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sorptions and absorption A lie lower than the
red-shifting absorption. Finally, we feel that
our data on single-crystal films of CdCr,S, tak-
en in conjunction with these on bulk samples of
the other magnetic chromium chalcogenide spi-
nels is consistent with an exciton model for the
magnetic red shift.
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The giant susceptibilities and their suppression by small magnetic fields observed for
dilute La—rare-earth alloys are explained quantitatively by assuming clustering of local-

ized spins.

Many experiments on dilute alloys containing
transition-metal or rare-earth impurities® ™*
have demonstrated ordering of the localized
spins. Although the spin ordering is known to
arise essentially from the Ruderman-Kittel in-
direct exchange coupling, it has been shown by
Hilsch and Korn® that the magnetic properties of
dilute magnetic alloys depend sensitively on the
distribution of the localized spins. This is fur-
ther demonstrated by the giant susceptibilities
recently observed for LaGd, LaGdIn, and simi-

lar alloys.® It was shown that the giant suscepti-
bilities depend sensitively on the concentration
of paramagnetic impurities and that they can be
suppressed by small magnetic fields.®> From the
experimental results obtained for a variety of di-
lute alloys in which clustering of magnetic im-
purities has been studied carefully,’ Hilsch and
Korn reached the conclusion that these anoma-
lous magnetic properties® result from clustering
of local spins.

In the following we present a simple theory for
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the complex spin order present in dilute magnet-
ic alloys which permits a quantitative analysis of
their magnetic properties. It is shown that im-
purity-spin order, consisting of short-range
quasiferrimagnetic spin coupling and long-range
quasiantiferromagnetic spin order, can explain
quantitatively the giant susceptibilities and their
drastic decrease observed as shown in Figs. 1
and 2 for relatively small magnetic fields® and
also for decreasing paramagnetic impurity con-
centrations. Previous theories for the magnetic
properties of very dilute magnetic alloys by
Klein and Brout and by Marshall® yielded the ob-
served peak in the susceptibility x(7') around the
magnetic ordering temperature 7T ,,, but in sharp
contrast to experiment that the maximal value of
X(T) is independent of the concentration of para-
magnetic impurities and smaller than the Curie
susceptibility x5 (T) obtained by taking the free-
ion value for the magnetic moment of the impuri-
ty. More recently, the interesting effective mo-
lecular field theory by Liu® yielded the observed
functional dependence of the susceptibility maxi-
mum on the concentration of paramagnetic im-
purities, but yielded quantitative results for x(T)
at T ~T ,, which turned out to be an order of mag-
nitude smaller than the observed ones.® No theo-
ry so far has been concerned with the anomalous
magnetic field dependence of the giant suscepti-
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FIG. 1. The susceptibility of LaGd and LaGdIn calcu-
lated from the approximate expression

9(Sz)
3(SQ/T)

X<1__2Q cos@,-,-0> 35 ¥S,) )'1.
T \cosb,;"/ S+1 8(SQ/T)

X
X

- (cos?0;,)

For (cosf/cosf®) and &(S,)/0Q we assume a depen-
dence on T and C as shown in figure. (cos?0) is taken
to be equal to 0.45 (C =2 at.%), 0.55 (C=4 at.%), 0.65
(C=6 at%), and 0.75 (C =7 at.%).
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bilities at T ~T,, as observed by Finnemore and
co-workers,®

The observed dependence of the susceptibility
on temperature, impurity concentration, and
magnetic field shown in Figs. 1 and 2 suggests
clearly that neither long-range impurity ferro-
magnetism as considered by Abrikosov and
Gor’kov” nor very short-range spin order is
present, but rather spin order of complex struc-
ture.® While x(T) exhibits a finite peak around
the magnetic ordering temperature T ,, similar
to what is observed for antiferromagnetic order,
the observed susceptibilities x(7T') for T~T,, are
typically much larger than what is expected for
perfect long-range antiferromagnetic order.
This observation and also the observed supercon-
ducting properties®* suggest local ferrimagnetic
order. Furthermore, the observed drastic re-
duction of x(7') for T ~T ), by small magnetic
fields (H < pp ™'k T, indicates inhomogeneities
in the paramagnetic impurity distribution and
suggests quasiantiferromagnetic long-range spin
order.’ In view of the spatial oscillations of the
Ruderman-Kittel interaction, one expects a qua-
siantiferromagnetic long-range spin order such
that the paramagnetic Curie temperature T is
zero if the localized spins are statistically dis-
tributed. However, one expects that T is posi-
tive if inhomogeneities in the spin distribution
occur which lead to short-range quasiferrimag-
netic spin order.

