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Low-temperature specific heat and low-field magnetic susceptibility were measured in
Cd|_xMn, Te mixed crystals for 0.002 < x =< 0.70. Three regions of composition can be dis-
tinguished in both experiments. For x < 0.17 the crystal is paramagnetic at all temperatures.
For 0.17 < x < 0.7, a spin-glass phase is observed, as evidenced by the characteristic cusp in the
susceptibility and a linear temperature dependence of the specific heat in the low-temperature
regions. Because the material is an insulator at low temperatures, and the Mn interactions are
only antiferromagnetic, we beli¢ve that the observed spin-glass phase is produced by the frustra-
tion of the lattice. For x =0.7 an antiferromagnetic phase is observed. To understand the ex-
perimental behavior of the specific heat and susceptibility as a function of temperature and mag-
netic field for 0.002 < x < 0.17, we must assume that the distribution of Mn ions deviates
strongly from a random distribution. The number of pairs is more than doubled for x =0.05,
and 30% higher for x =0.1, than statistically predicted. The number of larger clusters, like trip-
lets, is also significantly higher. Analysis of the data yielded the value of the exchange integral

for the nearest-neighbor interaction to be Jyn/k

—0.55 +£0.05 K. The interaction is stronger

within the larger clusters, and is described by a different exchange constant Jn/k =—4.3 K.

I. INTRODUCTION

We first review the physical properties of
Cd,_Mn,Te mixed crystals on which this investiga-
tion was carried out. This ternary compound belongs
to a group of materials referred to as ‘‘semimagnetic
semiconductors,’’ i.e., materials in which one com-
ponent is an ordinary semiconductor, and the second
is a magnetic semiconductor.! In this mixed crystal
the energy of the half filled 3d shell of the Mn?* ion
lies below the maximum of the valence band? and the
first excited d state lies above the minimum of the
conduction band. The band structure at the center of
the Brillouin zone remains unperturbed by the in-
teraction with the 3d electrons. In the absence of
magnetic field the Cd,_,Mn,Te mixed crystals
behave like typical semiconductors. However, when
magnetic field is present, the thermal average of the
component of the spin operator along the field, (S,),
is no longer zero. The spin exchange interaction
between charge carriers and the 3d electrons then be-
comes important, and several anomalies and new ef-
fects are observed.’™?

To explain the observed anomalies a theoretical
model was proposed,® in which the exchange interac-
tion between band electrons and magnetic moments
of the paramagnetic ions is taken into account. The
parameter (S,), central to the theory, can be ob-
tained by magnetization measurements as a function
of temperature and magnetic field.* If the magnetic
structure of the substance is known, one can also try
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to formulate the (S,) parameter theoretically.

Cd;—xMn, Te mixed crystals can be considered as a
diluted magnetic semiconductor with antiferromag-
netic interaction. Because of the large energy gap
(1.6 eV for CdTe, and increasing with the Mn con-
centration’) the material behaves like an insulator at
low temperatures. The Cd?* and Mn?* ions random-
ly occupy a fcc sublattice. This structure has been
theoretically predicted®™'! to have a spin-glass phase
for x > x., where x, is the percolation threshold.
The appearance of the spin-glass phase is directly re-
lated to the frustration of the spins on a lattice which
does not allow the simultaneous minimization of all
exchange energies.

The existence of a next-nearest-neighbor interac-
tion Jynn between magnetic ions could in principle
also be important in this context, since this interac-
tion could cause the system to become a spin-glass
due to competing interactions with the nearest neigh-
bor. This situation would occur when Jynn is of op-
posite sign and sufficiently strong to compete with
Jan.'? However, Brumage et al.'® have shown, on
the basis of super exchange path arguments, that in
the zinc-blende structure Jynn is much smaller than
Jnn. Therefore we can expect that in Cd,_ Mn,Te
crystal the frustration mechanism should bé responsi-
ble for the spin-glass phase. The present measure-
ments of Cd,_,Mn,Te provide experimental evidence
supporting this theoretical model.'*

We note in passing that the formation of the spin-
glass phase due to short-range antiferromagnetic in-
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teraction in insulators was previously reported for
amorphous materials,'> !¢ but no experimental evi-
dence was found in single crystals.

The magnetic properties of Cd,_Mn,Te have been
studied by several authors.!””'® High-field-
susceptibility measurements show a Curie-Weiss
behavior at high temperatures, while at low tempera-
tures deviations from a Curie-Weiss law have been
observed. A cluster model involving several cluster
sizes was proposed'® on the basis of electron-
paramagnetic-resonance and high-field-susceptibility
measurements.

