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The bulk magnetic properties of splat-cooled amorphous alloys of composition La8p Gd AU2p {0& x & 80)
have been studied. Zero-field susceptibility, high-field magnetization {up to 75 kOe); and saturated
remanence have been measured for temperatures ranging from 1.8 to 290 K. Detailed analysis of the data
based on a magnetic-cluster description of the spin glass and mictomagnetic alloys {x& 56) is presented. Our
concentrated spin glasses are represented by rigid ferromagnetic clusters as individual spin entities interacting
via random forces. Scaling laws similar to those of Blandin, Souletie, and Tournier for the magnetization are
obtained and presented graphically for the x & 32 alloys in which M/x = g(H/x~, T/x), where x~ is
the concentration of clusters. Saturation remanent magnetization is'interpreted in terms of the dipolar
anisotropy model of Tholence and Tournier. The strength of the Ruderman-Kittel-Kasuya-Yosida interaction
V, between clusters (or single spins in the dilute alloys) is determined from high-field magnetization data
using the Larkin-Smith approach. The freezing temperatures TM (defined by susceptibility maxima) of dilute
spin glasses in which T ~ x are accounted for rather well, using the experimentally determined values of
Vp. An attempt is made to explain the freezing temperatures of more-concentrated spin glasses in which
T~ ~ x "(12 & x & 40). It is also shown that for the x & 24 alloys, the size of the clusters can be correlated
to the structural short-range order in the amorphous state. More-concentrated alloys are marked by the
emergence of cluster percolation.

I. INTRODUCTION

Existence and characteristics of spin-glass re-
gimes in amorphous systems have been a subject
of interest only in a recent past. ' In contrast, di-
lute spin glasses in crystalline alloys containing
Sd magnetic solutes have been investigated quite
extensively for a long time. Numerous reviews on
both the experimental' and theoretical' aspects of
these studies are avai1able. Experimentally, var-
ious thermodynamical parameters [such as mag-
netization M(H, T) and specific heat] and the con-
centration dependence of the freezing temperature
T„(defined by a sharp cusp in the zero-field sus-
ceptibility} can be described in a rather tluantita-
tive fashion. It is believed that the Huderman-
Kittel-Kasuya-Yosida (RKKY} interaction' plays
an important role on the observed magnetic prop-
erties in crystalline dilute spin glasses. The same
conclusion was obtained for dilute amorphous I.a-
Gd-Au alloys from analysis of magnetic and super-
conducting properties. ' For more concentrated
alloys, where short-range effects occur together
with long-range RKKY interaction, it is generally
difficult to compare the experimental results with
existing spin-glass theories. However, in concen-
trated amorphous La-Gd-Au alloys, the magneto-
resistivity results can be attributed to conduction
electrons scattered off magnetic clusters coupled
by the RKKY interaction. In addition, preliminary
data' on saturated remanent magnetization on the

same alloys were interpreted in a phenomenolog-
ical model of uncompensated magnetic clouds. '
These observations motivated us to investigate in
detail the temperature-concentration dependence
of the magnetization and spin-glass phenomena
(freezing temperature and remanent magnetization}
in the amorphous I a-Gd-Au system. Our experi-
mental data are analyzed in a cluster approxima-
tion within which spin glasses are represented by
magnetic clusters as individual spin entities inter-
acting with random forces. This study is favored
by using an amorphous system containing Gd as
magnetic solute. The possession of a large and
localized moment (7 it.n) by Gd 4f ions immersed in
a normal matrix (in this case La,gu») and the ab-
sence of crystal-field effects allow one to focus on
the magnetic interactions (e.g. , RKKY, dipolar,
. . .) between localized spins. In addition, the com-
plete substitution of Gd for La in the La,+u» ma-
trix preserves a "single phase" in the amorphous
state. This eliminates the metallurgical complex-
ities usually encountered in crystalline binary al-
loys. Thus, this splat-cooled amorphous system
seems to be a good candidate to undertake a sys-
tematic comparison of experimental magnetic
properties with theoretical results on spin glasses.

In a previous report, we have presented an over-
view of the magnetic phases in the amorphous
Lace „Gd/au» alloys. ' The magnetic-phase diagram
was schematically divided into four regions. The
"dilute" alloys (0.24 & st ~ I at.%) were found' to be-
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have like canonical spin-glass systems, in that the
magnetization and initial susceptibility data follow
the universal curves of the scaling predictions. "
For the 1 & g & 32 alloys, the classical scaling
laws for M(H, T) are no longer obeyed H. owever,
the reduced saturated remanence M„„(T)/» scales
with T/x, ' T„ is roughly proportional to x. Ac-
cordingto Ododoand Coles,"these alloys could be
termed "cluster glasses. " For more concentrated
alloys, none of the aforementioned regularities is
observed concerning T„,M(H, T). On the other
hand, from initial susceptibility and magnetiza-
tion data, a long-range ferromagnetic order does
not seem to exist in alloys containing less than
about 56-at. Pp Gd. This intermediate region (32
~ x- 56) could be called "mictomagsetic. '"' Fin-
ally, the 56 &x & 80 alloys are "good" ferromag
nets, in which a Curie temperature T~ is well de-
fined from Arrott plots with critical exponents and
equation of state characterizing a second-order
phase transition. " The present paper will focus
on the first two magnetic phases. Our magnetic
data will be described within the same cluster pic-
ture, so that alloys up to z ~ 32 will be called spin
glasses.

