcomportenert de particules en interaction similaire
sur plusieurs aspects aux propriétés de verres de spin (1-3) :

- le maximum de la susceptibilité alternative & <T_> est aigu (la largeur

B
est comparable 2 celle des verres de spin qui suggérent l'existence

d'interactions entre les grains ou une distribution triés étroite des

e

* (_ .
tailles des grains.

- La dépendance en fréquence de <TB> peut &tre décrite par ume loi de Fulcher
(4-6) comme dans d'autres verres de spin. La dépendance avec la fréquemnce
de <TB> change en fonction de la concentration, tendant vers une loi d'Arrhe-
nius aux faibles concentrations. Cela est similaire & 1'évolution avec la

concentration observée da erre de spin isolant Eu Sr S .
Vﬂddﬂmgighigg P o) ST (4)

- Les propridtés de 1'aimantation rémanente (la dépendance de la TRM saturée

en fonction du temps et de la température) sont similaires & celles obervées

dans 4d' T m——
ey
—- Par contre l'apparition de la rémanence &4 T > <TB> represente une différence
ar rapport aux verres de spin céﬁbﬁl‘hé”Mmals le méme effet 1us égzble
P PP NEMK gues, e P

a été Lrouvé dans quelques systimes aussi bien métalliques, comme PtCo (7)
et Agin (8) que isolants comme les spinelles CdCrZXInz_ZX 4 (9) et
ZnCr1-6Gao.4O4 (10) . Cet effet peut &tre relié dans certains cas 2 1'exis-
tence d'inhomogénéités a longue distance et donc & la méthode de préparation

{dans AgMn cet effet disparait aprés recuit (8)).

Pour développer cette comparaison entre les propriétés des particules

en interaction et celles des verres de spin nous avons étudié, en paralleéle
avec les études actuelles sur la transition verre de spin, le comportement

de la partie non linéaire de l'aimantation statique au voisinage de <TB>.

Le comportement singulier de la susceptibilité non linéaire a été présenté
comme une évidence en faveur d'une vraie transitionm de phase (11-16) et comme
un critére de distinction entre des "bons' (avec '"transition") verres de
spin, comme CuMn (14,15) et les M"autres" (avec un freezig de "type super para-

magnétisme" ).
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PREDICTIONS THEORIQUES ET VERIFICATIONS EXPERIMENTALES
SUR LES VERRES DE SPIN -

D'aprés les prédictions de la théorie de champ moyen (17 ) pour

T > Tc’ l'aimantation peut &tre développée en puissance impaires de H :

(D M=a (DE - A DE + A (DE « ... (T > 1)

Le premier terme du développement, correspondant i la susceptibilité
AT(T> = C/T, ne présente aucune anomalie & température finie, tandis que
les susceptibilités non linéaires (termes d'ordre supérieur du développement)

. . -1 -3
: o (T= . n, (T ,
divergent a Tc A.3 (T TC) : AS (T Tc)

AT= Tc il y a un changement de comportement de 1'aimantatiom qui
n'est plus une fonction impaire du champ mais présente aussi des termes qua-
dratiques en H :

3

19 '
H - AH + ... (T =17T)

(2) M = A1(TC)H ~ Az 5 .

Suzuki (18) et Chalupa (19), en étendant 1'approche de Widom-Kadanoff
(20) sur les transitions de phase aux verres de spin, ont proposé d'intro-
duire de manidre plus générale des exposants critiques (&,8 ,y ,6 ) qui per-

mettent de décrire le comportement singulier. Les grandeurs th%rmo%ynamiques
c

obéissent & des lois de puissance des variables réduites ¢ = —7— et du
H

champ réduit h = ( %%ﬁ_) dans la limite &£ et h + 0. Pour les verFes de

spin : ¢

-0} /8

3 g~ f xvel;cn %y ua bl

ot q, X et C sont respectivement le paramétre d'ordre, la susceptibilité

initiale et la chaleur spécifique.

La partie non lindaire de l'aimantation XS(E,h) est déerite par une
équation d'état universelle. Les équations équivalentes suivantes ont été

utilisdes
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(4) )(_S/hz/‘(5 =F (s/hz/sﬁ)

(5) XS/EB = (hZ/e B+Y)

Les équations déduites de la théorie de champ moyen correspondent 2

1'expression de Suzuki pour les valeurs

Les premiéres expériences sur le comportement singulier de 1'aimanta-
tion ont été réalisées sur des verres de spin métalliques (11-15,(21-25) et
non métalliques (16, 26) en mesurant la susceptibilité A.C. (20,22,25) et
l'aimantation D.C. (9,14). La procédure la plus correcte semble &tre de
mesurer l'aimantation refroidie sous champ & partir d'une température
Ti >> Tca On admet que cette aimentation ne dépend pas du temps et corres-—

pond donc réellement & un état d'équilibre thermodynamique.