The purpose of the present investigation is to es-
tablish the magnetic structure of Cd;_yMn,Te mixed
crystals from specific heat and low-field magnetic
susceptibility measurements as a function of magnetic
field and temperature. We investigated single crystals
of Cd;_ Mn,Te for 0 =<x <0.7, i.e., in the whole re-
gion where this material forms a single zinc-blende
crystallographic phase.?%2! Specifically, these mea-
surements allow us to draw several quantitative and
qualitative conclusions concerning the magnetic struc-
ture, the Debye temperature, and the nuclear mag-
netic field of Cd;_,Mn,Te.

II. THEORY

Cd;_,Mn,Te mixed crystals are substitutional solid
solutions in which the Mn atoms replace Cd atoms in
the fcc sublattice. The distribution of Mn ions in the
lattice can either be completely random, or it can de-
viate from a statistical distribution. In both cases,
one can expect not only isolated atoms which do not
interact with other Mn atoms (singlets), but also a
certain number of pairs, triplets, and larger clusters.
The number of different types of clusters depends on
the Mn concentration x in the crystal.

In our model we have considered only the
nearest-neighbor (NN) interaction between Mn ions
since the next-nearest-neighbor interaction is expect-
ed to be weak. In addition to isolated ions, the
model includes three types of small clusters: pairs,
open triangles, and closed triangles.?? The Heisen-
berg Hamiltonian in the presence of a magnetic field,
and its energy eigenvalues for these clusters, are
given in Table I. The energy-level diagram corre-
sponding to this case is shown elsewhere.?

The low-temperature specific heat connected with
magnetic interactions of paramagnetic ions can be

TABLE I. Hamiltonians and their eigenvalues for various clusters, where §; =S,

=S3=% and g =2.

3=—2/(5,-5) —gup(ST +S3)H

§,-5,=5
Pair (P) 35
E(S,m)==J[S(S+1) = 1—gugmH
0<S=<S5 |ImlsS
IH=-2[(5,'S,) +(5,-53) +(S;-SP1
—opp (ST +S3+S3)H
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written as

c=2a,.c,.=§;a,.[d S E, (07T (1)
i i J

and the magnetic susceptibility as
X=3ax = zlllimOlEM,,,/H] : (2)
i i 0

where the subscript / identifies different size clusters,
and a;, Ej;, and M, represent the fraction, the ener-
gy, and the magnetization corresponding to the dif-
ferent size clusters, respectively. We will show in
Sec. IV how these results compare with our experi-
mental measurements for small x.

III. EXPERIMENTAL DETAILS

Cd,_xMn,Te single crystals were prepared using a
modified Bridgman method at the Institute of Physics
of the Polish Academy of Sciences, Warsaw. Compo-
sition and homogeneity of the samples were analyzed
by density measurements, chemical analysis, electron
microprobe analysis, and optical-absorption measure-
ments. The measured composition x agrees with the
initial fraction of MnTe within a 2% accuracy. All
samples were p-type, with hole concentrations of the
order of 10'* cm™ at 300 K, which is ascribed to Cd
or Mn vacancies. CdyMn,_,Te mixed crystals can be
obtained up to x =0.71 in the zinc-blende (the same
as CdTe) crystallographic structure.?®?' For x > 0.71
a second phase, MnTe,, as well as inclusions of Te,
are observed,?' which makes the material unsuitable
for our measurements. MnTe is a typical antifer-
romagnetic compound crystallizing in a hexagonal
NiAs structure,?* with a Néel temperature of 307 K.

Specific-heat measurements for the samples with
compositions x =0.002, 0.01, 0.05, 0.10, 0.20, 0.30,
0.50, 0.70, as well as for CdTe, were performed in
the temperature range 0.3—60 K and in magnetic
fields H =0, 10, 20, and 28 kG. A standard heat-
pulse technique was used.?®

Magnetic susceptibility was obtained by magnetiza-
tion measurements as a function of temperature in
the range 1.1—-100 K. A superconducting quantum
interference device (rf SQUID) was used to measure
the magnetization.?’ Investigations were performed
for samples with composition x =0.10, 0.20, 0.30,
0.40, 0.50, 0.60, and 0.70. During the measurements
a magnetic field of 15 G was applied. Samples were
cooled either in zero field (less than 0.05 G) or in
the presence of the 15-G field.