In this work, concentrated alloys are represented
by rigid ferroclusters (i.e. , we ignore the internal
dynamics of the clusters) as individual spin en-
tities interacting via random forces. By extending
the results of Blandin, Souletie, and Tournier in
dilute alloys, we attempt to exploit various regu-
larities in concentrated alloys by suitable trans-
formation of variables (concentration and size of
spin clusters, interacting forces, . . . ). The mag-
nitudes of the variables are determined from mag-
netization measurements. It should be mentioned
that recent theoretical treatment of spin glasses
using the cluster-interaction picture have been
made. In the Monte Carlo results of Binder, ' a
sharp cusp in the susceptibility and a rounded max-
imum at higher temperature than T„ in the specific
heat are reproduced. Using a mean-field model of
dynamic clusters, Soukoulis and Levin" also pro-
duced a rounded maximum in the specific heat.
Remanence in our alloys is interpreted in terms
of the magnetic-cloud (containing clusters as in-
dividual entities) modei. '

The role of BKKY interaction on the "freezing
temperature" can be investigated by relating its
strength P'0 to Tg The effect of amorphousness
on the strength and range of the indirect exchange
interaction are then inferred from results on di-
lute amorphous spin glasses. The format of this
paper is as follows. In Sec. II, experimental pro-
cedures are presented. Sec. III describes the ex-
perimental results based on which the phenomenol-
ogy in the concentrated regime is discussed. Section

IV consists of three subsections from A to C. Sec-
tion Pf A presents a phenomenological description
of magnetization in the concentrated alloys. In
Sec. Dt B, the role played by the HKKY interaction

, on the "freezing temperature" in dilute alloys is
discussed. Section IVC discusses remanence in

a magnetic-cluster-cloud picture. The last sec-
tion is the summary and conclusion.

II. EXPERIMENTAL PROCEDURES

The purity of La and Gd used in this study is 99.9
+ ~/o. Alloys of composition Laso „Gd+u2O with x = 0,
0.24, 0.5, 1.0, 4.0, 6.4, 9.6, 16, 24, 32, 40, 48,
56, 64, and 80 were prepared by induction melting
of the appropriate constituents on a silver boat
under an argon atmosphere. Samples were then
quenched from the liquid state using the "piston
and anvil" technique described in Ref. 16. The
cooling rate is estimated to be of the order 10"C/
sec. Samples prepared by this technique were in
the form of foils with surface area of -4 cm'
and thickness of about 40 p, m. The structure of
each sample was checked by x-ray scanning with
a Norelco diffractometer. Only samples containing
a single amorphous phase were retained for de-
tailed experimental studies. The x-ray pattern
(Culf'u) of the samples are characterized by a
broad maximum, the center of which ranges from
30.7 in La,gu» to 32.8' in Gd,gu20 with a full
width at half maximum of -4.6'. According to the
Sherrqr formula, this corresponds to an effective
microcrystal size of -17 A, which is typical of a
glassy metal. No significant annealing effect is
observed for the amorphous phase at room temper-
ature during periods of several weeks. Spontan-
eous crystallization is observed at temperatures
of about 150 to 200'C.

Magnetization measurements as functions of
magnetic field (up to 75 kOe) and temperature
(1.8 to 290'K) were carried out by using the Fara-
day method with an Oxford Instruments Magne-
tometer. Samples used in the M(H, T) measure-
ments were in the form of disks (3-mm diam)
punched from foils. The thermal output controls
have an accuracy of -0.05'K. Magnetic ordering
temperatures were observed using a standard ac
inductance bridge technique driven at a frequency
of 1 kHz.

HI. EXPERIMENTAL RESULTS

In this section, we present a qualitative descrip-
tion of our experimental results. Alloys in the re-
gion x - 56 are characterized by susceptibility
maxima in low-field measurements and thermo-
magnetic history effects (isothermal and thermal
remanent magnetization) already discussed in Ref.
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FIG. l. "Ordering" temperature vs Gd concentration
(log-log scale) in amorphous Laao &Gd Au20 alloys.
For x & 56-at. $ Tz is the temperature of the cusp in
zero-field susceptibility. For x & 56 at. k, the Curie
temperature is defined consistently from Arrot plots and
ac measurements.
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FIG. 2. Inverse susceptibility Xo
' vs temperature for

amorphous Laso „Gd Auso alloys containing 16-, 32-,
and 48-at. Gd.