Les résultats sont présentés dans le tableau 1. Dans plusieurs cas,
il y a un accord qualitatif (divergence em loi de puissance de XS(T) )
avec les prévisions de la théorie de champ moyen, mais il n'y a pas un
accord quantitatif et les exposants critiques trouvés dans divers cas sont
différents (tab. 1). Les diverses déterminations expérimentales ont été
obtenuesTdans différents intervalles de champ # et de température réduite
o

€ = - , ce qui pose le probléme de l'extension de la région critique

(12,135,

- Dans les verres de spin isclants (Ti1—xvx)203’ Chikazawa et coll. (27)
ont observé une augmentation de type logarithmique de la susceptibilité
non linéaire au voisinage de Tg en mesurant le signal induit 2 3 w et 5 w

par un champ alternatif de fréquence W,

- A partir de mesures statiques d'aimantation er fonction du champ sur AgMn,
Monod et Bouchiat (11) ont vérifié qualitativement les prédictions de la
théorie de champ moyen. Les auteurs ont décrit leurs mesures d'azimantation

en champ faible (H < 200 Qe) par

(7) M/E =X (T [1 -b (D %]
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115 observeti ure divergence de b de la forme (T—Tc) ~Y avec 1 <y < 2

(Tab. 1).

= Dang les systémes CuMn : 4.6 % et Gd37A163 amorphe (Barbara et al)
(12, 13,28 ) et dans le systéme isolant aluminosilicate de manganése
(Beauvillai et al) (16) les auteurs ont analysé leurs résultats au moyen

de 1l'expression suivante :
a
(8) M= X H-x0E

Dans leur cas, la singularité 3 T = TC 3e manifeste par une divergence de

. n

X, et un minimum prononcé de "a", Les auteurs ont réussi 4 représenter
leurs mesures de susceptibilité non linéaire Xg = Xg M/H par une équation

d'état qui conduit aux valeurs d'exposants critiques du tableau f.

- omari -Préjean-Souletie (14,15) ont analysé leurs mesures d'aimantation
M(H,T) sur CuMn : 1 % en développant 1'aimantation en puissances Impaires

. .. . H . i .
de la variable (—=) avec un développement en série du type Langevin :

T-8
< 2n+1
_ n+
(9) M/Msat = I a2n+1L2n+1 '
n=0
1 x = _bH et L sont 1 fficient ui entrent dans le dévelop—-
ot K(T=5) ons1 SO es coefficients qui velop

pement en série de la fonction de Langevin.

Les auteurs ont trouvé umne divergence des coefficients aq et ag
. . ) T  T2n+ .
pour T - Tc sulvant une loi de pulssance en (T:f ) Zn+l de laguelle ils
dérivent les exposants critiques vy et B (Tab. 1)Cqui permettent de repré-

senter l'ensemble de leurs résultats par une éguation d'état du type 5.
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MESURE ET ANALYSE DES RESULTATS

SUR LES COMPOSES GRANULAIRES Fe—AL203

Nous avons utilisé pour nos mesures 1'échantillon 512 A (pourcentage

en poids de fer ; 50 7 : FeO/Feto = 0.38 ; diamétre moyen des particules

t
@ = 50 A)(29,30). L'échantillon a été préparé par rotationm de la cible
pour obtenir une meilleure homogénéité dams la distribution des particules

dans 1'alumine.

Nous avons étudié 1l'aimantation en utilisant un magnétométre Squid
{C.E.N.G., D.R.F.} dans l'intervalle de température 20 < T < 60 X et dans
des champs allant de 10 Oe jusqu'id 500 Oe. lLe maximum de Ao extrapolation

de M/H lorsque H tend vers zéro, se place 4 T < TB> = 26 K.

Les diverses courbes d'aimantation en fonction du champ (Fig. 2)
ont été obtenues 2 chaque température aprés refroidissement sous champ

partir de la température ambiante ou de 60 K.

A cause de l'incertitude sur le champ magnétique & champ trés faibles
les valeurs correctes du champ ont été déduites par la partie lindaire de

l'aimantation 3 la température plus élevée (T = 60 K).

