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A semiconductor type of conduction has been discovered in CuCr,S,_,Se,, which is a solid
solution of the two ferromagnetic chalcogenide spinels CuCr,S, and CuCr,Se, with a

metallic type of conduction, when 0.5<x<1.5. The semiconducting samples exhibit decreased
values of the magnetic moments, the Curie points, and the anomalous Hall effect in
comparison with the extreme compounds. The paramagnetic susceptibility of all the samples
obeys the Curie-Weiss law, the paramagnetic Curie temperature 6, being below the

Curie temperature T'c. A large blue shift of the absorption edge (~0.15 eV), which is
associated with ferromagnetic ordering, has been discovered for the semiconducting samples,
allowing the existence in them of antiferron microregions (microregions with disrupted
ferromagnetic ordering created by the self-trapping of charge carriers in them due to a gain in
the energy of interband s—d exchange). A calculation has shown that the decreased

values of the magnetic moment in the semiconducting samples are attributable to the existence
of antiferrons including three or four Cr’* ions near selenium ions.

1. INTRODUCTION

When the two ferromagnetic spinels CuCr,S, and
CuCr,Se, with a metallic type of conduction' were mixed,
it was unexpectedly found that the samples with
0.5<x<1.5 in CuCr,S,_,Se, have a semiconductor type of
conduction.? Their magnetic properties also exhibit some
peculiarities: decreased values of the Curie temperature
T'¢, the paramagnetic Curie temperature 0,, and the mag-
netic moment per formula unit n4,¢ in comparison with
the extreme compounds of this system CuCr,S, and
CuCr,Se, are observed. It was found that these semicon-
ducting samples are characterized by a large blue shift of
the absorption edge, which is associated with long-range
magnetic ordering.® The occurrence of such a blue shift
allows the existence in them of antiferron microregions
(regions with disrupted ferromagnetic ordering due to a
gain in the energy of interband s—d exchange).*

This article has the following structure. After the in-
troduction, the magnetic properties will be described in
Sec. 2, and the electrical properties of the CuCr,S,_,Se,
system of solid solutions will be described in Sec. 3. Data
from optical investigations of semiconducting samples will
be presented in Sec. 4. Then it will be shown in Sec. 5 on
the basis of an analysis of the crystal structure of a copper
spinel simultaneously containing S and Se that antiferron
states of charge carriers can form around Se ions. It follows
from the calculation performed in Sec. 5 that the underes-
timated magnetic moments of the semiconducting samples
are attributable to the existence of antiferrons, each of
which contains three or four Cr’* ions that are nearest
neighbors of selenium ions.

2. MAGNETIC PROPERTIES OF THE CuCr,S,_,Se, SYSTEM
OF SOLID SOLUTIONS

The magnetization o was measured by the ballistic
method in fields H up to 55 kOe at 7=4.2 K and in fields
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up to 14 kOe at 77<T<450 K. The plots of o(H) for all
the samples investigated rapidly reach saturation both at
4.2 K and in the temperature range investigated from 77 K
to the vicinity of T'¢. Thus, saturation is nearly achieved in
a 10 kOe field. The value of T was determined both by
extrapolating the steepest part of the plot of o(T) to the
temperature axis and by the Belov—Arrott method of ther-
modynamic coefficients. The paramagnetic susceptibility
was measured by a weighing method with electromagnetic
compensation. The paramagnetic susceptibility of all the
samples studied obeys the Curie-Weiss law, the values of
0, and T for each sample being close, as is typical of
ferromagnets.

Figure 1 presents plots of the magnetic moment (in p g
per formula unit) as a function of x for the CuCr,S,_,Se,
system. The magnetic moment was determined in two
ways: from the magnetization at 4.2 K in a 50 kOe field
(n4,x) and from data on the paramagnetic susceptibility
(n,, which is calculated from the Curie constant C, in the
Curie-Weiss law). This figure also presents plots of the
dependence of T'¢ and 6, on the composition. As is seen
from Fig. 1, all four plots have a minimum for the sample
with x=1.

3. ELECTRICAL PROPERTIES OF THE CuCr,S,_,Se,
SYSTEM

The resistivity p was measured by the four-probe
method, and the Hall emf was measured by the compen-
sation method at a constant current. The plots of the de-
pendence of the Hall resistivity p,= (U,d)/I on the mag-
netic induction B were used to calculate the normal Hall
coefficient, and the anomalous Hall resistivity piwas deter-
mined with the aid of the known relation

Px=R0B+Pi- (1)
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Here Uy is the Hall emf, I is the current through the
sample, and d is the dimension of the sample in the direc-
tion of the magnetic field. According to our measurements,
the transverse magnetoresistance of all the samples was
extremely small, less than 1073%. This created favorable
conditions for measuring the Hall effect. The hole charac-
ter of the charge carriers was determined from the sign of
the thermoelectric power at room temperature. The con-
centration of the holes p and their mobility u were calcu-
lated from R, and p.