V. The dependence of T„on Gd concentration is
illustrated on a log-log scale in Fig. 1. It can be
seen that T„varies linearly with x for alloys con-
taining less than 12-at. '% Gd. At higher concen-
trations, T„ increases more rapidly with z. For
the dilute alloys (x ~ I), the values of T„are too
low to be measured with our eIIuipment. The Z'„(x)
dependence will be discussed in a more quantita-
tive fashion later. In Fig. 2 are shown the X,'(T)

data taken over a wide temperature range for three
concentrated alloys. The paramagnetic regions
are clearly established at sufficiently high tem-
peratures giving a well-defined paramagnetic
Curie temperature e~. e& [=(3-5)T„]is found to
increase with ~ indicating a stronger trend towards
ferromagnetic coupling. The large values of (e~
—Tgalso indicate the presence of ferromagnetic
clusters around T„. These clusters which freeze

TABLE I. Magnetic properties of some amorphous Lal Gd„Au20 alloys.

x (at. /o)

0.24
0.50
1.00
4.0
6.4
9.6

16
24
32
40
48
56
64
80

~ ~ ~

1.9
3.2

8,5
15
21.5
28
40
54
78

150'

~0
~0
~0
13
15
20
36
50
72
76
92

114
155
165

e,
(E)

~0
~0
~0
40
40
55

100
100
120
130
130
150
170
175

m„(0)
( p~/Gd atom)

8.09
8.04
8.04
8.14
8.40
8.14
7.72
7.45
7.20
6.93
6.93
6.91
7.28
7.00

I"err
a

(pg/Gd atom)

8.34
8.58
8.60
8.12
8.22
8.13
8.25
8.15
8.30
8.58
8.50
8.22
8.20
8.90

(at. %)

0.22
0.46
0.92
2.28
3.18
3.70
5.50
6.40
4.95

s js
(Gd spins/cluster)

1.09
1.09
1.09
1.75
2.01
2.59
2.91
3.75
6.46

~Refer to Curie temperature as determined consistently from Arrott plots and ac measurements.
e and p,~z are obtained from Curie-Acies law at high temperature (up to 290 K). M„(0) is determined by a 1/H ex-

trapolation.
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FIG. 4. M2 vs H/M at different temperatures for x
=32 and 48 alloys.

in their local field below T„dissociate gradually
when temperature increases above T„. Using the
classical molecular-field approach and assuming
that the moment per Au atom and per La atom is
zero, the effective number of Bohr magnetons
per Gd atom is found to remain approximately con-
stant and close to the value 8 which corresponds
to the ionic value 7.94. From the linea, r portion
of Xo'(T) we can define a temperature 6, (&8~) cor-
responding to the complete dissociation of mag-
netic clusters in paramagnetic spins. The values
of T„, e~, e„and p, ,«as a function of g are listed
in Table I.

In Fig. 3 we show the low-temperature magnet-
ization data for the g = 16 sample measured in
fields up to 70 kOe. The difficulty of saturating
the Gd moment at low temperature is observed.
Using the magnetization data, the classical Arrot
plots (M' vs H/M) are obtained. Such plots for two
samples (x= 32, 48) are shown in Fig. 4. Strong
departures from linearity at small and high fields
at temperatures below e, are seen, so that any

A. Phenomenological description of concentrated alloys

I. Extended scaling laws ofBlandin, Souletie, and Tournier

In this section we attempt to describe the mag-
netization of our concentrated alloys based on the
interaction between clusters. This approach to
study the magnetic properties is motivated by the
following observations. (a) The magnetoresistivity
results can be analyzed in terms of conduction
electrons scattered off magnetic clusters coupled
by the HKKY interaction. ' (b) In concentrated ca-
nonical spin glasses, the freezing temperature T„
no longer scales with x. The direct exchange in-
teractions must be important and one has to con-
sider clustering effects. In general, one can treat
the clusters (whether they are antiferro- or ferro-
magnetic, chemical, etc, ) as individual spin
entities interacting via random forces. An em-
pirical approach to extract the magnetization-field-
temperature relation is by fitting the magnetization
data to a modified Brillouin function from which
the clusters size(s) is determined. " Such approach
was exemplified in Ref. 6. Alternatively, a some-
what more quantitative description of magnetiza-
tion can be obtained by extending the Blandin-
Souletie-Tournier (BST)"scheme to clusters. In
what follows, we will take the latter approach.

%e start with the assumption that our spin
glasses can be described by a picture of nonover-
lapping ferromagnetic clusters (of equal and con-
stant size around T„) interacting via random
forces. A trival justification for the ferromagnetic
coupling is based on the fact that 9,» T„ for inter-
mediate concentrations (see Table I). We also ig-
nore the internal dynamics (e.g. , spin waves) of
these clusters. The RKKY local field h„acting on
a cluster v by. the other clusters (p) is then given
within the Ising model by h„=g h„„, with

V,S' cos(2k', ~+ C )
PP $4 r3

id ig

where i and j denote spins in clusters v and p. , re-
spectively. We have left out the (a) signs in Eq.
(I). The sum of the cosine terms determines the
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sign of h„„since the spins inside a ferromagnetic
cluster all align along the same axis. For non-
overlapping clusters, the number of terms in the
sum equals (S*/S)'. Thus we can abbreviate the
sum term by (S*/S)' times an "average. " The lat-
ter is expected to be varying rapidly in sign as a
function of the intercluster distance R„„since the.
cosine term does. To first order approximation,
we can combine V, and the "average" into a pro-
duct term (V,"/R'„„)f„„,where f varies rapidly in
sign as a function of R„„and Vo is chosen such
that the mean-square value of f equals &. Then
Eq. (1) can be rewritten