Sur la fig. 3, nous avons représenté 1'inverse de la susceptibilité
o -1 , . o N
intiale Xo - en fonction de la température. On observe une déviation 3 la

loi de Curie-Weiss & partir de v 40 K (31.5 <T_>, qui peut &tre relié

B
a4 L'existence d'interactions entre les grains et/ou 2 une distribution de
températures de blocage. La valeur de la température de Curie-Weiss (8 = 21 Ky,
qui montre la présence d'interactions ferromagnétiques, est affectde d'un
certaine erreur, due & 1'absence de mesures & plus haute température qui

. . . . NP -1
auralent permis de mieux analyser la partie linédaire de la courbe Xo vs T.

Analyse des résultats

Pour comparer les propriétés de notre systéme de petites particules
aux verres de spin qui montrent les caractéristiques d'une transition,
nous avons étudié la variation thermique du terme non lindaire de I'aimanta-
tion T + <TB> en utilisant le méme type d'approche et le méme type d'analyse
qui ont été utilisés pour les verres de spin, visant & tester

les prédictions des modeles de champ moyen.



- 43 -

Deux méthodes principales ont été utilisées :
1) une méthode qui exprime l'aimantation en fonction de H au moyen d'une

relation empirique avec un exposant pour H variable avec la température,

2) une méthode qui exprime l'aimantation en termes de pulssance impaires

du champ,
1) Nous avons analysé mnos résultats avec la relation empirique :

8) M = x(DH - x1(T)Ha(T)

ot "a" est un exposant variable avec la température(12, 13, 16, 28),

La partie non lindaire de l'aimantation augmente lorsqu'on s'approche
de <Tp>, mais sans diverger comme on peut voir dans la fig. 4, ol (XOH—M)
est représentéd en fonction de H 2 différentes températures au-dessus de
<Tg>. La relation (8) n'est toutefois pas valable aux champs plus élevés,
comme le montre la fig. 5, ol on voit gque l'intervalle de linéarité dans
les plots log (XOH - M) vs log H se réduit en s'approchant de <TB>. Le
méme type d'effet a été observé sur l'aluminosilicate de mangan2se amorphe
(14) (1'intervalle de champ ol ce régime critique est observé se réduit
lorsque T approche de Tc)' Dans notre cas pdur T =60K, Hmax = 150 Oe,
pour T = 28 K, Hmax = 30 Oe).

La variation thermique de Xy et "a" ast représentée dans la fig. 6
oli on voit que 1'augmentation de X, en s 'approchant de <TB> est seulement
de 1 & 2 ordres de grandeur (& la différence de 1l'augmentation de 5 ordres
de grandeur trouvée dans 1l'aluminosilicate de manganése) et que la varia-

tion de "a" est petite, de 2.3 4 60 K 4 2.0 & <T_> (dans l'aluminosilicate

B

N

de manganése et dans Gd la variation de "a' est plus importante,de

2.3 a 1,35).

374163

Une loi logarithmique représente mieux la variation de X4 (fig. 7)
et de la susceptibilité non linéaire g { = Xo = M/H) (fig. 10} en fonec~
tion de € qu'une loi de puissance. On observe une tendance & la saturation

preés de <TB>.

2) Nous avons aussi effectud 1" analyse de nos résultats en considérant

le développement de 1'aimantation en termes de puissances impailres du champ

(10} M= XE - AB(T)H3 + AS(T)H5 e

. . 2
et en determinant le terme A3 comme la pente des courbes M/H vs H pour
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pour H+0 (ce qui reviert 2 négliger les termes d'ordre supérieur (fig. 9).

A3 augmente lorsqu'on s'approche de Ty mais sans diverger '(1'augmen-

tation est seulement d'un ordre de grandeur environ).

Ce traitement présente une difficulté importante car la plage de
champs ol les termes d'ordre supérieur 3 3 dans 1'équation (10) sont
négligeables tend vers zéro quand T tend vers Te. La figure 9 montré que-
l'intervalle de linéarité est réduit aux faibles valeurs de H quand on

s'approche de <Tp>. De plus, 1l'incertitude sur M/H devient trés grande quand H-0O.

Nous avons donc  essayé de détermirer le terme en H5 et
avons redéterminé le termeen H3 ( les termes d'ordre inférieur peuvent
€tre déterminés avec plus de précision si les termes d'ordre supdrieur somt
considerds).

On peut écrire 1l'équation (10) sous la forme:

1 - M/y H A A

(11) - __ 3, 5,2
;i X X
Un plot de l:ﬁl%gﬂ vs H2 (Fig.10) permet de déterminer les coefficents

H
A3(T) et AS(T) a partir de l'intersection avec 1'axe des ordonnées (= A3/XO)

et la pente ( = AS/XT) respectivement. Les coefficents A3 et AS augmentent
d' un ordre de grandeur environ pour T +<TB> . La variation thermique en
fonction de la variable réduite € suit aussi bien une loi logarithmique
uneloi de puissance, mais tend 2 se saturer prés de <TB> (Fig.11,12). La
variation de log Ag en fonction de log Ag, présentée en fig. 13 est liné-
aire avec un rapporé A5/A3 constant et dgal 3 5.107% dans l'intervalle de
température examiné.

