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1. INTRODUCTION

The search for and investigation of new materials
with special magnetic and electric properties are
among the priority directions of development of mag�
netism and solid�state physics. The experimental
results accumulated to date lead to the conclusion that
the interrelation of magnetic and electric properties is
most pronounced in “layered” structures that are an
alternation of anion and cation planes. Such a crystal�
line structure is characteristic of 3d�metal monosul�
fides and disulfides [1, 2].

Layered copper–chromium disulfide (CuCrS2) is
known to be an antiferromagnet with a Neel tempera�
ture TN = 40 K that has an alignment of magnetic
moments similar to manganites, europium and man�
ganese chalcogenides. The rhombohedral lattice of
copper–chromium disulfide (structural type
α�NaFeO2) is a derivative of the NaCl structure and
has space group R3m [3]. Particular interest in CuCrS2
stems from the fact that this compound belongs to lay�
ered intercalated materials, in which the weak (Van der
Waals) bond, along with the ion–covalent bonds, plays
an important role [1, 3]. The CuCrS2 compound is
considered [4] as a quasi�two�dimensional antiferro�
magnet whose magnetic properties are determined by
the ferromagnetic alignment of the magnetic moments
of trivalent chromium ions in the alternating triple
CrS2 layers and by their antiferromagnetic alignment
between the CrS2–Cu–CrS2 layers. As further studies
showed [5], the magnetic structure of CuCrS2 turned
out to be more complex than was assumed in the first
works.

CuCrS2 is a paramagnetic electron–ion semicon�
ductor at room temperature and undergoes a superi�

onic conductor–semiconductor transition at 670 K
[6], an electronic transition at 110 K [7], and a transi�
tion to an antiferromagnetic state at 37 K [8, 9].

Quasi�two�dimensional layered structures that are
three�dimensional crystals with a strong anisotropy of
chemical bonds can be promising matrices for the pro�
duction of new multilayered materials. Multilayered
(magnetic/nonmagnetic, insulator/metal) structures
can be produced by using various crystal growth tech�
nologies. Previously [10], it has been established that
the physical properties of copper–chromium disulfide
depend significantly on the sample preparation tech�
nology. In particular, the polycrystalline samples are
single�phase ones and have a rhombohedral structure
typical of CuCrS2, while the single crystals [11] can
contain an additional spinel phase (CuCr2S4).

In this paper, we present the results of our study of
the magnetic resonance for samples composed of sin�
gle�crystal CuCrS2 layers (planes) and thin CuCr2S4
plates.

2. SAMPLE PREPARATION
AND CHARACTERISTICS

Single crystals were synthesized from a polycrystal�
line CuCrS2 powder whose X�ray diffractogram is pre�
sented in Fig. 1 in comparison with the X�ray diffrac�
togram from the structural data bank.

The crystalline structure of polycrystals corre�
sponds to the published data for CuCrS2. The rhom�
bohedral lattice parameters (space group R3m) are a =
3.485 Å and c = 18.70 Å. No accompanying phases
were detected within the error limits of the method.

We used the method of chemical transport reac�
tions to grow CuCrS2 single crystals and iodine as a
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carrier. The synthesis was accomplished from a pre�
synthesized polycrystalline CuCrS2 powder that was
loaded into a quartz ampoule; a temperature gradient
was created along the ampoule. The geometrical sizes
of the ampoules are: 20 mm in diameter, 160–180 mm
in length, and 50–56 cm3 in volume. The copper–
chromium disulfide powder load was about 1 g. The
iodine concentration in various experiments changed
within the range 1.5–7 mg cm–3. The temperature of
the hot zone was 1050°C; the cold end of the ampoule
was in the furnace zone at 750–800°C. We carried out
five experiments, each with a process duration of at
least 30 days. Thin plate�like crystals up to 5–10 mm
in diameter and about 0.2 mm in thickness were
grown.

Figure 2 shows the X�ray diffractogram measured
on a copper–chromium disulfide single�crystal plate.
The X�ray diffractogram exhibits lines that are charac�
teristic of the rhombohedral structure of CuCrS2 and
that lead to the conclusion that the crystal growth
plane corresponds to the (001) plane. This is consis�
tent with the previously published data [11]. No iodine
phases were detected. In contrast to the data from
[11], in the crystals grown by the described method, no
reflexes of the spinel phase were detected in the X�ray
diffractograms obtained from the single�crystal plate
surface. However, on the powders prepared by grind�
ing the grown single�crystal plates, the X�ray diffrac�
togram additionally exhibited one line (reflection
(110)) that could be attributed to the spinel phase, just
as in [11]. The absence of lines belonging to the spinel
phase in the X�ray diffractogram obtained from the
single�crystal plate surface can be explained by the
absence of the spinel phase both on and near the plate
surface.