IV. SPECIFIC HEAT

The experimental specific heat (C) results can be
divided into two parts. A low-temperature region

(below 4 K), where the specific heat is attributed
mainly to the Mn ions, and the region 7 > 4 K,
where the lattice contribution dominates all other ef-
fects.

Figure 1 summarizes the experimental results of
the specific heat at H =0 for all measured samples.
For x =0.002 the zero-field C is very close to that for
CdTe and therefore only the results for 28 kG are
plotted for this sample. If we consider the value of C
at 1 K as a function of x, it is an increasing function
of x up to x =0.10, where the specific heat begins to
decrease with increasing x. The influence of magnet-
ic field on C is very significant for samples with
x =0.002, 0.01, 0.05, and 0.10, but only a small in-
fluence of H on the specific heat was observed for
x =0.20, 0.30, and no effect of magnetic field was
detected for x =0.50 and 0.70 up to 28 kG. This
behavior indicates an increasing degree of clustering
of Mn atoms with increasing x. The interaction of
these atoms in large clusters exceeds 4k (where 4 is
the Boltzmann constant) and the contribution of
these clusters to the specific heat below 4 K tends to
g0 to zero.
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FIG. 1. Specific heat vs temperature for Cd,_ Mn,Te
mixed crystals. For sample x =0.002, the data at zero field
are very close to the CdTe specific heat. For this reason
only the data for 28 kG are plotted.
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The lattice specific heat appears to be a weak func-
tion of composition. The high-temperature results
are x dependent, the largest value of C corresponding
to x =0.50. One can expect changes of the
acoustical-phonon spectrum in so wide a range of
composition. While the magnetic specific heat can
also contribute in the high-temperature region, its
value is expected to be small compared to the lattice
specific heat.

A. Lattice specific heat

The specific heat in CdTe shows a typical behavior.
The Debye temperature @, defined for six degrees
of freedom per molecule as a function of 7, is
presented in Fig. 2. For Cd,;_,Mn, Te mixed crystals
it is impossible to obtain the Debye temperature as T
approaches 0 because of the strong influence of mag-
netic effects. But between 8 and 11 K, where the
Debye temperature goes through a minimum for
CdTe as well as for the mixed crystals, the lattice
contribution is dominant. The Debye temperature
was calculated for this region of temperature, and is
shown in Table II. Although the Debye temperature
varies with composition, the changes are small. Tak-
ing into account the possible error connected with the
influence of the magnetic contribution to the specific
heat at high temperature, our data suggest that the
acoustical-phonon spectrum does not change signifi-
cantly with composition. Previously reported
specific heat measurements?® in CdTe performed for
temperatures ranging from 3 to 300 K, agree with our
experimental data. From extrapolation of experimen-
tal results below 1 K, we also obtain a value for
O,(T—0)=158 K.

B. Magnetic specific heat

From the specific heat results we find that the
number of Mn atoms frozen in large clusters in-
creases with the crystal composition x. For samples
with x < 0.10, in the region in which only small clus-
ters should be important, we can compare our experi-
mental results for C with the theoretical predictions
of Eq. (1). We calculated the contributions from

200 ———— S
CdTe

150 1

®p(K)

100l
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FIG. 2. Debye temperature of CdTe in the low-
temperature region.

TABLE II. Debye temperature vs composition of
Cd,_xMn,Te in the region 9—10 K.

0.00
x  (CdTe) 0.05 0.10 020 030 0.50 0.70

0p (K) 113 113 110 109 106 106 112

singlets, pairs, and triad clusters to this specific heat.
Since these results are applicable only to samples of
relatively low values of x, we compare them only
with our results for samples with composition

x =0.002, 0.01, 0.05, and 0.10. For these samples,
we extracted the excess magnetic contribution to C
by subtracting the experimental specific heat of CdTe
according to C. = C — Ccyre. This procedure is

well justified in the low-temperature region 7 < 2 K,
where the lattice contribution is at least an order of
magnitude smaller than the magnetic specific heat.
The error in the value of C., increases with tempera-
ture because the lattice specific heat of these mixed
crystals increases very rapidly. In addition, a small
error can arise from the fact that the lattice contribu-
tion for the mixed crystals probably differs slightly
from that for CdTe.