On a verifié la variation thermique de AB et A5 en fonction de
{ Téﬁ )3 et { 5%3 )5 respectivement et on a trouvé que A T%@ )3

Ay (g )7 pour T > 40K (Fig.13,14),

temperature au-dessous de laquelle on observe des déviations 3 1a loi

v( et

3

de Curie-Weiss. Domc pour T > 40K on peut exprimer le développement en se-
. . . . . , H .

rie de 1'aimantation en terme de puissances impaires de ( 76 ) au lieu

de H, ce qui revient a tenir compte de l'existence d'interactions entre

les particules
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Tinalement,nous avons analysé nos resultats en considérant un pa-
ramagnétique de référence qui suit une loi de Brillouin B =(/UR/R(T=6)/)
et nous avons considéré le développement de l'aimantation en puissances impai-

res de la variable-Ji— (14,15) avec un développement en série de type Lange-—

-0

vin:

M z 2n+1
©Gar == I 3lone

s n=0

ou alternativement:

M _ 1 2 2 .
(9b) T4 T 75 4% * 355 @5%
N = ! . =
ou M sat Nu { N est 1le nombre total d'atomes); x —Tf—gjz at L2 1 sont
les coef£1c1ents gui rentrent dans l'expression en série de la fonction de

— 1 . R, __..1 . — —--—-----2 -

Langevin ( L= — ) Ly == 73 )3 Lo =378 ) ( dans le cas d'un parama
gnétique a, = a; = a; = a, . =1 ).

Dans le cas de CuMn 1% (14,15) on remarque que § << T, {6 = ~0.8K;
TC=10,05K) et on n'observe pas de déviation & la loi de CHIIE“WeISS jusqu'a
Tc' Cela permet l'utilisation du développement en série de type Langevin dans
toute la gamme de températurespout T >T,

Dans notre cas,la valeur de 8 (2 21K) est du méme ordre de grandeur
que <TB>(= 26K} et on observe des déviations 2 1la loi de Curie-Weiss au-des-

sous de 40K. Donc on ne peut pas utiliser un développement de type Langevin en
A c
-6 T-8
4 une temperature qui est voisine de <TB>. Pour éliminer ceg difficultés, on

P . N C
a introduit dans le développement les vraies valeurs de XO(T) a la place de =g

au-dessous de cette température. De plus, un terme en divergerait

Le déveleoppement du type (9b) devient alors:

3a 162 a
3 2 5
1 5 Z(X H) “—'—“*Z—Z (X H)

(12) iﬂ= a
X 5N 305 NUu

ce qui correspond 3 un développement en puissancesimpaires de (¥ H)
<
(13) M=YH- b3(x 3)3 +b5(x H)5
o Q Q

oti les nouveaux coefficients sont reliés & a, et a_. respectivement par des

3 5
constantes . La variation thermique de a, et a_. peut &tre dé&duite des courbes
2 2 3 > :
(1= T )/ B ys H", ay étant corrdlé i 1'interception avec 1l'axe des ordon-—
XD
quSEt a. & la pente. Ia variation thermique de b, et b, peut Btre obtenue
5 d 3 5

par les courbes }EE vs (x, H) (dont la pente initiale donne by (Fig. 16)
et les courbes [}—MJXOH/(XUH)ZJ vs (XOH)2 (dont 1'intercepte avec l'axe
des ordonnés domne bq et la pente initiale bg) (Fig. 17). Le coefficient
ay (comme bg) ne change pratiquementkpas avec la température (Fig. 18). Le
coefficient ag (comme bsg) également n'est pas tres sensible 4 la variation
de température (om observe une faible diminution en diminuant T, mais il

faut considérer que 1'incertitude sur ag et bg est élevée ,
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v 30Z et que, prés de(Té;l'introduction des termes supérieurs i

5 devient probablement nécessaire.

CONCLUSTIONS

Le résultat principal de l'analyse de la variation thermique de
la partie mon linéaire de 1'aimantation du systéme des petites particules
Fe-Al,0, est qu'il n'existe pas de comportement singulier 4 la température

273

du maximum de susceptibilité linéaire, <Tp>.