(2)

with (f')= z.
Equation (2} is similar to the RKKY local field

under the transformation V,- Vo, S-S,*, r,&-R„„,
and cos -f. It can be viewed as an effective RKKY
interaction between clusters. Next, we derive an
expression for the effective strength Vo from a
statistical argument similar to Ref. 17. We deduce
the second moment of the field distribution from
two approaches. First, considering the effective
interaction Vo between the clusters one obtains
~ fx:g+2S+ Vo, where ~ is the half-width of the
molecular -field distribution. Then we consider
the interaction V(r) between individual spine in
the matrix. Since the spins within a cluster are
strongly correlated, they can only flip in a rigid
way. The effective concentration of "free" spins
is reduced to x* and one then obtains b, ' fx:~*'S'V,'.
Comparing the two results one deduces that

S*V,*=SV, . (3)

Substituting (3) in (2) reduces the cluster dependent
variables in (2) to those contained in the sum Q.
Returning to the local-field expression in (2} and
noticing that the new invariance is ~*R'„„,we can
easily extent the BST argument to magnetic clus-
ters. "&" Only the magnitude of the moment S* de-
pends on the Brillouin function B~*. The argument
of Bz* is given by x*S*(H+h)/Tx*, where H is the
external applied field. Then, it follows rather
straightforwardly. from Ref. 10 that by integrating
over the internal field h, one obtains

the critical concentration at which (4') no longer
holds. However, it should be noted that the pres-
ent scaling law relies on the validity of (3). The
latter should be checked by an independent method.
This is achieved by determining Vo using the Lar-
kin-Smith method"" modified for clusters. The
value is then compared to that predicted by (3)
knowing S*.

X(at o/o) oK
0.5 1.8
1.0 18
I .0 4.2
6.4 4.2

a

E
0)

52 20
16 IO

2. Magnetization

a. Scaling behavior for clusters and determina
Non of the cluster size In .the presence of irre-
versible effects in spin glasses, the measured
magnetization is composed of both reversible and
irreversible contributions. Care must be taken.
when one desires to extract from the measured
values the component which obeys the scaling re-
lation in (4'). For our alloys, we demonstrated
previously that the remanence is dipolar in origin. '
However, we have to modify the picture of indi-
vidual spins interacting with each other to clusters
interacting via the dipolar forc8. Since the dipolar
interaction also has a 1/r' dependence as the RKKY
interaction, we can carry on the same argument as
beforehand and obtain a scaling law similar to (4'}
for the total magnetization. In addition, it should
be mentioned that the saturated remanent magne-
tization is about 5% of the saturation magnetization
for x& 32 at. Vo in our alloys. ' Thus taking M as the
measured magnetization is rather unlikely to intro-
duce any serious uncertainty. In Fig. 5 are shown
normalized isothermal magnetization curves ver-
sus applied field for different concentrations. At
first sight, one can hardly observe any corre-
spondence behveen these curves. The simple case
of the scaling law is in the dilute alloys where z*
=x. This is shown in Fig. 6. In this case, the

fd/x*s* =f(a/x*, T/x*s*), (4)

as a scaling law for magnetization. For ferromag-
netic clusters x*S~= xS so that (4} becomes

Mlx = g (ff/ Tx/x) . (4') 10 20 30 40 50 60
H{kOe)

70 80

To proceed, we first illustrate (4'} based on our
magnetization data and determine x* (and S*) si-
multaneously. It is also interesting to determine

FIG. 5. Reduced magnetization M/x vs applied field
in some amorphous Laso „Gd„Au20 alloys at different
temperatures.
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FIG. 6. Reduced magnetization M/x as a function of
reduced magnetic field H/x at three different tempera-
tures T/x (from Ref. 5).

scaling law is expected to hold even for T» T„
since the interactions are among individual spins.
As one progresses to higher concentration, the
main task is to determine x* so that the scaling
relation can be observed. Of course a limitation
is that the temperature must be low enough so that
no significant dissociation of clusters occurs. For
instance when one tries to correspond the iso-
therms described by (x=1.0, T=1.8'K, T/x=1. 8)
and (x=8.4, T=12 K, T/x=1. 8V) to each other,
one selects a given value of M/x and determines
the ratio of the fields H such that the data points
fall on each other. For a given H/x~, such a pro-
cedure yields the ratio of the effective concentra-
tions x*. Using this ratio of g* to correspond to
other points on the two curves, it is observed that
a scaling relation is obtained. This is shown in
Fig. 7. For two given concentrations, one can use
the ratio of z* obtained by scaling two isotherms

IO 20
H/x" (kOe/at. '/, )

FIG. 8. Modified scaling laws for magnetization in
6.4 &x &24 alloys.

to generate more scaling relations at other values
of T/x from other isotherms. One can also de-
termine the values of x* at progressing concen-
tration. By performing this procedure, scaling
relations are obtained in Figs. 7, 8, and 9. The
values of x* and S* so determined are listed in
Table I. Before discussing the physical signifi-
cance of S*, we should mention two points we no-
ticed through the curve fitting process. First,
for x&4 at. Pg dissociation of clusters is noted for
temperatures higher than B,/8. This is mani-
fested through the observed deviation from the
universal curves. Second, for ~& 32 no corre-
spondence of isotherms to the T/x curves at lower
concentrations can be made. This indicates the
failure to describe the magnetization in terms of
our simple model as the clusters start to overlap.
Such failures for x= 40 and 56 are shown in Fig. 9.

