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Magnetic properties of single crystals Cd;_,Mn,Te (0.05 <x =<0.5) have been studied. The
low-field susceptibility has been measured for temperatures ranging from 0.07 to 30 K, and is
compared with high-field magnetization data. It is shown that these semimagnetic semiconduc-
tors do not behave like canonical spin-glasses. A detailed analysis of the data based on a
magnetic-cluster description of mictomagnetic alloys is presented. Some features, such as the
particular x dependence of the freezing temperature and the coexistence of infinite and finite
spin clusters in a definite range of concentrations x above the percolation threshold, are correlat-
ed to the short-range nature of the exchange interaction between Mn ions.

I. INTRODUCTION

Spin-glasses are dilute solid solutions of magnetic
ions in a nonmagnetic matrix. In the past, attention
has been focused on metallic spin-glasses, the matrix
being, for example, a noble metal. In such a case,
however, it is not always easy to separate the part of
the conduction electrons from that of the localized
moments, for instance in the specific heat."? Then,
recently, Villain pointed out the interest to have
more experimental data in insulating spin-glasses.
The best way to obtain them is to use frustrated
sytems with only antiferromagnetic interactions, as
suggested by De Séze* and Aharony.® Cd;_,Mn,Te
has been considered as an insulating spin-glass of this
kind, which motivated previous studies of the mag-
netic properties®™ and of the specific heat® on this
material. Recently, we have shown that, in the range
0.2 < x < 0.6, a cusp in the susceptibility curve oc-
curs at a temperature 7T, depending on x according to
the law'?

InT,=—yx+8 , 1)

3

where y and B are positive constants, displaying a
short-range magnetic interaction between the local-
ized Mn?* ijons:

J(r)=Jge™™",
)
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where a is the lattice constant.
Our purpose is to present an investigation of the
low-field magnetic susceptibility up to 30 K, which

not only completes the previous studies, but also
sheds some light on the freezing process in this ma-
terial, The experimental results are reported in Sec.
II. In particular, superparamagnetism is evidenced at
T > T, for x >0.25, and in the whole range of tem-
peratures investigated 0.07 < T < 30 K for smaller
Mn concentrations. The results are analyzed in Sec.
IIT and discussed in Sec. IV.

II. EXPERIMENTS

Single crystals Cd;-,Mn,Te were grown in the
zinc-blende phase by a modified Bridgman technique
at the Institute of Polish Academy of Sciences (War-
saw), and at the Laboratoire de Physique des Solides
at Bellevue. The compositions were determined by
chemical analysis, electron microprobe analysis, and
confirmed by means of the linear dependence of the
free exciton energy versus the concentration x.!! It
was checked that the low-field susceptibility here-
under reported is just the same within experimental
uncertainty for all samples, whatever their origin, in
the whole range of Mn concentrations investigated.

Magnetic measurements were performed on a vi-
brating sample magnetometer at Bellevue at T > 1.5
K and by an extraction method at Grenoble below
1.5 K. Due to the presence of irreversible effects,
the magnetization was composed of both reversible
and irreversible contributions at the low magnetic
fields investigated (15 < H < 80 G) for x =0.2. The
reversible magnetic susceptibility X is deduced from
the slope of the magnetization at low fields. The
curves X_'(T) are reported in Fig. 1. For x =0.25,
susceptibility cusps are observed at temperatures
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FIG. 1. Inverse of the magnetic susceptibility in
Cd,_,Mn,Te, as a function of temperature.

which satisfy Eq. (1) with
B=9.74, y=5.63 , 3)

in agreement with previous results.’® At x =<0.20 no
cusp was observed above 1 K. At the boundary
between these two ranges of Mn concentrations, the
x =0.25 case is of a particular interest. First it
should be noticed that the susceptibility cusp is well
pronounced at 2.15 K in the x =0.25 sample, as it
can be seen in Fig. 2. This is the usual behavior
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FIG. 2. Magnetic susceptibility as a function of tempera-
ture for Cd;_,Mn,Te with x =0.25 (curve 1) and x =0.30
(curve 2).

met in systems where the dilute magnetic ions are
coupled by a weak and short-range magnetic interac-
tion. In particular, X strongly decreases upon cooling
at T < T,. In contrast to the curves for the lower
concentrations, X(7) for x =0.30 is much more
characteristic of large-scale freezing. The curves
show a rapid drop just above T, while below

T,, X(T) varies much more slowly with temperature
and is practically flat in the range 1 K< T < T,.

This feature is illustrated in Fig. 2 for x =0.3 where
T,=4.0 K. These results show that below T, the
whole assembly of manganese ions is frozen at

x =0.30. However, the spin system is not frozen in
an ordered state at such concentrations since neutron
experiments and specific-heat measurements reveal
that long-range antiferromagnetic ordering takes place
only at x ~0.6.°

From our magnetic measurements, it is then possi-
ble to define a critical concentration x,, with
0.25 < x, < 0.30, which makes a separation between
two different magnetic behaviors at low temperatures.
The variations of the remanent magnetization (RM)
as a function of temperature are also quite different
on both sides of x =x, as illustrated in Fig. 3, and re-
flect the behavior of X(T): RM is almost tempera-
ture independent below T, in x =0.30 sample and in-
creases upon cooling in the x =0.25 sample. This
parameter did not depend on time at the scale of
one-half hour.