Une premiére analyse qui decrit 1'aimantation au moyen d'un dé-
3 5
(H - ABH + ASH )

ou au moyen d'une relation empirique en fonction du champ avec un exposant

veloppement en serie de puissances du champ seulement ( M = A

variable avec la température ( M = X H - XTHa) montre dans lesdeux cas une aug-

mentation de la susceptibilité non linéaire d'un ordre de grandeur environ
pour T + <T>. Loin de <TB>(T>1,3€TB)) 1"augmentation de A3 suit aussi bien
une loi logarithmique qu' une loi de puissance,tandis qu' une loi logarithmi-
que répresente mieux la variation de la susceptibilité non lindaire Xg .Pras
de <T > on observe une tendence 2 saturation des termes nom lindaires de 1° ai-
mantatlon. Ce résultat représente déji une différence importante par rapport
aux verres de spin pour lesquels on observe une divergence a Tc de la suscep-

tibilité non linédaire suivant une loi de puissance eV, ‘Wne variation loga-

rithmigue a été trouvéepour (Ti <V ) O (x = 0.04,0.10)(26) et PtMn (22) par

1=
de mesures de susceptibilité alternatlva au voisinage de T pour T -+ T . Nous
pourrions domc en déduire que ces systdmes ne sont pas de "bons verres de spin
(avec "transition'), toutefois 1' augmentation de la susceptibilité non linéai-
re,lorsque T tend vers Tc,est beaucoup plus importante que dans notre systéme

de petites particules,

Une analyse plus compléte devrait décrire 1'aimantation comme un déve—

loppement en série de E%g (L'introduction de 0 tient compte de 1'interactiom

entre particules) au lieu de H seulement. Dans notre cas,du fait de l'existence de

déviations a la loi de Curie-Weiss au-dessous de T.5<TB> et pour élimi~
TEE- a une température 5 qui est voisine de <TB> nous
avons effectuéle développement en utilisant la vraie variation thermique de X

ner la divergence de

au lieu de ce qui revient A un développement de l'aimantation en puls—

£

-6’

sance de ( ¥ H ). Le terme du troisidme ordre est pratiquement indépen-
Q
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dant de la température.

L'abgence de comportement critique dans notre systéme de peti-
tes particules montre que,3 la différence de verres de spin tels que CulMn,
la portée des interactions n'est pas suffisamment grande pour produire un blocage
coopératif i <TB>° En conclusion 1'ensemble des proprietés magnétiques des
petites particules Fe—AlZOB, similaire sur bien degpoints aux propriétéds
de verres de spin,présente de nettes différences en ce qui concerne les ter-

mes non linéaires de 1'aimantation qui ne divergent pas a <TB>n
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PREDICTIONS THEQRIQUES ET VERIFICATIONS EXPERIMENTALES
SUR LES VERRES DE SPIN -

D'aprés les prédictions de la théorie de champ moyen (17) pour

T > Tc’ 1'aimantation peut &tre développée en puissance impaires de H :

(1) M=A (DE - A3(T)H3 + A5(T)H5 e (T>7T)
Le premier terme du développement, correspondant a la susceptibilité

A1(T) = C/T, ne présente aucune anomalie 3 température finie, tandis que

les susceptibilités non lindaires (termes d'ordre supérieur du développement)

. . . N oy =3
divergent 3 Tc AL v (T TC) : AS N (T TC)

3
AT = Tc il ¥y a un changement de comportement de l'aimantation qui
n'est plus une fomction impaire du champ mais présente aussi des termes qua-
dratiques en H :
) !2 ?3 )
(2) M = A1(Tc - AQH - ASH + .. (T = TC
Suzuki (18) et Chalupa (19), en étendant 1'approche de Widom-Kadanoff
(20) sur les transitions de phase aux verres de spin, ont proposé d'intro-
duire de maniére plus générale des exposants critiques (&,8 ,v¥ ,8 ) qui per-
mettent de décrire le comportement singulier. Les grandeurs thermodynamlques
Te

obéissent 3 desg 1015 de puissance des variables réduites e = —F— et du

champ réduit h = { KT ) dans la limite ¢ et h + 0. Pour les verfes de

spin

3 g ()P sxve e e ua n?/

olt g, X et C sont respectivement le paramétre d'ordre, la susceptibilité

initiale et la chaleur spécifique.