Figure 2 presents plots of the temperature dependence
of p, Ry, p, and u for CuCr,S;Se. The figure reveals that
the conduction of this sample has a semiconductor char-
acter. The temperature dependence of these parameters of
the samples with x=0.5 and 1.5 is very similar to that
shown in Fig. 2. The dependences of R, p, and u on x at
100 K are presented in Fig. 3. The plots of p3(7T) have a
broad maximum below the Curie point, and the anomalous
Hall effect nearly vanishes as 7' is approached. Figure 4
presents the dependence of the height of this maximum on
x, which reveals that the anomalous Hall effect is virtually
absent to within the accuracy of the experiment for the
sample with x=1 and increases sharply as the concentra-
tion of holes increases. It is also observed for samples with
a metallic type of conduction. The smallness of p% in the
semiconducting samples of this system is consistent with
the conclusions of Ref. 5, where it was shown that the ratio
between the constants of the anomalous and normal Hall
effects in several orders of magnetic lower in magnetic
semiconductors than in metals.

The conduction of the samples with x>2 and x=0 has
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FIG. 1. CuCr,S,_,Se, system. Dependence of the magnetic mo-
ment per chemical formula unit at 4.2 K n4,g, the magnetic
moment per chemical formula unit determined from the Curie-
Weiss constant n,, the Curie point T¢, and the paramagnetic
Curie temperature 6, on the composition.

a metallic character. As Fig. 3 reveals, u and p scarcely
vary with the composition in the samples with x>2. The
data on the magnetic and electrical properties of the
CuCr,S,_,Se, system of solid solutions are presented in
Table I. This table also gives the lattice constants. It is seen
that the lattice constant varies linearly with x in this sys-
tem, pointing out its high solubility.

As is seen from Figs. 1-4 and Table I, the samples with
x=0.5, 1, and 1.5 are of greatest interest. They are ferro-
magnetic semiconductors with Curie points above room
temperature (355, 310, and 350 K, respectively). As the
temperature rises, p and u drop, and p increases with an
activation energy that varies with the temperature (Table I
and Fig. 2). At the same time, just these samples exhibit
abrupt decreases in the magnetic moment, the Curie tem-
perature, and the height of the maximum of p}in compar-
ison to the samples with x=0 and x>2.

4. OPTICAL PROPERTIES OF SEMICONDUCTING SAMPLES
IN THE CuCr,S,_,Se, SYSTEM OF SOLID SOLUTIONS

Since the samples of this system were polycrystalline,
diffuse reflectance spectroscopy was employed to investi-
gate their optical properties. This method is more suitable
for investigating polycrystalline samples than is specular
reflection spectroscopy, since the reflected light from the
surface of a powdered sample, rather than a polished sur-
face, is investigated in this case. Polishing is known to
frequently alter the properties of a surface and introduce
various contaminants. A novel system, which was de-
scribed in Ref. 6, was assembled to investigate the diffuse

L.I. Koroleva 154



p-10=2° cm~3

~0.08

- 0.06

~ 0.0<

! -

100

reflectance spectra. The diffuse reflectance measurements
were performed according to a single-beam scheme with
alternating measurements of the sample and the reference.
The optical part of the system was designed in such a
manner that the intensity of the light reflected from the
surface of crystallites in a powdered sample at angles not
exceeding 6.2° is recorded. This ensures satisfaction of the
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FIG. 3. Dependence of the normal Hall constant R,, the mobility of p,
and the concentration of charge carriers p on the composition in the
CuCr,S,_,Se, system at 100 K.
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FIG. 2. Temperature dependence of the normal Hall constant R,
the resistivity p, the mobility p, and the concentration of charge
carriers p for CuCr,S,Se.

condition for applying the computationally convenient
Kramers—-Kronig relations, which were used to calculate
the spectra of the absorption coefficient a and the refrac-
tive index n from the diffuse reflectance spectra. The
Kramers—-Kronig calculation method described in Ref. 7
was used. The experimental data were reduced and the
spectra of @ and n were calculated on ES-1010 and Iskra
1030 M computers using specially developed programs.
The diffuse reflectance spectra were investigated for
the same samples on which the magnetic and electrical
properties described in Secs. 2 and 3 were measured. A
pronounced absorption edge was discovered in the samples

FIG. 4. Dependence of the maximum anomalous Hall resistivity p ., of
the CuCr,S,_,Se, system on the composition.
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TABLE I. Characteristics of the CuCr,S,_,Se, system of solid solutions.

