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We report on the magnetic properties of the Cr-based diluted magnetic semiconductors
Zn;_.Cr.Se and Zn;_.Cr.S (z < 0.01). The specific heat was measured in the temperature range
1.5 < T < 10 K and in magnetic fields up to 3 T, while the magnetization was measured at 2
< T < 40 K and B < 6 T. The magnetic behavior is neither that of Brillouin paramagnets [Mn
Co diluted magnetic semiconductors (DMS)] nor of Van Vleck systems (Fe DMS). It results from
a strong, static Jahn-Teller (JT) distortion for the Cr ions. A simple crystal-field model, which in-
cludes the JT effect, provides an overall description of the experimental data, but some discrepancies
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remain.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS) are mixed
crystals based on classical compound semiconductors
(such as CdTe, ZnSe, or InAs), in which a controlled
fraction of nonmagnetic cations is replaced by magnetic
ions of transition metals or rare earth metals.! DMS have
attracted considerable attention for the last two decades,
since they bridge physics of semiconductors and mag-
netic materials. On one hand, they still behave as typical
semiconductors, but their sensitivity to magnetic field is
dramatically enhanced due to the s,p-d, f exchange in-
teraction between delocalized band electrons (s and p
type) and localized d (or f) electrons of magnetic ions.
Resulting giant magneto-optical effects, such as Faraday
rotation or Zeeman splitting, are characteristic of DMS.!
From the magnetic point of view, DMS represent systems
of localized magnetic moments (associated with magnetic
ions) randomly distributed in a nonmagnetic host lattice
and coupled by antiferromagnetic (AF) long-ranged d-d
exchange interaction.?® Depending on the concentration
of magnetic ions and the temperature range DMS reveal
paramagnetic, spin-glass, or antiferomagnetic behavior.

The paramagnetic behavior of DMS depends crucially
on the magnetic ion. Substitutional Mn ions in II-VI
compounds represent the simplest situation. The elec-
tronic configuration of Mn*+ is d®, and the ground level
of the ion at zero magnetic field is a degenerate multi-
plet with vanishing orbital momentum (L=0, S=5/2).
The magnetic moment of the ion results solely from the
spin, so that Mn-based DMS behave like typical Brillouin
paramagnets.?® The same type of paramagnetism is ob-
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served for Co-based DMS.* The situation for Fe DMS
is completely different. In this case (d® configuration),
the orbital momentum is nonvanishing (L=2, S=2) and
the ground state is a singlet. Consequently, a magnetic
moment for the Fe ion can only be induced by a mag-
netic field, so that Fe DMS show typical Van Vleck-type
paramagnetism.®

Until now most of the research on DMS was devoted
to DMS containing Mn, Co, or Fe. Ounly recently a new
class of DMS based on Cr was synthesized. Preliminary
results reported for Zn;_,Cr,Se show that these materi-
als are markedly different from all the other DMS.® The
most striking difference is the ferromagnetic p-d exchange
between Cr ions and valence band electrons,” whereas in
all DMS which have been studied earlier this interaction
was always AF.! Ferromagnetic p-d exchange may also
result in ferromagnetic coupling between Cr ions. From
the magnetic point of view the Cr** ion represents an
intermediate case between Brillouin and Van Vleck para-
magnetisms: the ground state is a multiplet (actually
a “semidoublet” as discussed later) but excited states
are close enough to contribute to the magnetic proper-
ties. Moreover, the Cr ion is strongly influenced by the
Jahn-Teller (JT) effect,®® which is rather unimportant
for Mn, Co, and Fe. We, therefore, thought it worth-
while to study the magnetic properties of Cr DMS in
some detail.

In this paper, we report results of specific heat
and magnetization for two materials: Zn;_,Cr,Se and
Zn;_.Cr.S. The data are interpreted using a simple
crystal-field model, but including the JT effect. The
paper is organized as follows. After a discussion of ex-
perimental details in Sec. II, the experimental data are
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presented in Sec. III. The crystal-field model is presented
in Sec. IV and is applied to the present data in Sec. V.
The main conclusions are summerized in Sec. VI.