La partie non lindaire de 1'aimantation Xg (g,h) est décrite par une
équation d'état universelle. Les équations equlvalentes sulvantes ont été

utilisées ;
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Sample 8 ¥ S Ref. Tc
Mean field 1 1 2
Fe particles in AL O Yy v 26.0
273
Log
) Log
(T10°9V0.1)203 v 0 § oo 26,27 3.6
. Log
22
Pt Mo 2 7 v o
Au Fe 1 7 1<y< 21 8.9
Au Fe 1.5 % 0.9 1.2 *0.2] 2%0.2 | 23 11.8
Ag Mn 10.6 7 1.5 X 0. 2 11 37
Cu Mn 0.25 % 1 3.5 4.5 24 3.53
Cu Mn 4.6 7 1 3.4 204 1426854.3 1 12 26,25
3. fo0.5]5.9<8<6.3 | 12
| . . N
ALy (58dg 45 0.93 = 0.04 2.7 % 5.7 0.2 | 13 15.51
1.1 0.2 3.4 Fo.474.2 0.1 ] 28
CuMn 1 % 0.75 Y o.29 3.25 |5.7 0.5 14,15 | 10.08
¥n aluminosilicate 1,4 3,1 5.7 16,31 2.5

Tableau 1
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Légendes des figures

Fig1 Susceptibilité statique (M/H) refrcidie sous champ et susceptibi
lité initiale /zg'en fonction de la temperature. La temperature
du maximum de la susceptibilité initiale ,<TB> , est egale § 26K.

Fig.2 Dependence en champ de l'aimantation refroidie sous champ mesurée

pour differentes valeurs de la temperature T2,<T55
Fig.3 Inverse de la susceptibilité& initiale en fonction de la temperature

Fig.4 Dependence en champ de l'aimantation non linéaire ]M SZZH} pDour
rd

differentes valeurs de la temperature T» <TB>

Fig.b Dependence en champ de 1'aimantation non linéaire ]M fiZH} pour dif

ferentes valeurs de la temperature dans un diagramme logarithmique

Fig.6 Exposant " a " et coefficient/g/; sdans la relation empirique
a .
M ﬁzgﬁ 1%Y%H , en fonction de la temperature T2>(TBS
Fig.7 Le coefficient AZ? (et log/ﬁ/;),dans ia relation emnirique
a . , T - Te>
M = - =1 representé en fonction de log ——T—&
j;H 2/‘; ! - g <t B>
Fig.8 La suscegtigélife non llnealre’ﬁgé (et 1034?;)ffo“M/H en fonction
de log f;ﬁh—fL—- pour H = 100 Oe (@) et H = 500 Oe(o)
-

B>

Fig.9 M/H en fonction de H2 pour differantes valeurs de la temperature

T T

Fig.10 (1 - M[ZzH V/ Hz en fonction de H2 pour differentes valeurs de
de la temperature TZ,(TE)

Fig.11 A3 (et log 2,), dans le developpement de l'aimantation:
M =‘2KH - A.H3 + A H5 + ..., en foncticn de log T - (Tp>
o0 3 5 <Tg >

Fig.12 As(et log AS), dans le developpementrde i'aimantation :
= 3 2 F S e ) —
M _/Z;H AJH” + AgH™ ..., en fonction de log T T

5
<Ig>




Fig.14

Fig.15

Fig.16

Fig.17

Pig.18
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Representation de log A5 en fonction de log A3 a la mé&me %tem

perature

1

A, en fonction de ({ “ﬁTTTZ§7)
A. en fonction de ( ~=j-——)5
5 T =™

M/j;H en fonction de (Z?H 2 pour differentes temveratures
T7<Tg>. La pente initiale est b dahs le develonoement de

l'aimantation : jéZH - b E%ZH ) + bS ZzH .

_l_:_ﬂéﬁéﬁ_ en fonction de (égH )2 pour differentes tempera
(75 H)

tures T2 {Tp - L'intersection avec l'axe des ordonnés est b,

et la pente est b5 dans le developpement de 1'aimantation:
= A ey 3 PR
Mo=8 = by (PUH)T + (JOH)

log by et log b, en fonction de la temperature



M/H (

1.0

0.5

= 51 -

H = 500 Oe

l ! i ] H

20 30 40 50 60
T(K)

Fig. 1

.......

Susceptibilité statique (M/H) refroidie sous champ et susceptibilité initiale
X, en fonction de la température., La température du maximum de la susceptibilité

initiale, <Tp> est égale 3 26 K.
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I

AN

o T=26K
» T=32 K

»T=36 K
~»T=38K

T=42K
. T=44K

- T=50K
~T=54 K

H (Oe)

Fig. 4

Dependance en champ de 1'aimantation non linéaire ,M'X H| pour
différentes valeurs de la temperature Tz <Tg>,

| 1
100 200



log (., H-M)

- 55 =

log H (Oe)

Fig. 5
Dependance en champ de 1'aimantation non linéaire [M-y H| pour
différentes valeurs de la température dans un diagramme loga-
rithmique.
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T(K)

Fig. &
Exposant "a" et ccefficient X1, dans la relation empirique
M= XDH‘Xiﬂa, en fonction de la température T z <Tg>.
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1
~1.0 -0.b 0
T —de>
(T

Fig. 8
La SUSC?Ptlblllte non_lindaire Xg (et log Xg) = X ,~M/H en fonction
de lcg (T~<TB>)/<TB>] pour H = 100 Qe (@) et 1 =300 Oe (o).

log

log Xs



= 50 -

H2(0e)?