3 w cm?/V - sec

p, cm

x a, A Tc,K 6,,K naoxs Kp Ny Kp Type of conduction (100 K) (100 K)
0 9.813 377 335 432 3.72 metallic 5-10% 0.55
0.5 9.880 355 - 1.90 2.08 semiconductor - -
1.0 9.940 310 302 0.75 1.68 semiconductor 6-10%° 0.15
1.5 10.021 350 341 1.8 1.96 semiconductor 6-10% 0.70
2.0 10.075 369 362 4.8 2.88 semiconductor 1.9-10?! 0.70
2.5 10.137 370 369 4.8 3.44 metallic - -
3.0 10.197 392 381 5.0 372 metallic - -
3.5 10.262 406 390 5.0 372 metallic - -
4.0 10.334 437 388 5.08 3.92 metallic 2-10% 0.70

Here a is the lattice constant; T ¢ is the Curie point; , is the paramagnetic Curie point; n4 5k is the magnetic moment per chemical formula unit measured

at 42K, n,

is the magnetic moment per chemical formula unit, which is equal to the product of the g factor and twice the spin of the chromium ion

calculated from the Curie constant in the Curie-Weiss law; p is the concentration of holes; u is the mobility of the holes.

with x=0.5, 1.0, and 1.5, which have a semiconductor type
of conduction. This provides further evidence that these
samples are semiconductors. The special features of the
spectra of the remaining samples with a metallic type of
conduction are masked by these strong scattering of light
by free charge carriers. The spectra of a of the samples
with x=0.5, 1.0, and 1.5 at T=300 K are shown in Fig. 5.
As is seen from the figure, the absorption coefficients of
these samples increase rapidly as the incident photon en-
ergy E increases from 0.8 eV to E=3 eV (the range of
energies investigated ), attesting to an absorption edge. The
plots of a(E) have a characteristic form with a step and
are reminiscent of the spectra of the ferromagnetic semi-
conductor CdCr,S, (Refs. 8 and 9), where a large blue
shift of the absorption edge associated with ferromagnetic
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FIG. 5. Spectra of the absorption coefficient a of the CuCr,S,_,Se, sys-
tem at room temperature for various values of x: 7—0.5; 2—1; 3—1.5.
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ordering was first discovered. The position of the absorp-
tion edge was determined from the maximum of n, as rec-
ommended in Ref. 10. At room temperature the absorption
edge of the samples with x=0.5 and 1.0 is located at 1.1
eV. In the sample with x=1.5, the edge is indistinct, since
this sample is probably a translational phase between the
semiconducting sample with x=1.0 and the metallic sam-
ple with x=2.0 (Fig. 3).

Figure 6 presents the spectra of a and n for the sample
with x=0.5 at three temperatures. Curves / and 2 refer to
temperatures below the Curiepoint T, and curves 3 refer
to the temperature range above 7T'¢. The spectra of a and
n for the sample with x=1 have approximately the same
character. The form of the plots of a(E) in Fig. 6 clearly
indicates that the absorption band edge corresponding to

n, rel. units o

a, rel. units

1
g
wn
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FIG. 6. Sample of CuCr,S; sSe, s. Spectra of the absorption coefficient a
(three lower curves) and the refractive index n (three upper curves) at
various temperatures (K): /—210; 2— 291; 3—406. The vertical arrows
indicate the positions of the maxima on the n(E) curves, and the hori-
zontal arrows indicate the beginning of the sharp rise on the a(E) curves.
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FIG. 7. Sample of CuCr,S; sSe; s. Energy of the fundamental absorption
edge E, determined from the maximum on the n(E) curve as a function
of the temperature.

the width of the forbidden gap begins in just this energy
range of the incident light and that this edge has an intri-
cate structure. At low energies the plots of a(E) exhibit a
rise in a with increasing E, which is followed by a step and
then by a sharp steady increase in a. The step is more
pronounced at low temperatures and is replaced by a hump
at T> T (curve 3). The absorption band edge was deter-
mined from the maximum on the plots of n(E) shown in
this figure. The vertical arrows on the plots of a(E) point
out the positions of these maxima. The horizontal arrows
indicate the beginning of the sharp ascent of the a(E)
curves. It is seen that the positions of both the vertical and
horizontal arrows shift to higher energies as the tempera-
ture decreases.

Figure 7 shows the temperature dependence of the en-
ergy of the absorption band edge E, determined from the
maximum of n(E) for the sample with x=0.5. It is seen
that the absorption band edge undergoes a large blue shift
of the order of 0.15 eV in the 130<7<410 K temperature
range and that the rate of this shift is greatest in the vicin-
ity of the Curie point. The plot of E,(T) for the sample
with x=1 has approximately the same character. The mag-
nitude of the blue shift here is about 0.14 eV in the
130<T<360 K temperature range.

The only previously known ferromagnetic semiconduc-
tor exhibiting a large blue absorption and shift associated
with ferromagnetic ordering was CdCr,S,.»° The second
such compound was discovered in the present work.