II. EXPERIMENT

The crystals were grown by the modified Bridgman
technique. Zn,_,Cr,Se was grown of high purity ZnSe
and pure metallic Cr. Occasionally, CrSe was also used.
In the case of Zn;_,Cr,S the crystals were grown of ZnS
and pure Cr. Single phase crystals were obtained only
for rather low Cr concentrations, z < 0.01. Attempts to
grow crystals with higher x resulted in precipitations of
Cr,Se, (or Cr,S.). Only single phase samples were used
in the present study. The composition of the samples was
checked by atomic absorption and by chemical analysis.
Due to the low z values, the accuracy of these measure-
ments was only 10-20 % of the actual z. For some of the
samples we used the magnetization data to compare the
Cr content of different samples. Such a procedure was
justified by the fact that magnetization scales with z, as
described in Sec. IIIB. The values of z resulting from
the magnetization calibration are in tolerable agreement
with the microprobe results.

The crystalline structure of the crystals was analyzed
by x-ray diffraction. Zn;_,Cr.Se crystals were found
to be cubic. In some cases the Zn; ,Cr,Se samples
were composed of grains, misoriented relative to each
other by about 2-3 degrees. The Zn,;_,Cr.S crystals re-
vealed “hexagonal” structure (mixed polytypes of cubic
and hexagonal ZnS).

The specific heat was measured using the standard
heat pulse technique. Data were taken in the temper-
ature range 1.5-15 K, and in magnetic fields B up to
3 T. Due to the low concentration of Cr, rather large
samples (about 0.3 — 0.5 g) were necessary.

The magnetization was measured using a supercon-
ducting quantum interference device magnetometer in
the temperature range 2-40 K and in magnetic fields up
to 6 T. All the magnetization data were corrected for
diamagnetism of the host lattice [x%"S¢ = —3.2 emu/g,
x%°S = —3.9 emu/g (Ref. 10)].

III. RESULTS
A. Specific heat

The magnetic contribution C,, to the total heat ca-
pacity Ciot of the sample was evaluated as the difference:
Cm = Ciot — Clatt, wWhere Ciayt is the heat capacity of
the nonmagnetic lattice. In most cases Cl,i; Was approx-
imated by the specific heat of the host material, i.e., ZnSe
or ZnS. It is known that such a procedure can substan-
tially overestimate Cjayt, in particular if there is a pro-
nounced mass difference between the nonmagnetic cation
of the host and the magnetic ion.!! However, in our case
the mass difference between Cr and Zn is relatively small.
Moreover, the Cr concentrations are small, so that the
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approximation Clay, = Czase (or Czas) is expected to be
valid.

Representative results of C,, at zero magnetic field are
shown in Fig. 1, both for Zn;_,Cr,Se (x=0.004) and for
Zn,_,Cr.S (£=0.004 and 0.006). We notice the typical
onset of a Schottky-type anomaly, indicating the exis-
tence of an energy gap (of the order of few K) between
the ground and the excited levels. A similar situation
was encountered in the case of Fe-based DMS.5 Applica-
tion of a magnetic field results in a strong increase of C,,
(Figs. 2 and 3), in contrast with Fe-DMS, but similar to
Mn- and Co-based DMS.2™* The observed field depen-
dence shows that the ground state is a multiplet, since
a split multiplet provides a series of levels that can be
thermally populated, thereby giving rise to an increase
of the specific heat.

The data for Zn;_,.Cr,Se and Zn;_,Cr,S are quali-
tatively the same. A slight shift to lower temperatures
of the C,,, curve of Zn;__Cr_S relative to those for ZnSe
can be observed. This shift suggests a smaller energy gap
between the ground and the excited levels of Zn,_.Cr,S.
We will return to this point later.

The data for Zn;_,Cr.Se were obtained for unoriented
samples, because single crystals of a suitable size were
not available. In the case of Zn;_.Cr,S the magnetic
field was parallel to the sixfold axis (corresponding to
the (111) axis in a cubic crystal).

B. Magnetization

The magnetization of Zn;_,Cr,Se was measured on
oriented samples (of mass about 0.02 g) for magnetic
field perpendicular to three principal crystallographic di-
rections (100), (110), and (111). Figure 4 shows rep-
resentative results for B || (100) at different temper-
atures. At the lowest temperatures the magnetization
varies strongly with B, although no saturation is ob-
served despite the rather low z. This behavior is in
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FIG. 1. Magnetic contribution to the specific heat of

Zn;_.Cr:Se (z = 0.004) and Zn;_.Cr.S (z = 0.004,0.006)
in the absence of a magnetic field.
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FIG. 2. Magnetic specific heat of Zn;_.Cr.Se (z = 0.004)
for B =0, 1, and 2.8 T. The field B is not oriented along any
specific direction. The solid lines show the calculated specific
heat for B || (111), as described in the text.