We plotted the values of S*/S as a function of
concentration in Fig. 10. In the same figure, we

T/x = 0.55

I

T/x = I.85
0

T/x = 4.0

O

I

2

0~O

0

0,26
0.65
I.25

20 40
H/x (kOe/at. %)

60 80 I I

IO I5

H/x (kOe/ot. %)

I

25

FIG. 7. Reduced magnetization M/x as a function of
reduced magnetic field for clusters H/x* at three differ-
ent reduced temperatures T/x for 0.5 ~x & 6.4 alloys.

FIG. Q. Modified scaling laws for magnetization in
6.4 &x & 32 alloys. Departures from scaling behavior
for alloys containing 40 and 56-at. Q Gd are also shown.
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b. Determination of the strength of effective in
te~actions between clusters. As mentioned be-
forehand, the consistency of this model can be
further checked by investigating Eq. (3). What
one has to do is to determine the strength of the
effective interaction V," by an independent method.
We adopt the Larkin-Smith" "approach modified
for clusters. Qy taking the transformation ~-x*,
S-S*, Vo Vo, and A-A* their equation reads

2(2S + 1)x F&& A hsT—ggpS
Q.2

l

24Q 8 l6

x (ot. '/o)

FIG. 10. Number of spins per cluster S*/S and effec-
tive coupling between clusters Vi'/V vs Gd content. The
variation of S*/S {crosses) is compared with that of g
{see text) {straight line). The experimental values for
Vo/V {crosses) are compared with experimental varia-
tion for S/S* {dashed line).

included a schematic variation of the first-near-
est-neighbors coordination shell (defined by a Gd
reference atom and its Gd-Gd nearest neighbors)
obtained by the linear extrapolation of radial. dis-
tribution function (RDF) results" on amorphous
La,gu„By co. mparing the value of S~/S and Z,
one can say that for & ~ 24 at. ~/0, the size of Gd
coordination shell determines the size of mag-
netic clusters. For higher Gd content S*/S&Z
indicating that the clusters involve spins located
beyond the first coordination shell. That is, there
is a tendency for the Gd atoms to percolate. Dif-
ferent model calculations~ predict percolation
limits behveen 20 and 24-at. ~jo Gd for Z = 8. How-
ever, the presence of antiferromagnetic interaction
delays the onset of ferromagnetism to concentra-
tions far above the percolation limits in our alloys.
The small positive deviation of S*/S from Z at low
concentration might be caused by the polarization
of conduction electrons. It should be noted that
S~/S is not necessarily an integer as a result of
using an "average" cluster mean-field approxima-
tion. This certainly would have an effect on the
theoretical freezing temperature to be discussed
later. ,It can be seen that the numbers of spins
within a cluster are comparable to those obtained
from previous analysis. ' The latter approach is
more phenomenological in nature. The maximum
number of spins within a cluster for which our
simple model is valid equals -6. The confinement
of spins within a cluster constituted by only near-
est-neighboring atoms for x ~ 24 is consistent with
the assumptions of our model.

IO

E 8

O.OI 0.02
I/H ( I/koe)

Q05

FIG. 11. Magnetization M as a function of reciprocal
magnetic field 1/H for amorphous Lavsod4Au20 at differ-
ent temperatures.

(5)

for gp, ~H»k~T. Using similar plots as in Refs.
5 and 19, one obtains the value (2S*+1)~*V,*
= 2S*x*VO*=2' V,* from which one determines V,*.
A typical plot of M vs I/H is shown in Fig. 11 for
the +=4 alloy. The values of V,* so determined
are normalized by V, determined for the dilute
alloys (z ~ 1). They are shown in Fig. 10. It should
be mentioned that the physical meaning of the A*
term is notknownup to this point. '7he values of V,*
obtained here are comparable to those obtained pre-
viously in magnetoresistivity studies. ' To test the
validity of (3)we plotted (Fig. 10) the curve S/S* vs x
determined earlier. It can be seen that relation (3)
is reasonably respected. We did not try to deter-
mine an effective V,* for x& 32 alloys in which the
I/H term in approach to saturation is more com-
plex in nature. In particular, important contribu-
tions may arise from magnetoelastic coupling be-
tween internal stresses and spontaneous magnet-
ization as studied by Kronmuller in some amor-
phous ferromagnets. "

Our analysis of magnetization data at intermedi-
ate and high fields (at low field, the remanent mag-
netization cannot be neglected) can be summarized
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for the x&32 alloys in the following way. A given
Gd atom forms a ferromagnetic cluster with its
Qd first neighbors. From linear extrapolation of
structural studies, "the Gd-Gd coordination num-
ber is gp x, so that the eoordination number is 8 in
Gd,+u„. Thus the number of Gd atoms in a clus-
ter is defined by Z= 1+~p, to give individual Gd
atoms in the dilute limit. These ferromagnetic
clusters behave at intermediate and high fields
(H larger than a few kG) like single-spin entities
of concentration x*= x/Z, having a spin S~ = SZ;
they are coupled by a 1/rs interaction mainly of
the RKKY type with an effective amplitude V,*= VJ
z.