5. ANTIFERRON STATES OF CHARGE CARRIERS IN
SEMICONDUCTING SAMPLES OF THE CuCr,S,_,Se,
SYSTEM

Nagaev* gave an explanation for the large blue shift of
the width of the forbidden gap in ferromagnetic semicon-
ductors based on the assumption that interband s—d ex-
change plays a dominant role in them. Interband s—d ex-
change is generally weaker than s—d exchange in the
conduction band, although it is stronger than s—d exchange
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in the valence band. This is attributable to the fact that in
magnetic semiconductors the conduction electrons move
mainly from one magnetic cation to another, while the
valence-band electrons move from one nonmagnetic anion
to another. However, for some reason the s—d exchange in
the conduction band may be weaker (for example, if the
conduction band appears as a result of the hybridization of
states with opposite signs of the exchange integral with
localized d electrons). Interband s—d exchange causes vir-
tual transitions of electrons from the valence band to the
conduction band. The interaction between two energy
terms is known to result in repulsion between them. Like
intraband exchange, interband s—d exchange is enhanced
when ferromagnetic ordering is established. Therefore, the
repulsion between the valence band and the conduction
band caused by it becomes stronger, i.e., the gap between
them increases. The blue shift of the forbidden gap width
associated with ferromagnetic ordering should be observed
in just such cases. Ferromagnetic semiconductors with a
blue absorption edge shift have specific properties that dif-
fer sharply from the properties of magnetic semiconductors
with a red absorption edge shift.

The fact that the bottom of the conduction band in the
case under consideration descends when the ferromagnetic
ordering is disrupted renders ‘“‘antiferron” states of the
conduction electrons in crystals with a blue shift possible,
in principle. They are characterized by the fact that con-
duction electrons create regions with disrupted ferromag-
netic ordering in a ferromagnet and stabilize these regions
by being trapped in them. The superexchange energy ex-
pended to create the nonferromagnetic regions is compen-
sated by lowering of the electronic energy, since such re-
gions are potential wells for conduction electrons. Such
nonferromagnetic regions can also form around defects. In
this case the trapping of an electron around a donor (or a
hole around an acceptor) is promoted by the electrostatic
attraction of the electron to the donor (the hole to the
acceptor) in addition to the s—d(p—d) exchange.

Several experimental facts attest to the existence of
antiferron microregions in ferromagnetic In- or Ga-doped
CdCr,S,. For example, microregions with disrupted ferro-
magnetic ordering were discovered in In- or Ga-doped
CdCr,S, using Cd**, Ga’*, and In** NMR.!! In the opin-
ion of Méry, Veillet, and Le Dang,11 this disruption of the
ferromagnetic ordering is caused by the exchange interac-
tion of a valence electron of an impurity with the 3d elec-
trons of the Cr’* ions surrounding it, since the spin density
of this electron, which derives from the hyperfine interac-
tion, is unusually high. Therefore, these microregions are
essentially antiferrons. The existence of antiferron microre-
gions in CdCr,S,:Ga and CdCr,S,_, was confirmed by the
discovery of lowering of their paramagnetic Curie point
(without a change in T'¢) and magnetic moment as the
doping increases.'? In fact, since 0, is determined by the
sum of the exchange interaction occurring in the crystal,
the presence of antiferron microregions with disrupted fer-
romagnetic ordering should lower 6,, since exchange is
suppressed in these regions. The lack of a magnetic mo-
ment in the antiferron region diminishes the magnetic mo-
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ment of the crystal as a whole. It should be noted that the
lattice constant does not vary in response to doping of the
type indicated and is equal to the lattice constant of the
undoped compound, i.e., there are no variations in the ex-
change interactions due to variation of the lattice constant.

It was shown in Ref. 13 that the presence of two kinds
of anions in a CdCr,S,_,Se, lattice results in a sharp de-
crease in the intraband s—d exchange constant. It is com-
pletely possible that a similar phenomenon also occurs in
the CuCr,S,_,Se, system. This permits the existence of
antiferron states in this system, whose presence can ac-
count for the semiconductor type of conduction and the
lowering of the Curie temperatures and the magnetic mo-
ments in the samples with 0.5<x<1.5 in comparison with
the extreme compounds and the samples with x>2. The
samples with x=0 and x>2 exhibit higher Curie points
and a metallic type of conduction. It is assumed that in the
samples with metallic conduction, whose data are pre-
sented in Table I, there is exchange by means of the charge
carriers with resultant significant raising of the Curie
points in comparison with the semiconducting ferromag-
netic chalcogenide spinels, such as CdCr,Se,, where
T =130 K. Trapping of the charge carriers in antiferron
microregions produces semiconductor conduction in the
samples with 0.5<x<1.5. Due to the sharp decrease in the
concentration of charge carriers (Fig. 3), exchange by
means of the charge carriers is suppressed with the result-
ant lowering of T'c and 6,. Since there is no magnetic
moment in antiferrons, the total magnetic moment in the
crystal is also lower than in the metallic samples of this
system. The samples with 0.5<x<1.5 are also character-
ized by anomalous relative positions for the ferro- and
paramagnetic Curie points (7 ¢>6,). It is also interesting
that the magnetic moment 7, calculated for these samples
from the Curie constant and the Curie-Weiss law is signif-
icantly higher than the magnetic moment at 4.2 K (n4,x)-
For x>2 and x=0, on the other hand, n,<n 4,x (Fig. 1
and Table I). Ferromagnets usually satisfy the relation
n,<n4,k, which is generally attributed to the temperature
dependence of the exchange interactions. The unusual re-
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FIG. 8. Unit cell of a spinel structure: O—anions (chalcogen ions);
©—cations of 4 in tetrahedral sites; @—cations of B in octahedral
sites.