Figure 3 shows the experimental results of the ex-
cess specific heat for x =0.002 for three magnetic
fields. The theoretical curves for 20 and 28 kG were
calculated assuming a statistical distribution of Mn
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FIG. 3. Excess specific heat (magnetic) for x =0.002 vs
temperature. Curve a is calculated assuming a concentration
of singlets which is lower by 5% than statistically predicted.
Curves b and c are calculated for a statistical distribution of
singlets and pairs.
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atoms in a fcc sublattice. For 10 kG we had to as-
sume that the number of singlets is 5% smaller than
statistically predicted. The values of experimental
and theoretical specific heat, as well as the positions
of the maxima, are in reasonable agreement. Figure
4 presents the results for the excess specific heat for
a sample with x =0.05. Curve a was calculated for

H =0 assuming a statistical distribution of pairs,
closed triangles, and open triangles (note that in zero
magnetic field the contribution of singlets is zero).
The values of the parameters used in the calculations
are given in Table III. As can be seen, the experi-
mental values are approximately twice as large, and
the shape of the theoretical curves do not correspond
to the experimental results. It is evident that the
number of clusters for x =0.05 is much larger than
statistically predicted. In addition, the whole shape of
the experimental curve as a function of temperature,
as well as the relative peak at 0.4 K, is very charac-
teristic for the pair specific heat. Curve b was calcu-
lated by adjusting the number of pairs and assuming
the exchange constant Jyn/k =—0.5 K for best fit to
the zero-field data. The fit to the experimental
results is very good especially in the low-temperature
region. In this calculation we neglected clusters other
than pairs. Including such larger clusters does not
reproduce the observed peak-and does not lead to the
observed temperature behavior of C. In the remain-
ing calculations shown in Fig. 4, the number of pairs
was assumed to be the same as in curve b. Curve f
represents the calculations where the number of
singlets was assumed to correspond to a statistical
distribution in a magnetic field // =28 kG. It is clear
from this curve that the number of singlets must be
reduced to obtain agreement with experimental data.
Curves c, d, and e were calculated using adjustable
values for the number of singlets and keeping the
number of pairs and the Jyn value constant. It is in-
teresting to note that the number of singlets increases
with increasing magnetic field (Table III). For

x =0.002 this effect is in the range of error (the
difference between the 10 and the 20, 28 kG data),
but for x =0.05 and 0.10 it is more significant.
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FIG. 4. Excess specific heat (magnetic) for x =0.05 vs
temperature. Curve a is calculated assuming statistical dis-
tribution of pairs and open and closed triangles at // =0.
Curve b is calculated using only pairs, and adjusting their
number. Curves c, d, and e are obtained by fitting the
number of singlets, and taking the number of pairs estab-
lished for curve b. Curve f represents the calculated specif-
ic heat assuming the same number of pairs as for curve b
and a statistical number of singlets. Numerical values are
given in Table III.

Our data consistently suggest. that the number of
singlets Ny is related in some way to the energy of
the applied magnetic field. Fitting the data for both
x =0.05 and 0.10 shows that Ns is proportional to H?
(see Table III). In order to understand this phenom-
enon we have to assume that some small fraction of

TABLE III. Distribution of Mn ions in different clusters vs composition of Cd;_,Mn,Te in the

paramagnetic region.

at.% of Mn atoms in

Singlets in H (kG) Open Closed
X 10 20 Pairs triangles triangles
0.002 92.6 97.5 97.5 0.56 0 0
0.05 18.0 22.0 27.6 54.4 0 0
0.10 1.8 4.7 25.2 14.5 13.2
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the Mn ions are only weakly bound to larger clusters.
The applied magnetic field effectively frees these
spins, which then contribute as additional singlets.

Results of the specific heat measurements on the
x =0.01 sample shown in Fig. 5 are qualitatively
similar to the results obtained for x =0.05, although
we have some difficulty in explaining the quantitative
behavior of the specific heat measurements.