B. Susceptibility maxima in spin glasses

Although various observed anomalies are taken
as the common characteristics of spin glasses, '
yet the nature and even the existence of a phase
transition in this class of alloys remain an open
question. The most pronounced anomaly is the
low-field ac susceptibility maxima from which a
"freezing temperature" is defined. It has been
proposed that the latter signifies a cooperative ef-
fect of the localized spins interacting via either the
RKKY interaction (or the anisotropic part of it')
or the anisotropic dipolar interaction. ' No matter
what the origin of the freezing phenomena is, an
a priori correlation of the spins via the RKKY in-
teraction is involved in the above models. To be
specific, in the dipolar model, ' the size of the
clouds is determined from a balance of the RKKY
energy and the dipolar energy. Thus, it might be
relevant to point out the correlation between the
"freezing temperature" and the strength of the
RKKY interaction. First, we study the case of
dilute spin glasses in which interaction between
single spins is considered. A plausible explanation
for the concentrated alloys is suggested. Finally
we briefly discuss the role of amorphousness on
the RKKY interaction as inferred from our results.

In canonical spin glasses, the "freezing-temp-
erature"-concentration relation is observed to be
T„~x f» x =0.01 to 0.1 at. Vo,

'"while T„()-x~ .

(0.55 &p &0.75) for higher concentrations. ' At-
tempts to explain the deviation of T„(x) from lin-
earity based on the damping of the RKKY inter-
action~t' and the "frustration" theory~ have been
made. Here we will focus on the dilute regime
where the scaling laws are observed. The mean-
fieM approximation allows one to write down an
empirical relation between the "freezing tempera-
ture" T~ and the strength of the magnetic inter-
action Vp. Thus, using dimensional analysis, one
guesses that kBT„/x should be proportional to
QS(S+1)VG/d', where V, is in ergcm', ())= 4, s,
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FIG. 12. (7'& //g) [pzd3/q$(g+1)] as a function of Vo.
The dashed lines are the theoretical Ising and Heisen-
berg predictions for such plots (f). The references are
taken from (a) Ref. 28; (b) Bef. 5; (c) Bef. 30; (d) F. W.
Smith and M. P. Sarachik, Phys. Rev. 8 16, 4142 (1977);
(e) B. Caudron et a/. Physica 86—888, 833 (1977); (f)
J. Durand and S. J. Poon, J. Phys. (Paris) (to be pub-
lished); (g) Bef. 19; (h) Bef. 2; (i) H. C. Jones et al. ,
Phys. Rev. 8 16, 1177 (1977); (j) F. W. Smith and J. C.
Liu, Solid State Commun. 26, 91 (1978); (k) J. L. Tho-
lence and R. Tournier, J. Phys. (Paris) 35, C4, 229
(1974).

and 1 for the simple-cubic, body-centered-cubic,
and face-centered-cubic structure, respectively.
The above relation is obvious in the ferromagnetic
case. (Tsz*'/x) [ksds/QS(S+ 1)] is plotted in Fig. 12
as a function of V, for ten alloys. T„*'/x is the ex-
perimentally observed freezing-temperature gra-
dient. With the exception of MOFe, Vp is deter-
mined from the aforementioned Larkin-Smith
method. '"" The literature references of T„*'/x
and Vp are cited in the figure. In typical spin-glass
theories, ' one can give an estimate of the numeri-
cal constant relating the parameters mentioned
above. The dashed lines in Fig. 12 represent such
estimates for the Ising and Heisenberg models. It
can be seen that the experimental values fall within
the predictions of the mean-field values. Figure
12 als6 illustrates a definite relationship between
the strength of the RKKY interaction and the mag-
nitude of T„. The s-d coupling is known to Qe
stronger than the s fcouplin-g. The weakness of
the indirect exchange interaction due to s fcou--
pling originates from the localization of f elec-
trons. The latter is r esponsible for the smaller



18 MAGNETIC-CLU STER DESCRIPTION OF SPIN. . . 6261

T„*'/x values observed in rare-earth compounds.
The present analysis indicates that the RKKY in-
teraction is important in determining the freezing
temperature in canonical spin glasses. It should
be mentioned that we have neglected the influence
of crystal field on T„. In certain rare-earth al-
loys, crystal field anisotropy can be as large as
the RKKY force and T„ is affected significantly,
while single-ion anisotropy is a.bsent in Gd alloys.
Recent experiments" and calculations clearly
illustrate this point.