contrast with that of Mn and Co DMS, and it reflects
the presence of the excited states close to the ground
multiplet. We also notice a strong variation of M with
temperature; in contrast to Van Vleck paramagnets (e.g.,
Fe-DMS) whose magnetization is temperature indepen-
dent at low T'.5

Figure 5 shows that the magnetization is anisotropic
(depends on the B direction), in particular at the highest
fields. On the other hand, at the lowest fields (B < 1
T, linear response range) the magnetization is isotropic.
The easy magnetization axis is (100), whereas both (111)
and (110) behave like hard axes. Only a small difference
is observed between the magnetization for the (110) and
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FIG. 3. Magnetic specific heat of Zn;_.Cr.S (z = 0.006)
for B =0, 0.1, 1, and 2.8 T (B parallel to sixfold axis) The
solid lines show the calculated specific heat for a cubic crys-
tal with B || (111), as described in the text. The curve for
B = 0.1 T is practically the same as for B = 0 and, therefore,
is not shown.

B (T)

FIG. 4. Magnetization of Zn;_.Cr.Se (z = 0.002) as a
function of magnetic field (B || (100)) at various tempera-
tures. The lines show the magnetization calculated according
to the EQ model, as discussed in the text. The concentra-
tion z was slightly adjusted to the value 0.0022 providing the
correct absolute magnetization value for 7' > 10 K.

(111) directions. The anisotropy decreases with increas-
ing temperature. At temperatures higher than 20 K the
magnetization is practically isotropic (the observed dif-
ference is below experimental accuracy).

The shape of both magnetization and specific heat does
not depend on Cr concentration, as exemplifed in Fig. 6.
Part (a) of this figure shows that the specific heat of
two Zn;_,Cr,S samples differ only by a constant mul-
tiplicative factor (1.545 in this case). A similar situa-
tion is encountered for the magnetization of Zn; _,Cr,Se
[Fig. 6(b)]. Such a scaling with concentration (implying

-
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FIG. 5. Anisotropy of the magnetization of Zn;_.Cr.Se
(z = 0.002) at various temperatures. The lines show the
magnetization calculated according to the EQ model, as dis-
cussed in the text. The concentration = was slightly adjusted
to the value 0.0022 providing the correct absolute magnetiza-
tion value for T > 10 K.
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an independence of the shape of a given thermodynamic
quantity on concentration) means that the interaction
between Cr ions is unimportant here.2 In our case, this
behavior results from the small z values of our crystals.
For instance, for z = 0.005 about 94% of the ions have
no nearest magnetic neighbors, so that the d-d exchange
interaction, if any, can be expected for only 6% of the
ions. In such a case, no conclusions about the strength
of the interaction between nearest neighbour Cr ions can
be obtained from the data. Therefore, the model which
assumes a system of noninteracting Cr ions should pro-
vide a resonable description of the present data. In such
a model any thermodynamic quantity is a product of
a single ion quantity multiplied by the number of the
ions. Consequently, the magnetization or specific heat of
a sample with Cr concentration z; can be obtained from
the data of the other sample with z, by multiplying the
data by the z/z, ratio. For the samples shown in Fig.
6(a) the Cr concentration, as obtained from microprobe
analysis, was £; = 0.006 and z, = 0.004 so one should
expect a scaling factor of 1.5. The actual scaling factor is
1.545 in this case, which is in very good agreement with
the concentration ratio, especially keeping in mind the
rather poor accuracy of the microprobe analysis for such
a low z. The magnetization data presented in Fig. 6(a)
show that the scaling factor for the two samples is 1.22,
which we believe reflects the actual concentration ratio.
The relative Cr concentration determined in this way is
much more accurate than the value resulting from the
conventional methods of z determination (microprobe or
chemical analysis), since the latter methods are not pre-
cise enough for low z. The final z values given in Fig.
6(b) (0.0018 and 0.0022) were chosen to provide the best
fit of the magnetization data for T > 10 K by the model
described in Sec. IV C. We notice that these values are
in agreement with the microprobe results, within the ex-
perimental accuracy.