Fig. 9
M/H en fonction de H? pour différentes valeurs de la température
Tz <Tp>.




IFr=26K

RN /T=32K
“T=38K

AR " T=42K
Tl : | T=48K
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H%(Oe)* 10°

Fig. 10
1 - M/XOH)/H2 en fonction de H* pour différentes valeurs de la
température T 2 <Tp>.
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Fig. 11
Aq (et log Asy), dans le développement de l'aimantation : M=X H-A H3+4 H5+...,
2 lon de’10 3 S

eit fonction g (T-<Tp>/<Ty




/\55'1()7

...62“=

log As

205 0
T -ETB>-
<TB >

Fig, 12

—70

log

As (et log Ag), dans le développement de 1'aimantation :
-, en fonction de iog (T-<Tp>/<Tp>) .

M=y H-AgH3+AHS ..



log A,

- f3 =

—06.9¢

~7.0¢

—45 —4.0 -35 — 3.0
log A,

Fig, 13
Representation de log Ag en fonction de log Ay a la méme température.
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1 3 5
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Fig. 14 3

A3 en fonction de (T:g) .
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Fig. 15

. 1.2
Ag en fonction de (T‘B) .
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0.7

(XoH)?

000 2000 3000 2000 5000

Fig. 16

M/x H en fonction de ()(DH)2 pour différentes températures T 2 <Tg>.
La pente initialeBest b, dans le développement de l'aimantationm
M= X H - by(x B + b5%X°H)5
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¥ I“hAZ'XOF4
XoH) T =54K

2T=46K

30
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!

1600 2600 3000 4000 5000

(XoH)?

Fig. 17

(l,,ﬁyllﬁgaen fonction de (XGH)Z pour différentes températures

(x ,H) /T 2 <Tg>. L'intersection avec 1'axe des ordonnés est

) by et la pente est bg dans %e développement de
L'aimantation : M = x H - b3(XoH)3 +Q§XOH) v
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Fig. 18

Log b3 et log bs en fonction de la température.
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CONCLUSION

Notre travail se situe dans le cadre d'une approche de 1'état

-

verre de spin & travers l'étude détaillée de deux systidmes :

I) Systéme isolant antiferromagnétique A structure spinelle :
InCr ZXG32“2X04 »
I1) Systéme des petites particules de fer distribuées dans une matrice

amorphe,

Ce travail nous a permis de clarifier le passage de 1'état
antiferromagnétique & 1'état verre de spin dans le cas du spinelle et
de sculigner les différences entre blocage de petites particules et

"transition" paramagnétisme-~verre de spin.

I) ZnCr,,Gas_».04

Nous avons synthétisé les solutions solides de ZnCry, Gag_o, 0y
dans un large intervalle de concentrations (0.0 £ x £ 1.00) at nous
les avons caractérisées au moyen de diffraction aux rayons X, de spec-
troscopie XPS et MOssbauer. Les échantillons ont une structure spinelle

et les ions magnétiques cr3t

occupent saulement les sites octahédriques
(B) ol ils sont remplacés par les ions non magnétiques Ga3* en fone-

tion de la composition.

Dans le spinelle pur InCr,0,, les interactions magnétiques
sont fortement antiferromagnétiques (8 = -400 K, les interactions domi-
nantes étant entre premiers voisins), mais l'ordre antiferromagnétique
n'apparait qu'a plus basse température (Iy = 13 K), 2 cause des effets

de frustration.
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Nous avons étudié en détail le diagramme de phase magnétique
du systeme ZnCr, Gao_,,0; au moyen de mesures de susceptibilité, dif-
fraction de neutroms et spectroscopie MSssbauer. Nous avons trouvé que
1'introduction d'impuretés non magnétiques perturbe 1'ordre antiferro-
magnétique, qui persiste cependant sur des régiomns étendues jusqu'a
x = 0.85 et stabilise une phase verre de spin pour 0.40 £ x £ 0.85.
Enfin, pour x < 0.40 le systéme reste superparamagnétique jusqu'i
0.05 K. Ce comportement est en accord avec le diagramme de phase géné-

ral proposé par Poole et Farach (Z. Phys. B 47 (1982) 55).