The low-temperature specific heat for 7 < 0.8 K
measured in zero magnetic field as well as in 20 and
28 kG indicates a large number of pairs: About 30 to
40% of Mn atoms appear to be paired (see Fig. 5,
curve a). However, the values of the maxima in the
specific heat measured in 20 and 28 kG corresponds
to almost 100% of singlets (Fig. 5, curve b). Also
the peak of C observed at 7=0.42 K in zero magnet-
ic field is sharper than for x =0.05 and the specific
heat decreases faster for T > 0.6 K than was ob-
served for the x =0.05 sample. Similar behavior was
noticed in Hg,_,Mn, Te for x =0.027.2 It would ap-

I I J) TT
70}—Cd,_ Mn,Te ° 2

50—

40—

30—

Cex (mJd/mole K)

o

T(K)

FIG. 5. Excess specific heat (magnetic) vs temperature
for x =0.01. Curve a is calculated assuming 40% of the
atoms in pairs. Curve b shows the specific heat calculated
when 100% of the Mn atoms are singlets in 28 kG.

pear then that the number of singlets and pairs is a
function of temperature. This effect is weak in the
case of the x =0.05 sample (see the deviation from
the theoretical curve, especially for zero field, in Fig.
4), but is very pronounced for x =0.01.

It is possible that the distance between two-nearest
Mn atoms changes with temperature due to a Jahn-
Teller effect. If this distance increases with tempera-
ture, it will cause a rapid decrease of the value of Jyn
and a subsequent dissolution of pairs.

In spite of these uncertainties, the x =0.01 sample
shows a larger number of pairs at very low tempera-
ture than is statistically predicted, and the specific-
heat maxima appear at the same temperature as for
x =0.05, indicating that the exchange constant Jyy is
the same for both compositions.

Figure 6 shows results for the x =0.10 sample.
The bottom curve is calculated for a statistical distri-
bution of pairs and both types of triangles. We fit-
ted the number of pairs and triangles to obtain the
best agreement to experimental data at H =0 and, as
before, adjusted the number of singlets at 20 and 28
kG. We were not able to obtain a good agreement
within the framework of this simple model. For the
x-=0.10 sample the fit is worse than for previous
samples. Clearly the role of larger clusters, neglected
in our calculations, is now also more important. The
exchange constant was found to be Jyn/k =—0.6 K
for this composition.

Figure 7 shows the statistical distribution of Mn
atoms in singlets and pairs; the indicated points are
obtained by fitting the experimental data. Qualita-

T T T T T T T T

CdggMn,, Te
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FIG. 6. Excess specific heat (magnetic) vs temperature
for x =0.10. Curve a is calculated assuming a statistical dis-
tribution of pairs and open and closed triangles at H =0.
Curve b is calculated for the fitted number of pairs and tri-
angles. For curves ¢ and d the fitting parameter is the
number of singlets (for numerical values see Table I1I).
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FIG. 7. Statistical and experimentally obtained distribu-
tions of Mn ions in singlets and pairs in Cd;_,Mn, Te (S,
Sexpt and Py, Peyy, respectively). The number of pairs can
be obtained by dividing curves Ps and P, by 2.
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FIG. 8. Low-temperature specific heat for x =0.2, 0.3,
and 0.5. Dashed lines show the linear behavior of C vs T
for x =0.2 and 0.3.

tively, the distribution obtained is similar to a statisti-
cal one. Quantitatively, the deviation from the sta-
tistical prediction is very pronounced: the number of
singlets and pairs above x =0.05 decreases faster with
Mn concentration than statistically predicted. For
sufficiently high values of x one thus expects a small
number of very large clusters or one infinite cluster.
Figure 8 shows experimental results for C for
x =0.20, 0.30, 0.50, and for a CdTe sample in the
low-temperature range. Weak magnetic field depen-
dence was observed for samples with x =0.20 and
0.30. No influence of magnetic field was seen for the
x =0.50 and 0.70 samples. The linear dependence of
C as a function of T in this region of temperature
was observed for x =0.20 and 0.30. Similar behavior
has been observed previously in metallic spin-glasses
such as CuMn and AuFe,?”?%3% where magnetic-
susceptibility measurements confirmed the idea of
the formation of the spin-glass phase.

C. Nuclear specific heat and the
antiferromagnetic phase transition

Two samples with the highest Mn concentration
x =0.5 and 0.7 differ noticeably from the other mea-
sured samples. The specific heat does not depend on
magnetic field up to 28 kG, and at the lowest tem-
peratures increases for these samples. For 7" < 0.7
K, specific heat in both samples is proportional to
T72. Such behavior, together with the absence of
magnetic field dependence, is typical for nuclear
specific heat.’!' The magnetic field which splits the
nuclear-spin levels is produced by 3d electrons and
transferred to the nuclei by the polarization of Is
electrons. The average value of the product
CumnT?=12.4 mJK/mole (Mn) is larger than for Mn
metal’? and smaller than the values observed for oth-
er insulators containing Mn (such as KMnF; or
RbMnF;).>* Knowing the nuclear magnetic moment
of Mn from NMR experiments, we calculated the
strength of magnetic field at the Mn nuclei to be
H =391 kG £ 5%. For both samples this magnetic
field is the same within the accuracy given above.