At T > T,, x7! varies linearly with temperature up
to about 30 K for all Mn concentrations investigated,
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FIG. 3. Remanent magnetization RM as a function of
temperature in Cd;_,Mn,Te with x =0.25 (curve 1) and

x=0.30 (curve 2). The freezing temperatures defined by
the susceptibility cusps are marked by arrows.
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as can be seen in Fig. 1. A Curie-Weiss law is then
satisfied, which will be analyzed in Sec. III.

III. ANALYSIS

We have already emphasized the difference of the
magnetic behavior on both sides of x, at T < 7.
This difference still persists at very low temperature
below 1 K.

A. Low-temperature regime (7 < 1K)

In the case x > x., a small increase of X(7) is ob-
served when the temperature is decreased to 0.07 K,
which can be imputed to the contribution from resi-
dual paramagnetic impurities to the magnetic suscep-
tibility. This contribution satisfies the Curie law and
provides the order of magnitude for the concentra-
tion of such impurities: N; ~10'% cm™.

In the case x < x,, a strong increase of X is ob-
served in the range 0.07 < T < 1 K, the variations
being systematically at least four times larger than for
x > x.. This feature is illustrated in Fig. 2. We then
infer that such variations, too large to be imputed to
impurities, are an intrinsic property of the material.
In fact, such an increase of X upon cooling is expect-
ed in incommensurate spin-glasses, i.e., spin-glasses
where the conduction band has minima at vectors in-
commensurate with the lattice parameter.!> Howev-
er, our samples are crystallized in the zinc-blende
structure which implies that the only maximum of in-
terest for the conduction band is at the I' point.
Furthermore, in incommensurate spin-glasses, X in-
crease like |log T'| or |log T|* upon cooling. This law
is not satisfied in our samples. Thus, it is clear that
the behavior of X(T) in our samples is not a spin-
glass effect. In fact, the magnetic susceptibility below
1 K is the superposition of two different contribu-
tions, when impurity effects are neglected for such
low concentrations x < x.: (i) The contribution X;
arises from those of Mn spins which are frozen in an
infinite antiferromagnetic cluster. As it can be seen
from the data at x > x,, this contribution is almost
temperature independent. (ii) The contribution X;
comes from the fraction of the Mn spins which can
be considered as loose, either because they do not
belong to any cluster (single spins) or because they
are located at a place where the internal fields coming
from different neighbors cancel or at least do not
give a resultant larger than the thermal energy kgT.
This situation is likely to occur at the boundary of
finite spin clusters. For such spins, the Curie law is
satisfied:

_ N'S(S+1)g%u}

% , €Y

<
Xy = T C

where g is the Lande factor ug the Bohr magneton,
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FIG. 4. Plot of [X(T) —X(Ty)17! vs temperature in
Cdg75Mng 55Te, where Ty=1 K is defined by the minimum
of the susceptibility curve X(T).

kg the Boltzmann constant, and N’ is the concentra-
tion of loose spins. Since X, takes significant values
only at temperatures low enough so that X increases
upon cooling, we can write Xo( 7o) =0, where Ty is
the temperature at which X(7) goes through a
minimum (7,=1 K for x =0.25). We can then ex-
press the magnetic susceptibility under the form:

X(N) = x(Ty) =% . (5)
The plot of [X(T) —x(Ty)]7'=Ax"" as a function
of Tis reported in Fig. 4, and shows that Eq. (5) is
fairly well satisfied. From the slope of this curve, we
can deduce the fraction N'/N, of Mn spins which are
loose: for x =0.25, N'/Ny—~2 x107*,

B. High-temperature regime

We have shown that loose spins exist even far
below T, in the case x < x.. In the same way, we
can wonder whether all spins are free above T,. The
answer is most easily given by the analysis of the
remanent magnetization. We can see in Fig. 3 that
RM does not vanish at T, and irreversible processes
persist up to 30 K. This illustrates that, on both
sides of x., frozen antiferromagnetic clusters still ex-
ist in a superparamagnetic state at 7, < T <30 K. In
this range of temperatures the N unfrozen spins give
a contribution to the magnetic susceptibility which
satisfies the Curie-Weiss law as can be seen in Fig. 1:

~ N/Ng NoS(S +1)g’u}
T T+0 3kg

(6)
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TABLE 1. Numerical results of magnetization and susceptibility measurements in Cd;_,Mn,Te.
The sets (©,N/Ny) deduced from the Brillouin law for the high-field magnetization in columns 2
and 3 are from Ref. 14. The sets (®,N/Ny) deduced from the Curie law for X(7) at low field are

reported in the two last columns.