The experimental results shown in Figs. 1 and
2 can be explained qualitatively as follows. When
the temperature decreases towards T, then as
long as long-range spin order is absent, the spin
system behaves as if it would undergo a ferro-
magnetic phase transition at the paramagnetic
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FIG. 2. Magnetic field dependence of x(T') as result-
ing from the dependence of 9(S,)/8Q on H, which is as-
sumed to be as shown in the figure. The curve [3T/
(5+1)]10(5,)/0Q for H=100 G is assumed to lie halfway
between those for H=0 and H=200 G.
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Curie temperature T.. If T, >0 then, because
of the inhomogeneities in the paramagnetic im-
purity distribution, short-range quasiferrimag-
netic spin order appears already above T¢ and
causes a deviation of x(T') from the Curie-Weiss
law. Provided now that the onset of local molec-
ular fields occurs sufficiently close to T¢ (and
Tc >Ty), then, of course, one expects y and y/
Xxs to be very large at T ~T. x will cease to in-
crease when quasiantiferromagnetic long-range
order occurs at T ~T,,. At temperatures below
T »s, X is expected to decrease because of the in-
creasing local molecular fields acting on the lo-
calized spins and because of the continuing fur-
ther increase in the long-range quasiantiferro-
magnetic spin order. If T <T,, then y<xg

will deviate from the Curie law at T ~T,,, where
long-range quasiantiferromagnetic order ap-
pears. Obviously, one expects that the degree

of perfect long-range antiferromagnetic order in-
creases for T -0 and that x~xg if T¢ - 0.}
Clearly, x(T ¢) and consequently x(T',,) are ex- ‘

pected to increase if the quasiferromagnetic
short-range order increases, since then simply
more spins tend to order ferromagnetically at

T c. Hence, for alloys for which T¢ increases
with increasing concentration ¢ of paramagnetic
impurities, one expects that x(T' ) and x(T,,) in-
crease with ¢. Finally, the drastic decrease of
x at T ~T,, arising from small magnetic fields
(H<< pg 'R yT ) results, since already small
magnetic fields can easily align those spins
which as a result of inhomogeneities in the spin
distribution feel weak molecular fields. This
leads to an increase of the molecular fields act-
ing on the spins within the spin clusters which
are primarily responsible for the deviation of x
from the Curie-Weiss law. As a result, one ex-
pects x(T»,) and also T, to decrease when H in-
creases, even if ugH<<EkgT .

For a quantitative study of the susceptibility,
we use for the total magnetization per unit vol-
ume of the system of localized spins and conduc-
tion electrons the expression

g_o 4p g’

Here x, is the Pauli susceptibility of the conduction electrons; g, and g.; are the Landé factors for
the localized spins and conduction electrons, respectively; pujy is the Bohr magneton, and (J) denotes
the average s-f or s-d exchange integral. (§ 1) is the expectation value of the ith localized spin in the
direction of its molecular field Q:- which is given by

§1=gu5ﬁ+ .Z)_Fij(fij)<§2j>, (2)
J=i
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where F;; describes the spatial dependence of the Ruderman-Kittel interaction involving the localized
spins ¢ and j separated by the distance r,;;. Note that neglecting crystal anisotropy fields, F;; is giv-
en by

Fj(ri) =922 /(2ppr; ) *ex 2057 ;; cos(2ppr; ) -sin(2p57; )],

where pp denotes the Fermi wave number of the conduction electrons having the Fermi energy € and
Z is the number of conduction electrons per atom. The susceptibility in the direction of the magnetic
field is given by

X(H7 T’ C)=Xo +gu’BEi(a/aH)(<SZI-> COSQI-’H), (3)
where

91,1{ =<):(ﬁ, 61)

Assuming (S;")=(S;(SQ;/T)), then one finds for x the expression

_ i BCOSGIH a(SZI> _8~Q_L> 4
X(H’T’ C)"Xo+g#BZ<(SZ> o9H +COSBI,H aQi aH /)’ ()
1
where
aQ-_ aCOSG'H 2 80059” E_Q_LB<SZJ>
aH’—guB(cosG,_H+H 3}11 >+ EF“-(rU)<(sZJ> Y Y 5Q; cosb;; |, (5)

i=i

1505



VoLuME 23, NUMBER 26

PHYSICAL REVIEW LETTERS

29 DECEMBER 1969

and ;= {(Q.,,éj). Assuming 8Q;/8H ~8Q;/8H, then x(H, T, c¢) is approximately given by

. 9 cosh;
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1
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Introducing the paramagnetic Curie temperature T which is given by
S(S+1) -
c="3 27 Fy j(Fi ) cos; (7
J #ig

then Eq. (6) can be rewritten as
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Here, 6;,° denotes 6,; for @; and @; much smaller than 23 T. One finds from Eq. (2) for 8 cos6; y/0H

the approximate expression
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Note that Eq. (10) can be approximately solved

by assuming that

8 cosl; y/0H =8 cosb; ,/oH

and by expressing cosf;;, which appears in @,
in terms of cosf; y and cosb; 4.