lationship between n, and n4,x for the semiconducting
samples can be explained in the following manner. The
value of n, is determined from data on the paramagnetic
susceptibility at temperatures above T . At such temper-
atures the antiferron states are thermally destroyed in part,
i.e., the lowering of the magnetic moment of the crystal as
a whole, which can be observed, for example, at 4.2 K,
decreases on their account. Since the paramagnetic Curie
point is determined by the sum of the exchange interac-
tions in the crystal, the contribution to the total exchange
from the antiferron microregions, where ferromagnetic ex-
change is disrupted, lowers 6,. At the same time, T¢ is
determined mainly by the connected ferromagnetic phase
of the crystal, and therefore 7> 9,,.

Scattering by the magnetic moments of ferrons is
known to be one of the causes of the maxima of p and the
large negative magnetoresistance in the vicinity of 7' in
magnetic semiconductors with a red shift of the absorption
edge.14 Since antiferrons do not have a magnetic moment,
these anomalies of the electrical properties in the vicinity of
T ¢ should not be observed in the ferromagnetic semicon-
ductors under consideration with a blue shift of the funda-
mental absorption edge. In fact, the measurements per-
formed show that he value of Ap/p is extremely small for
the samples with 0.5<x<1.5 and there is no maximum of p
in the vicinity of T'¢.

The mechanism for the formation of antiferrons in
these solid solutions can be described in the following man-
ner. Se?~ anions are known to be less electronegative than
S?- anions; therefore, an electron can pass from Se?~ to a
sulfur atom and then from the S~ ion to a Cu’™ ion to
form a Cu'™ ion. This process is equivalent to the capture
of a hole by a selenium ion. Thus, the selenium ions in
these solid solutions can serve as traps for holes. This hy-
pothesis was advanced by van Stapele.'® Figure 8 shows the
unit cell of a spinel structure. It shows the cations and
anions for only one molecule of a given Cu,Cr,Sg_,,Se,,
compound consisting of crystallographically inequivalent
a and B octants. Four such molecules actually appear in
the unit cell. Here the large unfilled circles represent the
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TABLE II. Distribution of selenium ions in a and 8 octants of the spinel structure when antiferron microregions are present in the a octants around

selenium ions:

No Composition, x 0.5 1.0 1.5
1 one selenium ion found in distribution of selenium a with one 100 50 333
each a octant and forming ions among octants, % a with two 0 0 0
an antiferron from three B 0 50 66.6
nearest-neighbor Cr** ions magnet moment per chemical calculated 0.83 0.83 0.83
formula unit p 5 observed n, ¢ 1.9 0.75 1.8
2 maximum number of selenium distribution of selenium a with one 0 0 0
ions found in a octants with 2 ions among octants, % a with two 100 100 66.7
selenium ions and forming an B 0 0 333
antiferron from four Cr** ions number of a octants notcontaining selenium, % 50 0 0
magnetic moment per chemical calculated 2.16 0 0
formula unit, p g observed 1.9 0.75 1.8
3 some selenium ions found in distribution of selenium a with one 69.3 not determinable 24.1
in a octants with 1 selenium ions among octants, % a with two 0 not determinable 0
ion and forming antiferrons, the B 30.7 not determinable  75.9
Iculated i i . . .
calculated magnetic moment being number of a octants not containing selenium, % 30.7 not determinable  27.8
equal to n,,x observed
4 maximum number of a octants distribution of selenium a with one 19.5 47.5 9
with 1 and 2 selenium ions forming ions among octants, % a with two 80.5 5 24.3
antiferrons from four Cr** ions, B 0 47.5 66.7
1 i i - .
the calculated magnetic moment being number of a octants not containing selenium, % 40.3 0 36.5
equal to n,,x observed
5 some selenium ions found in a distribution of selenium a with one not determinable 0 0
octants with 2 selenium ions, the ions among octants, % a with two not determinable 82.6 39
calculated magnetic moment being B not determinable 17.4 61

equal to n,,x observed

number of a octants not containing selenium, %

not determinable 17.4 41.6

chalcogen anions, the hatched circles represent the copper
cations in the A sites, and the filled circles represent the
Cr’* cations in the B sites.