On a trouvé que 1l'état verre de spin résultant présente quel-
ques différences par rapport aux verres de spin plus classiques (CuMa,

AgMn) et des propriétés qui dépendent fortement de la concentration

1°) Pour x > 0.60 on observe a basse température (T < 1 K)
un comportement paramagnétique di & la présence d'ume fraction de spins

libres.

2°) Alors que pour 0.40 £ x £ 0.60 la phase verre de spin
apparait normale, pour 0.60 < x < 0.85 on a pu mettre en évidence par
spectroscopie Mdssbauer l'existence de petits amas (dans lesquels un
ordre antiferromagnétique résiduel subsiste) qui donnent & plus basse

température un état verre de spin (ou verre d'amas).

Au-dessus de x z 0.85 les différentes techniques permettent
de détecter un ordre antiferromagnétique étendu, qui apparait & une
température indépendante du temps de mesure. Cet ordre coexiste avec
des entités paramagnétiques et superparamagnétiques. En diminuant la
température on observe par spectroscopie Mdssbauer d'abord un gel pro-
gressif de ces entités, puis, au-dessous de 1 K, um blocage plus net
entre clusters et matrice antiferromagnétique, qui se traduit par un

dM

maximum de la susceptibilité différentielle CEE)H

champ suffisant pour saturer les spins ou clusters libres résiduels).

{mesuré dans un

L'apparition de ce nouvel état verre d'amas, réentrant dans une phase
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antiferromagnétique, serait le symétrique de 1'état verre de spins

réentrant observé dans beaucoup de systeémes ferromagnétiques.

La concentration x 2 0.85 correspond & la concentration
limite au~dessous de laquelle l'ordre antiferromagnétique 4 longue
distance disparait. On peut remarquer que le passage de "1'antiferro-
magnétisme étendu’” au "verre de spin ou verre d'amas" s'effectue dans
une région étroite de concentrations, comme celd a été observé dans
Eu,Gd .48 par exemple.

1I) Fe-Al,0

2=3

Certaines propriétés de verres de spins (la rémanence par
exemple) sont similaires a celles de petites particules. De plus, lors-
que la variation de Tg avec la fréquence est importante (comme dans
(Laq.xGd )Al,, aluminosilicates de terres rares) toutes les propridtés
peuvent &tre attribuées a une large distribution de températures de

blocage de clusters. Lorsque T, est presque indépendant de la fréquence

g
on peut estimer &tre en présence d'un '"bon" verre de spins (cas de
AgMn, CuMn, ...). Cependant, pour caractériser la transition paramagné-
tisme - verre de spins, il est important de démontrer qu'elle est dif-
férente d'un.simple blocage d'amas. C'est pourquoi nous avons étudié

un systéme de petites particules en interactions, comme Fe—A1203.

On a observé un maximum de la susceptibilité alternative a
<Tg> = 26 K, assez aigii, dont la largeur est comparable a celle du pic
verre de spins (la température de Curie des particules de fer se situe
donc bien au-dessus de <Tp>). La dépendance en fréquence de <Tp> est
beaucoup plus importante que dans CuMn ou AgMn et tend vers ume loi

d'Arrhénius aux faibles concentrations. Une courbure dans les repré-

. . . 1
sentations. Une courbure dans les représentations de log T VS 3
B

est observée a plus hautes concentrations en fer.
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La variation de l'aimantation rémanente en fonction du
temps et de la température est similaire & celle trouvée dans leg
verres de spins, mais elle subsiste & des températures beaucoup plus
élevées que <Tp> & la différence de ce qui est observé dans CuMn,

égMn.

Pour compléter la comparaison des propriétés de particules
en interactions et les propriétés verre de spins, nous avons étudié
le comportement de la partie non linéaire de l'aimantation statique
au voisinage de <Tp>. Nous avons trouvé que le terme en B3 dans le
développement en série de l'aimantation en fonction de puissances im-
paires du champ ne diverge pas lorsque on s'approche de <Tp>, & diffé-
rence de la divergence en loi de puissance trouvée dans certains ver=-
res de spins. L'absence d'un comportement critique dans notre systime
de petites particules en interactions représente la différence la
plus importante par rapport aux propriétés verre de spins, montrant
que la portée des interactions n'est pas suffisante pour produire un

gel coopératif a <Tp>.

Dans ies verres de spins, des lignes critiques H,T ont é&té
trouvées, au-dessous desquelles apparait 1'irréversibilité. Pour dé-
montrer si l'existence de ces lignes critiques est vraiment indicative
d'une "transition" verre de spins. Il est important de vérifier si de

telles lignes n'existent pas également dans un systéme de particules.
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