Equations (6) and (8) explain the giant suscep-
tibilities, their dependence on the concentration
of paramagnetic impurities, and the sensitive
dependence of x (T,,) on small magnetic fields.
This is demonstrated by the numerical results
for x shown in Figs. 1 and 2 which were obtained
by using Eq. (6) or (8). Obviously, Egs. (6) and
(8) imply that y(T') remains finite if some spins
feel molecular fields already at 7>T¢ as a re-
sult of spin clustering. Then, for T>T, and T
~T¢, x(T) increases less rapidly than accord-
ing to the Curie-Weiss law, since A;(T) starts
to increase. y continues to increase below T
until quasispiral long-range order appears.
Then y decreases rapidly since (cosefj) decreas-
es and (8(S,7)/8Q,) -0, and since then the num-
erator in the dominant second term in the brack-
ets in Eq. (6) or (8) approaches T. Note that
(cosb; j> means the statistical average over dis-
tribution of local field directions. It is now ap-
parent that one finds A; - 0 and thus giant suscep-
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l tibilities with x> xg if Tc >0 with T¢>T,,, and
if the inhomogeneous onset of local fields occurs
at temperatures very close to T . If the para-
magnetic impurities are uniformly distributed,
then one expects a random orientation of the
spins and, consequently, (cosf,;) =0. Then Eq.
(7) yields T =0, and it follows that Egs. (6) and
(8) predict in agreement with experiment! that
for quasiantiferromagnetic long-range order with
(cosb; (T »))<0, the susceptibility x(7') should be
always smaller than xg. If, with increasing lo-
calized spin concentration, more spin clusters
occur and the spin clusters become bigger and
the range of the quasiferrimagnetic short-range
spin order increases, then it follows approxi-
mately from Eq. (7) that

~S(S+1)

c = 3 C E FIO j(COSQ[O j0>.

Jj#ig
Also, it follows approximately from Eq. (6) in
agreement with experiment that

Ty~ (cos8; /(T r1))

<
<COSGI'!'0> TC~TC’

since one finds for helical-like long-range order
that (cos8, (T »))S{cosb;). If now T¢c—-T y in-
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creases, then clearly (cos6;;), {(cos6;;°), and
(cos,; (T c))/{cosb,,°) increase with increasing

c simply as a result of a larger separation of the
onset of short-range ferrimagnetic order from
the onset of quasiantiferromagnetic order. It fol-
lows then from Eq. (9) that A; decreases for in-
creasing c. Also, if T¢-T,, increases, then
26482, 221080 4, (8cosb; y/0H)y o (B

X cosb;;/8H)y -, o, and thus x are expected to in-
crease when c increases. This conclusion be-
comes more obvious if we assume for simplicity
for the moment that the spin clusters act approx-
imately like giant spins. Finally, if the magnetic
field increases, then for the spins which feel a
stronger molecular field the quantity 8¢S ,’)/
8(SQ,/T) decreases as a result of the alignment
by H of the free or nearly free spins; but as long
as pgH <kyT,, cosf,;is not expected to change
much for those spins ¢ and j within each cluster
which contribute most to A;. It is apparent from
Eq. (8) that even a relatively small increase of
A; due to H can cause a large decrease of x if T
~Tc and if A;(T ~T,H -0) is small, Further-

more, x decreases if H increases since 3 cos6; y/

8H, @ cosf,;/8H, and the factor 8(S,")/2(SQ,/T)
in front of the second term within the brackets of
Eq. (8) are expected to decrease rapidly, if H in-
creases, as a result of inhomogeneities in the
magnetic impurity distribution and spin clusters.
Figures 1 and 2 show numerical results for the
dependence of x(T') on the concentration of Gd in
LaGd and LaGdIn, and for the magnetic field de-
pendence of x(T) in LaGd,® which were obtained
by using Eq. (8), and for the dependence of 4A,,
cos?9; y, 8 cosb, y/oH, and 3¢S,*)/3Q; on ¢ and
H approximations simulating a behavior as ex-
pected on physical grounds, according to the
above-given qualitative discussion of our theory.
The anomalous dependence of x on H implies, as
shown in Fig, 3, that the peak in the specific
heat C(T) of LaGd (and similar alloys) decreases
rapidly around T, if T ,< T and if H increases.
In summary, by using molecular field theory
and assuming clustering of localized spins, we
have explained quantitatively the giant suscepti-
bilities and their anomalous magnetic field de-
pendence.® This verifies quantitatively the con-
clusion reached by Hilsch and Korn' that mag-
netic impurity clustering affects significantly
the magnetic behavior of dilute magnetic alloys.
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FIG. 3. Approximate calculation of the magnetic
field dependence of the specific heat C(T) of the local-
ized spins.

In particular, our calculations show that for al-
loys with a homogeneous distribution of local
spins, and hence T -0, one obtains (a) x(T')
$xXc(T), (b) X(T p)/x5(T4) to be independent of c,
(€) XLaca(T) = Xragaa(T), and (d) X(T ~T y, H)
2X(T ~T p H~0) if pyH < kT, These results
agree with the results obtained previously by
Hilsch and Korn® for alloys in which local spin
clustering is absent.
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