IV. THE MODEL
A. Energy structure of isolated Cr*+ jon

To deseribe the Crt* (d*) ion we generally follow the
crystal-field model developed by Vallin et al® It was

shown that in order to describe the Cr d level in a cubic
lattice one needs to include in the Hamiltonian not only
a tetrahedral crystal-field, spin-orbit interaction and the
magnetic field, but also the JT effect. This effect was
found to result in a static, tetragonal distortion of the Cr
center.®® Therefore, the full Hamiltonian can be written
in the form

H=Hcf+ﬂd+’}tso+%35 (1)

where Hcs = B4(02+50%) describes the tetrahedral (cu-
bic) crystal field!? (the operators Of are defined in Ref.
12), Ha = B30O3 + BJO? describes the tetragonal static
Jahn-Teller distortion, #,, = ALS is the spin-orbit term
[L = (Lg, Ly, L,) is the orbital angular momentum op-
erator and S = (S,,S5,,S;) is the spin operator], and
Hp = up(L + 2S)B is the Zeeman energy and up is the
Bohr magneton.

The order of the four terms on the right-hand side of
Eq. (1) is significant: each succesive term represents a
progressively weaker interaction.

We recall that the ground term of the Cr** free ion is
an orbital and spin quintet 5D with L = 2 and S = 2,
similar to the case of the Fe** ion'371% (see Appendix).

The crystal field splits the ground ®D term into an
orbital triplet 5T, and an orbital doublet °E [Fig. 7(a)].
The JT tetragonal distortion then splits the 57, term
into an orbital doublet *E and an orbital singlet 5B,,
whereas the ®E doublet is split into orbital singlets 3B,
and 54,.

Spin-orbit interaction yields further splittings.® In par-
ticular, the ground state ®B, is splhit into a semidoublet
I'1, T2, a doublet I's, and a singlet T'y. The semidoublet
Iy, T2 consists of two levels with a tiny energy separa-
tion, only ~0.2 cm™?.

It must be noted that the low energy structure of the
Cr ion would have been completely different had the JT
distortion been absent. In that case, the ground state
would have been a singlet (instead of a semidoublet), re-
sulting in a typical Van Vleck-type paramagnetism of the
Cr ion. Application of a magnetic field lifts the degen-
eracy of the remaining multiplets and mixes some of the
levels.

In the present work, we calculated the energy level
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TABLE I. Experimental spectroscopic data for Cr*™ in

ZnSe and ZnS. All energies are in cm™".

1

Crystal 'l = Ts JT splitting Zero phonon
transition (FIR) (= 3EsT) line (ZPL)
ZnSe 7.43% 1650° 4975*
1110°
ZnS 5.53%¢ 1725 5224°

®Reference 8.
PReference 16.
°Reference 17.

energy (cm™)

30

-15

FREE ION

CuBIC
CRYSTAL FIELD

scheme of the Cr*™™ ion by a numerical diagonalization
of the full 25 x 25 Hamiltonian (1) matrix (see Ap-
pendix). Thus all interactions were taken into account
without any approximations. The Hamiltonian matrix
is parametrized by four parameters: By, BS, B2, and .
These parameters are evaluated by comparing the calcu-
lated energies with experimental data. For this evalua-
tion we used the energies of optical transitions between
the ground semidoublet (I';, I';) and (1) the first ex-
cited, spin-orbit split I's state (denoted as the FIR tran-
sition), (2) the lowest I's level of the ®E state, originating

FIG. 7. Energy levels of the Cr** ion,
(a) energies in the absence of magnetic field
(energy distances are not to scale), (b) the
five lowest-energy Cr** levels, calculated as
a function of magnetic field B along the
[001], [111], and [100] directions. The static
Jahn-Teller distortion is along [001]. The pa-
rameters used correspond to Cr™* in ZnSe

(Table II).

B [001]

\

30

15

=
AN

B|| [100]

o
I
o
0



50 MAGNETIC PROPERTIES OF Cr-BASED DILUTED MAGNETIC. ..

14 149

TABLE II. Parameters Dg, B} (BS = 5B3), and X used in our calculations, together with calcu-

lated transition energies. All energies are in cm™".

Crystal Dq B} FIR JT ZPL
splitting
ZnSe —494.25 —17.14 +84.8 7.42 1648 4975.2
ZnS —-520.0 —-17.8 +77.0 5.52 1729 5225

from ®T;, crystal-field term (denoted as JT splitting), (3)
the lowest I'; level of the ®B; level, originating from the
SE crystal-field term [denoted as the zero phonon line
(ZPL)].