A hole p originating from a copper ion can be trapped
near a selenium ion, disrupting the ferromagnetic ordering
among the Cr’* ions near it and forming an antiferron
microregion. As is seen from Fig. 8, the Cr’" ions are
concentrated in the four & octants and are absent from the
four remaining f8 octants. Therefore, the formation of an-
tiferrons is possible only in the a octants. The magnitude of
the magnetic moment is clearly dependent on the distribu-
tion of the Se>~ ions among the a and B octants. The
results of calculations of the magnetic moment or semicon-
ducting samples are presented in Table II. Here we con-
sider five kinds of distributions for which this calculation is
possible.

1. One selenium ion appears in each a octant and
forms an antiferron from the three nearest-neighbor Cr**
ions in it. The resultant magnetic moment per molecule is
calculated in the following manner. In CuCr,S, the mag-
netic moment is known to be created by the ferromagnet-
ically ordered magnetic moments of the chromium ions
and the magnetic moments of the collective holes that are
antiparallel to them (there is one hole for every two crt
ions). The magnetic moment of two Cr** ions is clearly
equal to the sum of the magnetic moments in CuCr,S,
(4.32 pp from Table I) and —1pp, ie., 5.32 up. Thus,
there is 2.66 up for each Cr’* ion. In this case the mag-
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netic moment discovered when an Se ion is introduced into
position 1, 2, 3, or 4 in Fig. 8 with the formation of an
antiferron involving the three nearest-neighbor Cr’* ions
is equal to (2.66 up) - 3— 1 5=6.98 u 5 (the magnetic mo-
ment of a hole equal to —1 u p is taken into account here).
In this case the magnetic moment of one Cr’* jon and the
magnetic moment of one hole, which are generally antipar-
allel, participate in the magnetic ordering of the crystal,
i.e., the magnetic moment ‘per molecule should be equal to
1.66 up and the magnetic moment per chemical formula
unit should be 0.83 pp. A comparison of this magnetic
moment with the empirical value (Table II) reveals that
they differ strongly for all the semiconducting samples.
This disparity can be eliminated by assuming that only
some of the selenium ions, say y atoms, appear in the a
octants and form antiferrons, while 1—y Se?~ ions appear
in the 8 octants, where there are no Cr’t ions and the
formation of antiferrons is impossible. Such a distribution
is considered in paragraph 3.

2. The maximum number of selenium ions appears in
the a octants, i.e., two in each octant, and they form an
antiferron from four Cr’* ions. As is seen from Fig. 8, in
this case all four Cr’" ions are nearest neighbors of the
selenium ions, and two holes trapped by the selenium ions
form one antiferron from them. In the sample with x=0.5
such an antiferron forms in half of all the molecules, and in
the samples with x=1.0 and 1.5 such an antiferron forms
in all the molecules. The magnetic moments of the last two
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samples are equal to zero in this case, and the magnetic
moment of the first sample is equal to half of the magnetic
moment of a molecule not containing selenium (the mag-
netic moment of the latter is clearly equal to twice the
magnetic moment of CuCr,S,, i.e., 8.64 up). Thus, the
magnetic moment per chemical formula unit for the sam-
ple with x=0.5 equals 2.16 pu . As is seen from Table II,
none of the magnetic moments calculated in this paragraph
for the semiconducting samples correspond to the empiri-
cal values. The next three paragraphs describe methods for
fitting the magnetic moments calculated for different dis-
tributions of the selenium ions to the empirical values.

3. Some of the selenium ions (y) appear as the only
such ion in a octants and form antiferrons, the value of y
being such that the calculated magnetic moment is equal to
the observed value. In this case the magnetic moments of
(4—3y)Cr** ions per molecule and the magnetic moments
of (2—y) holes, which are antiparallel to them, participate
in the magnetic ordering of the crystal. Setting, as before,
the magnetic moment of Cr’* equal to 2.66 pp and the
magnetic moment of a hole equal to — 11 5, we can use the
equation

(4—3y)2.66—(2—y)1=2n4x (2)

to find y. As is seen from Table II, y=0.693 for the sample
with x=0.5. Thus, the empirical magnetic moment
n4,x = 1.9 u p for the sample with x=0.5 can be attributed
to the formation of antiferrons from three Cr’* ions
around a selenium ion occupying position /, 2, 3, or 4 in an
a octant. Here 69.3% of the selenium ions occupy such
positions, and 30.7% occupy positions in the 3 octants, in
which the formation of antiferrons is impossible. The de-
crease in the number of selenium ions in the a octants upon
the transition from distribution 1 to distribution 3 in-
creases the magnetic moment, while for the sample with
x=1 it must be decreased to achieve a fit to the experi-
mental value. Therefore, the fitting method described in
this paragraph is inapplicable to the sample with x=1.0.
The results of such fitting for the sample with x=1.5 are
presented in Table II.