At higher temperatures the specific heat increases.
For x =0.05 in the region 0.4 to 2 K, it can be
described by the equation C =5.777"2+5.07°
mlJ/mole K. In the region 3 to 10 K the specific-heat
C is also proportional to 77 but with a different coef-
ficient: C =3.267° mJ/mole K. The latter cubic
term is connected with the lattice specific heat and
corresponds to a Debye temperature of 106 K. It is
possible that the low-temperature cubic term contains
an additional contribution from spin waves, similar to
that observed in KMnF; and RbMnF;.?

Figure 9 shows the high-temperature specific heat
for x =0.50, 0.70, and for CdTe, as well as
AC =Cy7— Ccqre, as a function of temperature. For
the x =0.70 sample, C is the same as for CdTe
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FIG. 9. High-temperature specific heat vs temperature for
x=0.5, 0.7, and for CdTe. In the inset, AC =C47— Ccqyre
is plotted.

between 10 and 15 K; the difference, AC, increases
up to about 40 K, and subsequently decreases. The
increment AC shows a broad maximum which is
probably related to the antiferromagnetic-
paramagnetic phase transition, which would agree
with the results of magnetic susceptibility measure-
ments. The Néel temperature derived from both ex-
periments equals Ty =36 +2 K.

V. MAGNETIC SUSCEPTIBILITY

Magnetic susceptibility as a function of temperature
was investigated by means of magnetization measure-
ments using a SQUID technique. The value of the
dc susceptibility X =M /H was markedly dependent
on the past magnetic history for several of the sam-
ples, i.e., whether the specimen had been cooled in
the presence or in the absence of an applied magnetic
field. For the latter case, the samples were first
cooled in a magnetic field of less than 0.05 G and then
a magnetic field of 15 G was applied. Cusplike peaks
in X vs T are observed (see Fig. 10) at the tempera-
ture T, for compositions 0.2 <x =<0.6. The field-
cooled susceptibilities, i.e., when the magnetic field
had been applied before the samples were cooled
below T, are shown in Fig.. 11, indicated by primed
letters. In this case the susceptibility does now show

X (10°emu/g)

FIG. 10. Zero-field-cooled magnetic susceptibilities of
Cd|_4Mn,Te as a function of temperature for various Mn
concentrations x. The relative values are very accurate but
the absolute values may contain considerable error.

a cusp at T, but remains essentially constant below

-this temperature. Within spans of 30 min no time

dependence of the magnetization could be detected
for the field-cooled and zero-field-cooled susceptibili-
ties. The general behavior is identical to that of the
metallic spin-glasses CuMn (Ref. 29) and AuFe.*

At temperatures well below T, the susceptibilities
increase again, which probably originates from contri-
butions of finite clusters, e.g., single ions, pairs, trip-
lets, etc. For x =0.1 and 0.7 the zero-field-cooled
susceptibilities were identical, which suggests that ir-
reversible effects are absent. These experimental
results indicate three different magnetic phases,
which is consistent with the specific heat measure-
ments. In Fig. 12 is presented a phase diagram for
the magnetic properties of the Cd,_,Mn,Te, which is
qualitatively in agreement with the theoretical predic-
tion of De Seze.® This diagram cannot be extended
above x =0.71, since no single crystallographic phase
of Cd;—xMn,Te could be made for that range.

The low-temperature extension of the boundary
between paramagnetic and spin-glass phases gives x,
between 0.1 and 0.2, which is consistent with the
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FIG. 11. Magnetic susceptibilities for the spin-glass region
of x. Curves marked by unprimed letters correspond to
zero-field-cooled susceptibility, and primed letters indicate
results for the field-cooled susceptibility (see text).

simplest estimate of the percolation threshold value
for a fec lattice: x,=0.17. The system remains
paramagnetic for x < x. for all temperatures, since
only finite clusters of antiferromagnetically coupled
spins are present. For x > x. an infinite cluster (or a
set of very large clusters) is responsible for the tran-
sition into the spin-glass phase.'! For x between 0.6
and 0.7, there exists a phase boundary between the
spin-glass and antiferromagnetic phases. The suscep-
tibility for x =0.7 is independent of temperature
below the Néel temperature and is characteristic of a
typical antiferromagnetic with a low anisotropy field.
The Cd|_.Mn,Te system becomes antiferromagnetic
at low temperatures for x > 0.6, but antiferromagne-
tism appears to be unstable for x < 0.6.