These transitions were observed for ZnSe and ZnS.
Their energies are tabulated in Table I. The parame-
ters of the Hamiltonian were chosen to provide the best
matching between the calculated and measured energies
of Table I. The resulting parameters are collected in Ta-
ble II, which also gives the transition energies calculated
with these parameters. We note that the ZPL energy
is approximately 10Dg(= 120B,). Analysis of the IR
absorption results suggests that the JT splitting of the
5E, crystal-field term, is very small.® We, therefore, ar-
bitrarily set this splitting to zero, which corresponds to
the relation B = +5B] [cf. Eq. (A2)]. With this ap-
proximation the JT splitting of the 5T, term (energy 2)
roughly equals 105B9, if the spin-orbit correction is ne-
glected. The magnetic properties are dominated by the
lowest levels I'y, I'z, I's, and I’y (resulting from the split-
ting of 5B;) and are not sensitive to the higher energy
levels, so that these higher energy levels need not be very
precisely recovered. For instance, decreasing Dq by 10%
and readjusting the spin-orbit parameter A, to get the
same energy gap between I'y, I';, and I's, leaves the mag-
netization practically unchanged. _

Using the parameters in Table II we calculated the en-
ergy levels of Cr* ion in ZnSe and ZnS, with B along the
principal directions. Figure 7 shows examples of the re-
sults for the levels resulting from the splitting of the 5B,
level. At B=0 there is a small (= 0.14 cm™1!) splitting
between the levels I'; and I'; of the semidoublet. The in-
field calculated results reveal a strong anisotropy of the
energy structure, i.e., dependence on field direction. The

strongest splittings occurs for B parallel to the distortion
axis (B || [001]). We denote this configuration as the “0°”
configuration. On the other hand for B perpendicular to
the distortion axis (B || [100], “90°” configuration) the
splitting of the semidoublet I';, I'; is very small. For
the other field directions (denoted as “a°” configuration,
where a is the angle between field and distortion direc-
tion) we find intermediate splittings.?*

B. Magnetic properties of a single Cr*+ ion

The anisotropy of the energy-level structure is reflected
in the magnetic moment and specific heat of the Cr++
ion. The average magnetic moment per Cr ion (in units
up) is the expectation value of the magnetic moment
operator M =L + 2S

(¥ | L+ 28 | @;)evst

<M> = —E;
EekBT

; (2)

where kg is the Boltzman constant and index ¢ refers to
the ith state.
The magnetic specific heat per Cr ion is given by

Cn = a2z (E) - (B, 0

where (E™) is the expectation value of the nth power of
the energy operator.

The results of the calculations are shown in Fig. 8.
For the magnetization the distortion direction, denoted
as [001], is the easy magnetization axis (0° configuration),
whereas the perpendicular direction corresponds to hard

w
T
3
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T=2K
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ff - B 00

magnetic moment (Bohr magnetons)

FIG. 8. Calculated magnetic moment and
specific heat of a single Cr center in ZnSe dis-
torted along the [001] direction for different
orientations of the magnetic field: B || [001],
[101], [111], and [100], (a) The B dependence
of the magnetization at 2 K, (b) the T de-
pendence of the specific heat at 3 T.
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magnetization axis (90° configuration). In general, when
the angle a between the field and the distortion axis is
smaller the magnetic moment is larger, at least for not
very strong magnetic fields (B < 6 T). This is exempli-
fied by the [101] and [111] directions, for which a = 45°
and a = 54.7°, respectively. The saturation value of the
magnetic moment is slightly lower than expected for spin
S5=2 (about 3.7, instead 4.0), which reflects the negative
contribution of orbital momentum to the total magnetic
moment (we recall that for Fe™™ the orbital contribution
was of the same order of magnitude, but with opposite
sign®18).

The magnetic specific heat shows a strong increase
with magnetic field, resulting from the splitting of the
ground semidoublet I'y, I';. Only for B perpendicular to
the distortion axis, for which the splitting of the semi-
doublet is very small (at low fields, B < 4 T), is the
increase of the specific heat rather small. In fact, the
latter increase is mainly due to the excited states ap-
proaching the ground state, rather than to the splitting
of the semidoublet [cf. Fig. 7(b)]. We note that the peak
in zero field C,,,, at about 0.085 K, reflects small splitting
of the ground state (mentioned above).