4. The maximum number of a octants contain sele-
nium ions: y ions appear in octants containing one such
ion, and (1—y) ions appear in octants containing two such
ions, the value of y being such that the calculated magnetic
moment is equal to the observed value. Clearly, for the
sample with x=0.5, (1—y)/2 a octants do not contain
selenium ions, and their contribution to the magnetic mo-
ment per molecule is equal to twice the magnetic moment
of CuCr,S, multiplied by (1—y)/2. The contribution from
the octants containing antiferrons consisting of three crlt
ions is equal to (2.66y— 1y)u 5. The value of y correspond-
ing to the experimentally determined magnetic moment is
found from the following equation:

1.66y+4.32(1—p) =2n4 2. (3)

Substituting n,,x=1.9 into this equation, we obtain
y=0.195. This means that 19.5% of the selenium ions ap-
pear in a octants containing one such atom, 80.5% of them
appear in a octarits containing two such atoms, and 40.3%
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of the a octants do not contain selenium. The low value of
ng ok for the sample with x=1 permits realization of a case
in which there are no a octants without antiferrons and the
magnetic moment is determined only by the contribution
from the a octants containing antiferrons consisting of
three Cr>* ions. The value of y is determined from

1.66—:2”4'21(. (4)

The results of fitting the samples with x=1 and 1.5 are
presented in Table II.

5. Some y molecules have two selenium ions in an a
octant and do not have a magnetic moment, while the
other (1—y) molecules do not contain selenium ions and
have a magnetic moment equal to 8.64 up/molecule, the
value of y being such that calculated magnetic moment is
equal to the observed value. In this case y is found from

(l—y)864=2n42|( (5)

For the sample with x=0.5, y=0.56. This means that 56%
of the a octants contain two selenium ions; however, as is
seen from paragraph 2 and Table II, in the sample with
x=0.5 these octants can amount to no more than 50%.
Therefore, such a distribution is impossible for this sample.
The results of fitting the samples with x=1 and 1.5 are
presented in Table II.

Charge carriers are trapped in the antiferron microre-
gions; therefore, conduction occurs in the crystal along the
a octants not containing selenium ions, as well as along the
B octants. If these regions are connected in a single system,
a metallic type of conduction should be observed, as in
CuCr,S, and CuCr,Se,. Therefore, of the adjustable distri-
butions just described, the distributions having the fewest a
octants without selenium ions are most suitable. Table II
reveals that distribution 3 satisfies this criterion for the
samples with x=0.5 and 1.5 and that distribution 4 satis-
fies it for the sample with x=1. Then the filling of the a
and 3 octants with selenium ions conforms to the following
picture. In the sample with x=0.5, 69.3% of all the sele-
nium ions are in a octants, and 30.7% are in 8 octants. In
the sample with x=1 there are twice as many selenium
ions than in the preceding sample, and they occupy all the
a octants (90.5% of the a octants contain one selenium
ion and 9.5% contain two selenium ions). In this case
52.5% of the selenium ions are located in a octants, and
47.5% are found in B octants. In the sample with x=1.5,
72.2% of the a octants are occupied by one selenium ion,
or 24.1% of the selenium ions are in a octants and 75.9%
are in B3 octants. Thus, as sulfur is replaced by selenium in
the system under consideration, at first the a octants are
occupied (one or two ions per octant) to a greater degree
than are the B octants, in the sample with x=1 the num-
bers of selenium ions in the a and B octants are almost
equal, and in the sample with x=1.5 the filling of the B
octants already predominates. In general, distribution 5 for
the sample with x=1 also corresponds to the criterion
indicated above. However, under this distribution 82.6%
of the selenium ions are found in a octants, and 17.4% are
found in B octants. This contradicts the conclusion in Ref.
16, in which the ordering between the sulfur and selenium
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ions in the anion sublattice was established for the sample
with x=1 from x-ray diffraction data. The data in Ref. 16
are clearly in better agreement with distribution 4 for this
sample.

As is seen from Table I, for the samples with 2<x<3.5
the value of the magnetic moment (n4,x>4.8 pp) is very
close to n4,x =5.08 up for CuCr,Se,, and they exhibit a
metallic type of conduction. This means that an antiferron
effect is not realized in them. Here we should recall the
work in Ref. 17, where the *Cr NMR spectra of samples
with 1.75<x<4 revealed that a statistical distribution of S
and Se is observed only for the samples with 3<x<4, while
the existence of two groups of anionic octahedrons formed
mainly by sulfur or selenium around Cr’™* ions should be
postulated for the other samples investigated.