An approximate value of the exchange constant,
Jin/k =—4.3 K, was obtained from the constant
value of the susceptibility for x =0.7 using the

T T T T
Cd,_x Mn,Te |
S0+ ‘ b
P : Paramagnetic !
A': Antiferromagnetic |
40r s Spin-glass | ’
~ 30f 1
< ixed
= crysial
20k phases 4
10 7
o) .
0 0.8 1.O

FIG. 12. Phase diagram for temperature vs composition
for the magnetic structure of Cd;_,Mn, Te. Regions of P,
A, and S indicate paramagnetic, antiferromagnetic, and
spin-glass phases, respectively.

molecular-field-theory expression,
X=N(gug)?/4zxJn, where g =2, N is the number
of magnetic ions, z is the number of nearest neigh-
bors, g is the Bohr magneton, and x is the concen-
tration. The value of the exchange constant J\x
differs from Jyn/k =—0.55 K obtained from low-
temperature specific-heat data, and has a different
meaning. This Jn represents the average strength of
the exchange interactions present in large clusters (or
in an infinite cluster), whereas Jyy is connected with
exchange interaction between the nearest neighbors
in small noninteracting clusters, such as pairs or trip-
lets.

Figure 13 shows the reciprocal susceptibility as a
function of temperature for x =0.05 and 0.10 sam-
ples. Experimental points are taken from published
results.!” Theoretical curves are calculated assuming
the distribution of different clusters derived from
specific heat measurements (Table 111) and using the
exchange constant Jyn/k =—0.55 K. The number of
singlets is assumed to be the same as obtained from
specific heat measurements in 10 kG. At high tem-
peratures the theoretical susceptibility is lower than
the experimental value, and the difference is larger
for the x =0.10 sample.

The difference between experimental results and
theoretical calculations result from the inadequacy of
our theoretical model. Neglecting clusters larger than
triplets, our model in effect neglects about 20% of
the ions for the x =0.05 sample and about 50% of
Mn ions for the x =0.10 sample. Consequently, the
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FIG. 13. Reciprocal susceptibility vs temperature for
x =0.05 and 0.10. The theoretical curves were calculated
using the same distribution of clusters as for the specific
heat. The number of singlets correspond to the 10-kG data
(see Table III). Experimental points are from Ref. 15 and
from our low-temperature measurements for x =0.10.

theoretical susceptibility is lower than the experimen-
tal value. Because of the large /N constant the ef-
fect is more pronounced at high temperatures.

VI. DISCUSSION AND CONCLUSIONS

Specific heat and magnetic susceptibility measure-
ments performed in Cd,_,Mn,Te in a wide range of
Mn concentrations allow us to distinguish three
ranges of x with different magnetic properties. For
x < 0.2, a paramagnetic region occurs, for 0.2 <x
= 0.60 a spin-glass phase is observed, and the range
x < 0.70 corresponds to an antiferromagnetic struc-
ture. -

Theoretical analyses of experimental data show a
nonstatistical distribution of singlets, pairs, and trip-
lets in Cd,_,Mn,Te crystals. The number of all types
of clusters considered is larger than statistically
predicted. However, for a small concentration of Mn

(x =0.002) the distribution of Mn atoms tends to be
random.

Our theoretical model is applicable only to the
paramagnetic region and does not consider clusters
larger than triplets. We also neglect next-nearest-
neighbor interactions, dipole-dipole interactions, and
biquadratic terms.’>3¢ However, our results, (at least
up to x =0.05), along with previously reported EPR
data for Cd;_,Mn,Te (Ref. 18) and susceptibility data
for Zn,Mn;_,S (Ref. 13), indicate that good agree-
ment between the theory and experiment can be ob-
tained with linear terms alone. Comparing the exper-
imental results of specific heat with theoretical
curves, one notes some differences between the
shape of both curves. The strongest deviations are
observed for the composition x =0.10 and 0.01 in
zero magnetic field (Figs. 5 and 6). Some smaller
deviations between theoretical curves and experimen-
tal results are also seen for x =0.002, 0.10, and 0.05
samples. These deviations for 7 < 3 K exceed the
limits of experimental error, which cannot be ex-
plained within the frame of our model. The best
agreement for both low-temperature specific heat and
magnetic susceptibility were obtained by assuming
the exchange constant Jyn/k =—0.55 K.