C. Magnetic properties of the crystals of Cr DMS

So far we discussed a single Cr center with a JT dis-
tortion along the [001] direction. For a real crystal there
are three equivalent (001) directions: [100], [010], and
[001], which means that there are, in fact, three types
of tetragonally-distorted centers. We denote a center for
which the distortion axis is along [100] as A center and
similarly B center for [010] distortion and C center for
[001] distortion (Fig. 9). The results in Figs. 7 and 8,
therefore, correspond to those for a C center. In the ab-
sence of a magnetic field the three types of centers are
equivalent. However for B # 0 different centers are no
longer equivalent since, in general, the angle a between
B and the distortion axis is different for the A, B, and C
centers. Only for B along a high symmetry direction does
the number of nonequivalent centers reduce to two or
one. In particular for B || [100], center A represents the
0° configuration (B || distortion axis), whereas centers
B and C are both in 90° configuration (B L distortion
axis). For B || [011] center A is in the 90° configuration
and both B and C are in the 45° configuration. The
simplest situation is encountered for B || [111], for which
A, B, and C are equivalent (54.7° configuration) (Fig.
9).
The different centers A, B, and C were indeed
observed in a far infrared absorption experiment on
Zn;_,Cr,Se.?! In particular the energy levels of the 90°
configuration were visible for B || (100) and B || (110),
but they were absent for B || (111).

A macroscopic quantity, such as the magnetization or
the specific heat, is, therefore, some average of the contri-
butions from different centers. The difficulty is in assign-
ing proper weights to the contributions from the three
types of centers. In the absence of a magnetic field, all
the centers are equivalent and, therefore, there are equal
numbers of A, B, and C centers. However, this may

W.MAC et al. 50

not be the case when a magnetic field is present. A mag-
netic field distinguishes between different centers, so that
a variation of the numbers of the three types of centers
may occur, as B varies. We consider here two extreme
models. The first one, called “nonequilibrium” (NEQ),
assumes that there is no readjustment of the numbers of
the various centers, i.e., the numbers at any B remain
the same as at B=0. In other words, we assume infi-
nite potential barriers between different centers. In the
opposite extreme there are no barriers at all. This lat-
ter extreme case will be called the “equilibrium” model
(EQ). The populations of the various centers in this case
are governed by the equilibrium condition.

In the NEQ model any thermodynamic quantity X is
a simple average over the three centers:

(X)a,Bc = 3(X)a+ 35(X)B + 5(X)c, (4)

where index A denotes average for the center A, etc.
Figure 10(a) shows the macroscopic magnetization cal-
culated using the NEQ model. A strong anisotropy is
observed, but the sense of this anisotropy is opposite to
that in Fig. 8 (which corresponds to a center C only).
The (001) direction is now the hard axis, since only one
center is in 0° configuration, while two of them are in

B || (100)

Bl (011)

Bl (111)

o o
54.7 547

o
54.7

FIG. 9. Configuration of different Cr centers (A, B, and
C) for different magnetic field directions (represented by ar-
rows). The distortion axis for each Cr center is shown by a
dashed line. The numbers correspond to the angle between
the magnetic field and the distortion axis.
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FIG. 10. Average magnetic moment per
Cr ion in Zn;_.Cr.Se, calculated according
to the equilibrium (EQ) and nonequilibrium
(NEQ) models for different magnetic field ori-
entations: B || (100), (111), and (110). Un-
like Fig. 8, all three types of centers (A, B,
and C) are present.
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90° configurations. On the other hand, for B || (110)
there is only one 90° center, but two other centers are
in the 45° configuration, so that the magnetization for
this direction is larger than for B || (001). In the case of
B || (111) all the centers are in the 54.7° configuration,
and although they are less responsive than the centers
in the 45° or 0° configurations, their statistical weight is
tripled. As a result the average magnetization is largest
for B || (111) when B < 7 T (for B > 7 T anisotropy is
reversed and (111) becomes the hard axis).

The specific heat calculated in the NEQ model for B=3
T is displayed in Fig. 11(a). The largest C,, occurs for
B || (111), similar to the magnetization. Shght differ-
ences in the energy gap between the ground and the first
excited state for different field directions are reflected by
the different positions of C,, maxima.

In the NEQ model the three types of centers are viewed
as independent thermodynamic systems. In the EQ
model, on the other hand, all centers are in one ther-
modynamic system. In this case the probability of oc-
cupation of a given level depends on its energy, and the

20

mean value of the quantity X is given by

_ Z(\I’, | X | ‘I’,‘)Ci—%

(X)a,B,c

= (X)A% + (X)BZ7B + (X)c-ZZ—C—, ()

where the summation runs over states of the centers A,
B, and C. Here Z, is the partition function of a center
of type n

—-ED

Z,,=Zeﬁif, (6)

where now the summation is only over the energies of
that center. The total partition function of the system is
Z=Zs+7Zp+ Zc.