Some other possible causes of the observed anomalies
in the electrical and magnetic properties of the system un-
der consideration should be discussed. According to
Berdyshev,'® when a continuous ferromagnetic system is
formed, the passage of electrons not only between cations,
but also between anions is possible. The Se’~ anion is less
electronegative than the S anion; therefore, an electron
can pass from Se?~ to S~ with the resultant appearance of
an excited configuration of anions. When such an excited
configuration exists, passage of an electron from an anion
to an unoccupied orbital of a cation is possible. If this
electron enters a chromium 3d level and a chromium ion
becomes divalent, the magnetic moment of the compound
should decrease in the low-spin configuration. However,
such an explanation provides a drop in the magnetic mo-
ment that is considerably smaller than the experimentally
observed decrease. Here the magnetic moment can de-
crease by no more than 1 ug for every selenium ion intro-
duced into the molecule, while in the same study the de-
crease for the sample with x=0.5 amounted to 4.84 up
(instead of 1 up), the decrease for the sample with x=1
amounted to 7.14 up (instead of 2 up), and the decrease
for the sample with x=1.5 amounted to 5.04 u g (instead
of 3 up), i.e., the decrease in the magnetic moment was
several times greater than the decrease predicted under the
hypothesis being discussed. Moreover, this hypothesis does
not provide any explanation for the semiconductor type of
conduction of the samples with 0.5<x<1.5. Another pos-
sible cause for the appearance of semiconductor conduc-
tion in these samples is the scattering of charge carriers by
lattice defects, but it cannot account for the anomalies in
the magnetic properties indicated above.

Despite the approximate nature of the calculation per-
formed above, the hypothesis that antiferrons form in the
system is most suitable for explaining the anomalies in the
magnetic and electrical properties.

6. CONCLUSIONS

The magnetic, electrical, and optical properties of the
CuCr,Sr,_ ,Se, system, which consists of solid solutions of
the two thoroughly studied chalcogenide spinels CuCr,S,
and CuCr,Se, with a metallic type of conduction, have
been studied. It has been found that the samples with
0.5<x<1.5 have properties characteristic of semiconduc-
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tors: the resistivity and the concentration of charge carriers
decrease as the temperature rises, and the spectra of the
absorption coefficient obtained from the diffuse reflectance
spectra with the aid of the Kramers—Kronig relations dis-
play a pronounced fundamental absorption edge. In addi-
tion, in these samples the anomalous Hall effect is much
smaller than in the metallic samples of this system, as is
typical of magnetic semiconductors.’

The paramagnetic susceptibility of all the samples of
this system obeys the Curie-Weiss law, and the paramag-
netic Curie point 6, for the semiconducting samples is be-
low the Curie point 7' obtained by extrapolating the steep-
est part of the temperature dependence of the spontaneous
magnetization. The magnetization isotherms of all the
samples reach saturation in fields H<10 kOe. The semi-
conducting samples exhibited sharp decreases in 6, and
T, as well as in the magnetic moment obtained from
measurements of the magnetization at 4.2 K (n4,x) and
from measurements of the paramagnetic susceptibility
(np), relative to the extreme compounds, the inequalities
n,>n,,x and6,> T being observed here. Although the
Curie points of the semiconducting samples are lower than
those of the extreme compounds, which have a metallic
type of conduction, they are still above 300 K. Thus, new
magnetic semiconductors with Curie points have room
temperature were discovered in the present work.

It was discovered that the fundamental absorption
edge of the semiconducting samples undergoes a large blue
shift (~0.15 eV), which is associated with ferromagnetic
ordering, and that the rate of this shift is greatest in the
vicinity of T'¢. The occurrence of this blue shift allows the
existence of antiferron microregions with disrupted ferro-
magnetic ordering in the semiconducting samples. As was
shown by Nagaev,* the formation of such microregions,
which are created by the self-trapping of charge carriers in
them due to a gain in the energy of interband s—-d exchange
is possible in ferromagnetic semiconductors with a blue
shift of the forbidden gap width.

In this research it was shown that the sharp decrease in
magnetic moment in the semiconducting samples is attri-
butable to the formation of antiferrons around selenium
ions by three or four Cr** ions that are nearest neighbors
of the selenium ions. The abrupt lowering of the Curie
points in the semiconducting samples in comparison with
the extreme compounds is attributed to the suppression of
exchange through charge carriers in them due to the trap-
ping of charge carriers (holes) in the antiferron microre-
gions. As we know, ferromagnets are usually characterized
by the relation n,<n,,x, which is generally attributed to
the temperature dependence of the exchange interactions.
The usual relation between n, and n,,x for the semicon-
ductor samples can be explained in the following manner.
The magnetic moment Ny, is determined from data on the
paramagnetic susceptibility at temperatures above T'¢. At
such temperatures the antiferrons are thermally destroyed
in part, i.e., the lowering of the magnetic moment of the
crystal as a whole, which can be observed, for example, at
4.2 K, decreases on their account. Since the paramagnetic
Curie point is determined by the sum of the exchange in-

L.l. Koroleva 161



teractions in the crystal, the contribution to the total ex-
change from the antiferron microregions, where ferromag-
netic exchange is disrupted, lowers 6,. At the same time,
T ¢ is determined mainly by the connected ferromagnetic
phase of the crystal, and therefore T¢>6,.

In conclusion, we express our thanks to I. V. Gordeev
and V. A. Alferov for preparing the samples and analyzing
them.
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