However, using a molecular-field theory, the high-
temperature susceptibility measurements for x > 0.3
(Ref. 19) give Jin/k =—6 K and the value of the
susceptibility in the antiferromagnetic region for
x =0.7 gives Jyn/k =—4.3 K. The high-temperature
susceptibility measurements of Zn,_,Mn,S, referred
to above, lead to values of J/k =—8 to —10 K."> 1t
must be emphasized that the two exchange constants
Jan/k =—0.55 K and Jynn/k =—4.3 K are average
values representing two different kinds of interactions
present in the crystal. The Jyn exchange constant is
connected with near-neighbor interactions in small
noninteracting clusters, such as pairs or triangles,
whereas Jy reflects the more collective interactions
taking place in very large clusters. In general, even
for pairs, the exchange integral in a fcc lattice is a
nine-component tensor’’ and for larger clusters it is a
higher order tensor. We treat the exchange constant
as a scalar in both cases, i.e., in the cluster model
and in the molecular-field theory, and in this sense
the exchange constants are average values.

In the spin-glass phase, some differences were ob-
served in the behavior of the susceptibility as com-
pared to the case of metallic spin-glasses slightly
above the transition temperature. The susceptibility
is independent of past magnetic history for metallic
spin-glasses in this region, but for these tellurium
compounds it exhibits an irreversible behavior. This
is probably related to the difference in the nature of
the magnetic interaction. In the metallic spin-glass
the interaction is long range, while in the insulating
compound the short-range interaction between the
clusters may allow clusters to freeze at different tem-
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peratures.

The crystal structure of these compounds is a
zinc-blende structure. This structure is favorable to
the formation of a spin-glass phase due to the lattice
frustration, since the magnetic sites form a fcc lattice.
The existence of a next-nearest-neighbor interaction
Jnnn between magnetic ions is expected to be much
smaller than Jyn."? Therefore we conclude that the
frustration mechanism is responsible for the spin-
glass phase in these crystals.

The linear term in the specific heat at low tempera-
tures, which has been previously observed in metallic
spin-glasses, is found in our case for x =0.20 and
0.30. In contrast, self-consistent field theory leads to
C ~ T3. Other existing theoretical approaches'®
seem to be inapplicable for the physical situations
with which we are dealing, or predict results which
differ from the experiment.”® The specific heat in
sample x =0.50 calls for special attention. Suscepti-
bility measurements show a cusp for 7 =12 K, but
no linear term is observed in the specific-heat experi-
ment, i.e., in the region 0.5 to 10 K the specific heat
can be described completely by a nuclear term and
two cubic terms corresponding to spin-wave and lat-
tice contributions. This is a nontypical behavior for a
spin-glass. Neutron-diffraction investigations recently
performed can throw additional light on this problem.
These experiments show weak peaks corresponding
to a short-range ordering at low (6 K) temperature,
but not at 78 K and room temperature.*’ It is well
known, however, that no peak in neutron diffraction
is observed for a typical spin-glass phase. It is possi-
ble, therefore, that a mixed structure takes place in
this material, where an infinite cluster (or a few very
large clusters) corresponding to the spin-glass phase
contains a number of well-ordered antiferromagnetic

grains. The size and density of these grains are a
function of x. The presence of well-ordered grains is
probably connected with the spin-wave term which
dominates the linear term characteristic of the spin-
glass specific heat. :

Our experiments, together with neutron-diffraction
measurements, allow us to picture the evolution of
magnetic interaction in Cd;_yMn,Te as a function of
Mn concentration. For low values of x the system is
paramagnetic, with the tendency to clustering that is
stronger than statistically predicted. For x =0.17
clusters are large enough to produce a spin-glass
phase due to the frustration of the lattice. For higher
concentrations of Mn in the spin-glass structure, it is
likely that finite antiferromagnetic grains appear,
their size increasing with increasing concentration of
Mn ions. The transition from the spin-glass to the
antiferromagnetic phase probably requires some criti-
cal grain density which is also connected with their
size. Assuming a finite size of grains, one can imag-
ine the existence of percolation threshold between
the grains, which leads to the spin-glass—antiferro-
magnet transition. This idea requires further evi-
dence, especially through neutron-diffraction studies,
in order to describe the type of antiferromagnetic or-
dering in these grains, as well as their size.
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