Composition Magnetization Parameters Susceptibility Parameter
x (at.%) 0 (K) N/N, 0 (K) N/N,
5 2.29 0.62 1.8 0.59
10 3.84 0.43 4 '0.41
20 7.3 0.28 8.3 0.35
30 149 0.21 19 0.26
40 27.8 0.21

The temperature O is proportional to the mean
strength of the internal field to which such spins are
submitted, and should not be confused with the
paramagnetic Curie temperature deduced from the
high-temperature susceptibility data at 7 >> 30 K,
where all spins are in a paramagnetic configuration.®
This difference is evidenced by the fact that at
T >30 K, a curvature of X"'(7T) is observed, the sit-
uation being similar to that observed in
Hg,_Mn,Te.l* The values of N/N, and O fitting the
experimental cruves X(7) are reported in Table I.
Magnetization measurements on such samples at 1.5
K, made at Service National des Champs Intenses
(SNCI) (Grenoble) in the range 0.2 < H <155 T
have been reported elsewhere by Gaj et al.'* who
have shown that the magnetization curves fit the
Brillouin law

gupSH

ke(T+0) |’ M

N
(Sz) = TV—O'SBj/z

where Bs), is the Brillouin function for spins S =5/2.
The sets (N/Ny, ®) fitting Eq. (7) are also reported
in Table I for comparison. In the special case

x =0.3, the magnetization curve was measured at a
temperature lower than T so that the results cannot
be directly compared with those deduced from the
low-field magnetic susceptibility. For the others con-
centrations a very good agreeement between the two
sets of parameters (N/N,, ®) is found. This em-
phasizes that the molecular-field approximation
describes fairly well the magnetic properties of

Cd;_ Mn,Te and that ® does not depend significantly
on temperature, in the definite temperature range
T,<T<30K.

IV. DISCUSSION

To complete the above description of the magnetic
properties on mictomagnetic Cd,—,Mn,Te in terms of

clustering in the vicinity of the temperature 7T, de-
fined by the susceptibility cusp, it is necessary to dis-
cuss the freezing processes at T itself in the frame-
work of the percolation model. In the site problem,
the percolation transition with the formation of an in-
finite spin cluster occurs at x; =0.20 in the fcc lattice
when only first nearest neighbors are considered,!* 6
and at x7=0.136 when next-nearest neighbors are
also considered.!” Oseroff er al.® have reported ex-
perimental evidence that the infinite spin cluster is
observed at x, ~0.15 in Cd;_xMn,Te, so that
Xp ~xp2. This shows that the percolation theory does
apply to this material, which implies that the range of
the magnetic interactions is smaller than the mean
distance between the Mn ions at such concentrations.
This is in agreement with the model of a magnetic in-
teraction decreasing exponentially with the distance in
Eq. (2). The ratio of the exchange integrals between
nearest and next-nearest neighbors, deduced from
Egs. (1)—(3) is J1/J,=8. This shows that J,, even
small, is not negligible compared with J;, which ex-
plains why x, ~ x2. However, a complex magnetic
behavior is expected for manganese concentrations
x; < x < x,, because the smallness of J, favors the
coexistence of finite spin clusters with the infinite
clusters in this range of concentrations. Our results
show that this coexistence is indeed observed up to
X, which compares well with x2. Moreover, the
difference between x,,2 and x, may be correlated to an
anisotropic distribution of Mn ions which has been
evidenced by specific-heat measurements.®

We have shown that a lot of order exists above T,
and a lot disorder below 7T, in Cd,_,Mn,Te. This is
well understood in the percolation model for spin-
glasses and mictomagnets developed by Smith.!® In
this model, an infinite cluster occurs at T, but order
is present inside a finite cluster above 7, and disor-
der is associated with the existence of finite clusters
disconnected from the infinite one below 7,. Our
analysis allowed us to give an estimation of the ex-
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tent of the persisting disorder below T, in terms of
the ratio N'/Ny <2 %10~ of Mn which remain loose.
This ratio is then very small, so that the freezing of
Cd;_Mn,Te looks much like a phase transition.
However, we must keep in mind that the specific-
heat data show no critical behavior for the range of
concentrations x which we investigated,® and that
neutron measurements show that there is no long-
range magnetic order in the low-temperature phase,
in contradiction with the assertion of Oseroff et al.,
deduced from magnetic susceptibility and electron
paramagnetic resonance measurements.® Our own
magnetic susceptibility data could be analyzed in
terms of mictomagnetic compounds, without making
the hypothesis of any long-range ordering whatsoev-
er.

The magnetic properties above T, could be under-
stood in the framework of the molecular-field ap-
proximation. Such is not the case in metallic spin-
glasses, since the oscillation of the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction at long distance
lead to striking derivations of the magnetization
curve from the Brillouin law, for example.!®*%

V. CONCLUSION

The magnetic properties of Cd;—,Mn,Te have been
analyzed in detail in the vicinity of susceptibility cusp
at the temperature T,. The whole freezing process of
Mn spins could be analyzed in terms of clustering
and supports the percolation description of mictomag-
nets by Smith. Some specific properties such as the
law T,(x), the occurrence of an infinite cluster at the
percolation threshold, and the validity of a
molecular-field approximation above T, were shown
to be specific features of short-range magnetic in-
teractions decreasing exponentially upon the dis-
tance. Their generality should then overcome the
particular case of Cd;_,Mn,Te.
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