Obviously in such a model the centers with the lowest
ground state provide the dominant contribution to the
mean value (X). Since the largest decrease of the ground
state energy with B occurs for the 0° configuration [Fig.
7(b)], this configuration will dominate the mean value
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(Z¢ > Zp, Za). Consequently, the (001) direction
becomes the easy magnetization axis in the EQ model,
as shown in Fig. 10(b). The anisotropy dependence on
direction for B < 7 T is reversed relative to that in the
NEQ model.

Examples of the specific heat calculated in the EQ
models shown in Fig. 11(b), which is for B = 3 T. In this
field the energy gap between the ground state and the
first excited level is practically the same for 45° and 54.7°
configurations. Moreover it is about two times smaller
than for the 0° configuration case [see Fig. 7(b), where
B || [001] corresponds to 0° and B | [111] to 54.7°],
which makes the contribution to the specific heat of the
0° centers relatively unimportant. Consequently, the dif-
ference between the EQ and NEQ models is much less
pronounced (Fig. 11).

V. DISCUSSION

As already noted (Sec. III), no effects of the Cr-Cr
interaction are observed in our crystals. Therefore, the
magnetic behavior should result from isolated Cr*™ ions,
whose properties were presented in the previous section.
The macroscopic magnetization M,, and the specific
heat C,, can then be written in the form

M, = MB<M>$NAv/mmole (7)
and

Cm = cmmNAva (8)

where N, = 6.022x 1023 is Avogadro’s number, m e is
mass of the Zn;_,Cr,Se (Zn;_,Cr,S) molecule and (M),
¢m are calculated according Eq. (4) or Eq. (5). Before
presenting a quantitative analysis we note that at high
temperatures (roughly T > 15 K) both NEQ and EQ
models give the same results for M,,, and C,, to within
1%. However, at the lowest temperatures only the EQ
model predicts the sign of the magnetization anisotropy
observed experimentally (cf. Figs. 5 and 9). We, there-
fore, limit our considerations to this model.

The calculations with the EQ model were done using
the parameters in Table II. No fitting was performed,
except for a slight adjustement (about 10%) of the actual
Cr concentration z, to obtain the best matching with
experiment. This adjustment was within the accuracy of
the z determination (see Sec. II).

The results of the specific heat calculations are shown
in Figs. 2 and 3. The basic features of the experimen-
tal specific heat, such as the onset of a Schottky-type
anomaly and the strong dependence on magnetic field,
are recovered. Some deviation is observed for T' > 5 K.
We recall that a similar discrepancy in the high temper-
ature part of specific heat was observed for Zn,;_,Fe,Se
and Zn;_,Fe,S.1%2% It may be that there are some ad-
ditional states not taken into account in our model (in-
cluding some centers different than Cr).

For Zn; _.Cr_Se, there is a reasonable matching of the
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calculations and the in-field data, although the sample
was not oriented so that the calculations for B || (111)
should be regarded only as an example.

In the case of the magnetization (Figs. 4 and 5), the EQ
model provides an excellent description of the high tem-
perature data (T' > 10 K). However, at low temperatures
only the general behavior of magnetization is recovered.
The model predicts that the (100) directions are the easy
magnetization directions, and also that M0y & M(113)-
Although the temperature dependence of the magneti-
zation anisotropy is also in agreement with experiment
(less than 1% for T' > 15 K), its magnitude is too large
at low T (Fig. 5). In addition, the calculated magneti-
zation for B || (100) saturates too quickly (Fig. 4). This
discrepancy cannot be accounted for by a slight misori-
entation of B (as may be the case for crystals possessing
a grain structure). There are then two possible expla-
nations of the discrepancy: either the energy structure
is calculated incorrectly or the procedure of averaging
over Cr centers of different type is incorrect. In the first
case, one expects a poor matching with experiment at any
temperature, not only at low 7' (although the difference
should be largest at the lowest temperatures). Moreover,
the calculated energy structure recovers the FIR opti-
cal transitions observed experimentally in Zn;_,Cr,Se
(Ref. 21) and Zn;_,Cr,S.22 We, therefore, believe that
the main problem with the calculations lies in the method
of averaging over different Cr centers.