For the concentrated I a-Gd-Au spin glasses,
one can employ the cluster picture as described
in Sec. IVA to study the T„(x) behavior. The val-
idity of expression (3) (i.e. , VD~S~ = V,S) together
with the ferromagnetic cluster condition g~S*=~S
establishes the relation x*S*(S~+1)Vf =xS(S+ 1)V,.
The latter implies that T„~x. In fact such a linear
dependence of T„on x is observed for x ~12 at. Vo

in our alloys. For higher concentrations, our
analysis cannot yield accurate values of T„. Prob-
ably one then has to take into account the distribu-
tion in cluster size. Figure 1 indicates that T„~x
with p= 1.3 for 16 & g & 40. What we have shown is
that in the case of RKKY interaction, T„(x) is ap-
proximately linear for ferromagnetic clusters.
However if some of the strongly correlated spins
inside a cluster are misaligned, T„would vary
slower than g. The latter is clear in the RKKY
case since then ~*S~&xS, while the relation V,*S*
= V,S is still valid. The misalignment can be
caused, for example, by antiferromagnetic cou-
plings of the spins or by crystal fields. Crystalline
alloys containing only S-ion Gd offer an illustration
of the above discussion. GdAl, is ferromagnetic
(T,= lVO 'K),~ and T„(x) in La(Gd)A1, shows posi-
tive deviation from linearity. " On the other hand,
GdB, is antiferromagnetic (T„=13'K),"and T„(x)
in La(Gd)B, shows negative deviation from linear-
ity." It could be informative to study the variation
of x* and S* as a function of x in other concen-
trated spin glasses.

It should be mentioned that our results from T„
is valid as long as relation (3) holds. This requires
that the distribution of local field created by clus-
ters be random or equiva. lently the size of the clus-
ters be small. The latter condition is satisfied in
not too concentrated alloys where the remanent
magnetization is at most a few percent of the total
magnetization. This point will be discussed in
greater detail in Sec. IVC.

Finally, we consider the effect of amorphousness
on the RKKY interaction. De Gennes" pointed out
that in disordered alloys, the interaction in its as-
ymptotic form is modified by an exponential factor
exp(-r/I) where l is presumably the electronic
mean-free path. Both ezperimental'7' ~ and the-

oretical considerations" are in favor of this pre-
diction. However, present results of La-Gd-Au
alloys do not seem to follow the regularities ob-
served in disordered crystalline alloys. The val-
ues of T„ in dilute amorphous La-Gd-Au alloys
are of the same order of magnitude as those in
crystalline alloys containing Gd."" In addition,
the approach to saturation magnetization follows
the scaling law of canonical spin glasses. ' This
suggests that both the strength and range of the
1/r' interaction are hardly modified at all in our
dilute amorphous alloys. De Gennes' result is
probably limited to l &a (a is the interatomic dis-
tance), where the plane-wave description of the
electronic states is valid. When l & a, as in our
alloys (l = 2-3 P trom a resistivity of 200-300
p, Acm) one probably has to resort to the tight-
binding calculation.

C. Remanent magnetization

Our purpose in this section is to present more
complete experimental data on remanent phenom-
ena together with an analysis coherent with that
proposed for high-fieM magnetization results. In
a preliminary report, ' we have shown that the phe-
nomenological model of Tholence and Tournier'
forged for dilute spin glasses can account for the
main features of the saturated remanent magnet-
ization in our concentrated spin glasses, namely,
its order of magnitude at O'K and its temperature
and concentration dependence. In particular, the
scaling behavior observed for the remanence
M„,(T) =M.„,(0) exp(-uT/x) seemed to be contradic-
tory to the fact that the scaling laws for the mag-
netization M/x= f(H/x, T/x) do not hold anymore
for z&1 alloys. This apparent discrepancy can be
explained within the clusters picture discussed be-
forehand.

The Tholence-Tournier picture for spin glasses
is that of an assembly of independent clouds con-
taining n, individual spins on average. This num-
ber may be determined consistently from M„,(0)
and calculated from the ratio of the amplitude of
RKKY and dipolar couplings. We show that the
phenomenology of this model remains basically un-
changed under the transformation of individual
spins into ferromagnetic rigid cluSters in the sense
of Secs. IVA and IVB.

Our concentrated spin glasses are an assembly
of independent clouds containing n, ferroclusters,
each cluster being made of about Z spins. Similar
to Ref. 8

n = (1/21r) [M (0)/M„(0)]

The half-width of the RKKY field distribution &* &s
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modified for clusters. For the dipolar field width
6„*, one can carry out the same derivation as for
V,* in (3) to obtain a similar expression for the ef-
fective strength of the interclusters dipolar inter-
action. Hence it is easy to see that n, remains
constant and proportional to V,:

n, = &*/&„*~V, ,

even for concentrated alloys. At lower concentra-
tions, d ~g. For higher concentrations, 4* in-
creases linearly with z*. Finally, by following
the Tholence-Tournier model modified for clus-
ters, one obtains:

0.8
~O0

0.6
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0.4

Loco q Gd) Au po

x (ot. /o)

16
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$ 32
0 40

M„,(T)/x = [M„,(0)/x j exp(-n*T/x~), (6)

where 0.* is independent of g, and p is the expo-
nent defined by the concentration dependence of
T„(T„~x~). Thus the scaling law for the rem-
anence relies on the fact that M„,(0) ~x and T„~x.
The former condition is valid through Eqs. (6) and
('I) when n, is reduced to depend on V, only. This
again depends on the constraint of nonoverlapping
small clusters. Thus the first condition automati-
cally limits x to less than 32 at. Vo. Over the region
16 & x & 32, T„&x."This affects weakly the scal-
ing behavior. This accounts for the apparent uni-
versality ot the remanence for the alloys up to
32-at. Vo Gd as observed in ReL 7. Additional data
on the x= 24 and 40-at. /0 alloys are shown in Fig.
13. Strong deviations from universality are ob-
served for x= 40 at. /o. This is consistent with the
magnetization measurements, since for this con-
centration the magnetic isotherms fail to scale
with each other.

From intercept at T= 0 in Fig. 12, we obtain

M„,(0). From Eq. (6), n, is equal to 50. By cal-
culating 4* and d „* for different g* values, one
obtains from Eq. (7) n, =40. This consistency to-
gether with the scaling behavior eliminates the as-
sumption that the remanence would arise from
structural inhomogeneities. Instead, the rema-
nence phenomena are an intrinsic property relying
on a complex balance between dipolar and RKKY
forces. There is no g priori reason that the rem-
anent magnetization would vanish at T= T„. Ac-
tually, in our system M„,(T„)/M„,(0) = 0.5. Sim-
ilar thermal dependence of the remanerice has
been observed in crystalline V-Fe alloys. "

For a g = 32 alloy, a cloud of 40-50 clusters
each of them containing about four Gd spins cor-
responds roughly to 20 shells of atoms surrounding
a given Gd atom. This is comparable in size with
the regions of 35-50 A over which ferromagnetic
spin waves mould be excited according to specific-
heat measurements on amorphous GdA1, .37 Simi-
larly, ESB experiments" on the same amorphous
GdAl, exhibited a value of 86 A for 2gA„ this pa-
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FIG. 13. Reduced saturated remane~t magnetization
{log scale) vs reduced temperature for the x=16, 24,
32 alloys. Departures from the scaling behavior for ob-
served for the x=40 alloy.

rameter being a measure of the range over which
exchange holds the spins strongly coupled against
demagnetizing forces. Phenomenologically, these
ferromagnetic single domains seem to correspond
rather well to the magnetic clouds within the
Tholence-Tournier model for remanence in spin
glasses. For a dilute system the spins in a given
cloud are assumed to be perfectly aligned (ferro-
magnetically for Gd) along an uniaxial anisotropy
field dipolar in origin. A potential barrier is
created which defines the size of the cloud when
the dipolar field on individual spins inside the
cloud is equal to or larger than the RKKY field
arising from spins outside the cloud. Our mag-
netization measurements lead to a more complex
picture for concentrated spin glasses. According
to our definition for cluster and cloud, only a few
spine (1-4, depending on Z) are strongly coupled
to constitute a ferromagnetic cluster. However,
the clusters inside a cloud are not totally mis-
aligned; thus a resulting moment exists which ex-
periences the anisotropy field created mainly by
the anisotropic part of the dipolar interaction. The
size of the clouds would be determined by a balance
between the intracloud interactions (mainly dipolar)
and the intercloud interactions (mainly RKKY)
arising from all the clusters outside the cloud.
Such an oversimplified picture qual. itatively ac-
counts for the remanence phenomena and their
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concentration-temperature variation. It doe's not
pretend to describe in detail the intracloud and
intercloud interactions.

V. SUMMARY AND CONCLUSIONS

Magnetization and initial susceptibility for amor-
phous La-Gd-Au alloys in the dilute range (xs 1-
at. Vo Gd) were shown to obey the classical scaling
laws characterizing long range interactions in i./r'
for dilute crystalline spin glasses. The strength V,
of RKKY interactions was determined from ap-
proach to saturation magnetization. Both the pa-
rameter Vo and the freezing temperature in our alloys
with very short mean path, were found to have the
same order of magnitude as those in equivalent
crystalline systems. Thus, one is led to question
the accepted result that the spatial extent of
the indirect exchange interaction is limited to the
electronic mean-free path. Further investigations
are clearly needed in the case when the mean-free
path becomes less than the interatomic spacing.

A definite corr elation between the freezing tem-
perature of dilute metallic spin glasses and the
amplitude of RKKY coupling was established. This
confirms that the indirect exchange interaction
plays an important role in the freezing phenomena
despite the type of anisotropy model used. The
scaling laws for magnetization and remanence in
dilute spin glasses are successfully extended to
our concentrated spin glasses containing up to
about 32-at. '% Gd within a cluster -and-cloud de-
scription. A cluster is built up by first Gd neigh-
bors around a given Gd atom. These Z Gd atoms
are strongly coupled by short-range interaction.

They behave like individual spin entities having a
'spin S~ = SZ. Their concentration is x*=x/Z. They
are coupl, ed by 1/r' long-range interactions mainly
RKKY in nature, the amplitude of which is related
to the RKKY parameter for dilute alloys by Vo~

= VJZ. The invariance V,S= V,*S~ accounts for
the fact that the freezing temperature is roughly
proportional to g. For alloys containing up to 32-
at. % Gd, the amplitude of RKKY coupling is large
as compared with that of dipolar interaction. The
ratio of these amplitudes is proportional to the
square of the ratio of saturated magnetization over
remanence at 0 'K. This proportionality, together
with the fact that the thermal variation of the re-
duced remanence scales with T/x, is interpreted
within the Tholence-Tournier model modified for
clusters. Thus the remanence phenomena imply
the existence of magnetic clouds made of 40-50
clusters. The size of these clouds is governed by
an interplay of RKKY and dipolar interactions be-
tween clusters. The exact nature and balance of
intracloud and intercloud interactions is not fully
understood.
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