The fundamental question is whether the system is in
a true thermal equilibrium or is in a state in which the
distribution of centers at B # 0 is intermediate between
the distribution at B = 0 and that in equilibrium. In
the intermediate case the magnetization should be some-
where in between the EQ and NEQ results and it may
vary with time. Experimentally, no time dependence of
the magnetization was observed (within about 0.5%) for
times between 1 min and 10 h. The absence of time
dependence suggests that either the system reaches the
equilibrium very quickly or very slowly. In the first case,
the EQ model should be appropriate. In the second case,
the NEQ model should apply. However, as mentioned,
both models are inadequate, at least at low T. The
faster-than-observed saturation of the calculated (100)
magnetization indicates that the 0° configuration is over-
estimated in the calculations. Thus there must be some
mechanism that prevents the Cr centers in our samples
from turning into the 0° configuration. A possible cause
is a uniaxial stress which may be present in the crys-
tal. Such a stress would favor a particular direction for
the JT distortion in the crystal, thus creating additional
energy barriers and consequently yielding a kind of in-
termediate distribution of the Cr centers. Following this
reasoning one could propose a “nonequilibrium” distri-
bution which is intermediate between the NEQ model
(representing those centers that are frozen due to addi-
tional energy barriers) and EQ model (corresponding to
“normal,” unfrozen centers). Thus far we refrained from
pursuing this approach, since no information is available
about the existing energy barriers. The experiments un-
der uniaxial stress should be helpful in understanding
this problem.
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VI. CONCLUSIONS

The measured specific heat and magnetization of
Zn;_.Cr,Se and Zn;_.Cr.S show a magnetic behav-
ior typical for a quantum system with a degenerate (or
“semidegenerate”) ground level, separated by a small en-
ergy gap from the excited states. In this respect Cr DMS
can be regarded as systems which are intermediate be-
tween Brillouin paramagnets (such as Mn and Co DMS)
with a multiplet ground level separated by a large gap
from the excited states, and Van Vleck-type paramag-
nets (such as Fe DMS) with a singlet ground state. A
simple crystal-field model which takes into account (1)
the tetrahedral crystal field, (2) a static, tetragonal Jahn-
Teller distortion, and (3) spin-orbit interaction, recovers
the basic experimental features. The importance of the
Jahn-Teller distortion cannot be overemphasized. The
JT effect is indispensable for explaining the multiplet
ground level; a vanishing JT effect yields a singlet ground
state in contradiction with the experimental specific heat
data. The JT effect results in inequivalent Cr centers.
We note that for all the other DMS, the JT effect is less
important, since it affects the ground term of the mag-
netic ion only very weakly.

The equilibrium model for a macroscopic crystal de-
scribes reasonably well the observed specific heat and the
magnetization. For the magnetization, the magnetiza-
tion anisotropy observed at low temperatures is described
only qualitatively, which suggests a deviation from a true
equilibrium distribution of different Cr centers. Due to
the low Cr concentrations in the present samples, no ef-
fects of Cr-Cr coupling were observed.
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APPENDIX

We chose each wave function ¥ to be a products of
an orbital function ¢ and a spin function x: ¥ = ¢yx.
The five orbital functions we used, diagonalize #.¢.!2 The
functions are
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¢1=(2,2)+]2, _2>)/\/§7
¢2 = ‘ 270))
¢3 = (l 2,2)- | 2, _2))/\/5, (A1)
$a=12,1),
¢s =12,-1),

where | a,b) denotes | L = a, L, = b). The spin functions
were selected to have the simple form x =| S = 2,5,),
with S, =2,1,0,-1,-2.

The functions ¢; and ¢, form the basis for the E rep-
resentation of the T group, whereas ¢s, ¢4, and ¢5 form
the basis for the T, representation. The energies corre-
sponding to the eigenfunctions (Al) are: E;, = T2B,
and F345 = —48B,.12 The crystal-field splitting, con-
ventionally defined as A = 10Dg, is, therefore, 120B,.
In the case of Cr**, the ground term is an orbital triplet
5T, contrary the situation for Fe ion , where the se-
quence 3T, >E was reversed.!1* This reversed sequence
marks the difference between Fe and Cr ions. The E term
is rather insensitive to the JT effect,2® and, therefore,
magnetic properties of Fet+ ions, which result from the
spin-orbit split *F term, can be described using a simple
crystal-field model which neglects the JT effect.®1?

The Hamiltonian H4 associated with the tetragonal
distortion (representing the static Jahn-Teller effect) is
also diagonalized by wave functions (A1l). The energies
are the following:1?

E¢(¢41) = +6B3 + 12BY,
E3(¢2) = —6B3 + 72Bj,
E5(¢s) = +6B; + 12B3,
E{(¢a) = —3B3 — 48B4,

E(¢s) = —3B; — 48B3,

where B and B are the parameters of Hq. The total
energy scheme is given in Fig. 7(a).

The basis ¥;, where 7 = 1,...,25, was used to calculate
the matrix elements of the spin-orbit interaction and the
Zeeman term.
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