3. EXPERIMENTAL RESULTS
AND THEIR DISCUSSION

The magnetic resonance spectra were taken with a
Bruker Elexsys E580 spectrometer operating in the
X�band at temperatures 100 K ≤ T ≤ 440 K. The tem�
perature and angular dependences of the line width
and the resonance field were investigated.

The temperature evolution of the magnetic reso�
nance spectra is shown in Fig. 3. At temperatures
above 420 K, a single line of Lorentzian shape with
parameters Hres = 3430 Oe, g = 1.99, and ΔH = 690 Oe
corresponding to the paramagnetic resonance in the
sample is observed in the paramagnetic phase. The line
width (Fig. 4), about 700 Oe at T = 440 K, increases
with decreasing temperature owing to the growth of
critical fluctuations. Concurrently, the appearance of
a second line (ΔH = 70 Oe) corresponding to the fer�
romagnetic resonance of the CuCrS2 phase is observed
[9]. As the temperature decreases further, the width of
this line increases only slightly. Additional magneto�
static oscillation modes appear at temperatures T <
370 K (Fig. 3). They manifest themselves as oscilla�
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Fig. 1. X�ray diffractograms for polycrystalline copper–
chromium disulfide at 300 K: the tabulated (1) and (2)
experimental data.
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Fig. 2. X�ray diffractogram for a copper–chromium disul�
fide single�crystal plate at 300 K.
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Fig. 3. Temperature evolution of the magnetic resonance
spectra. Spectra 1 and 2 correspond to orientations of the
external magnetic field perpendicular and parallel to the
plane of the sample plate, respectively.
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tions on the wings of the main ferromagnetic reso�
nance on the left or the right, depending on the orien�
tation of the external magnetic field.

Such magnetostatic oscillations were observed pre�
viously in the ferromagnetic HgCr2S4 compound [12],
where the sample was a thin disk.

The temperature dependence of the resonance
fields for the observed lines is shown in Fig. 5. The
upper (open circles) and lower (filled circles) curves in
Fig. 5 correspond to the resonance fields of the main
signal from the ferromagnetic phase for orientations of
the external magnetic field perpendicular and parallel
to the plane of the sample plate. The changes in the
resonance field of the main signal are caused by an
increase in the demagnetizing fields with decreasing
temperature and are well described by the expressions
for taking into account the demagnetizing fields in a
thin ferromagnetic plate [13]:

(1)

where ω0 is the microwave emission frequency, γ is the
gyromagnetic ratio, Hres||, ⊥ are the resonance fields for
the corresponding magnetic field orientations, and
M0 = 420 G is the saturation magnetization extrapo�
lated to T = 0 K. According to the magnetization mea�
surements in [14], M0 = 365 G. The points located
between the upper and lower curves in Fig. 5 corre�
spond to the positions of the magnetostatic modes for
orientations of the external magnetic field perpendic�
ular (open circles) and parallel (filled circles) to the
plane of the sample plate. At a fixed frequency, the
range of resonance fields for the magnetostatic oscilla�
tions in this case is equal to that predicted theoretically
for thin plates [13]:

(2)

for the parallel and perpendicular orientations,
respectively. When the external magnetic field was
rotated in the sample plane, no angular dependences
of the main and magnetostatic signals were detected.

To ascertain whether CuCr2S4 in the form of thin
ferromagnetic plates with finite sizes could exist in the
sample, we investigated the microstructure and phase
composition of our single�crystal samples (from dif�
ferent synthesis sets) by the scanning electron micros�
copy and energy dispersive X�ray spectroscopy meth�
ods on a JEOL JSM�7001F scanning electron micro�
scope. An elemental analysis of the samples was
performed on the end of the single�crystal plate along
a line perpendicular to its plane. An example of an
electron microscope image for the plate end is shown
in Fig. 6. The visible layers in the figure belong to the
CuCrS2 phase and are determined by the crystal
growth specificity.
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Our analysis showed the following mean composi�
tion: S—40 at %, Cr—24 at %, and Cu—27 at %.
The standard deviations in our analysis at various
points of the sample are 1–2 at %.

We compared our data with chemical composition
data typical of copper–chromium disulfide CuCrS2
(Cu—25 at %, Cr—25 at %, S—50 at %) and spinel
CuCr2S4 (Cu—14.3 at %, Cr—28.6 at %, S—
57.1 at %).

It should be noted that we detected no regions with
an elemental composition close to that of spinel
CuCr2S4 in the investigated sample regions. This can
be explained if we assume that the thickness of the
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Fig. 4. Temperature dependence of the width of the main
magnetic resonance line in the investigated sample. The
open and filled circles correspond to orientations of the
external magnetic field perpendicular and parallel to the
plane of the sample plate, respectively.
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Fig. 5. Temperature dependence of the resonance fields for
the main ferromagnetic resonance line (solid curves) and
magnetostatic modes for different orientations of the
external magnetic field (see the text).
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spinel layers in this case is less than 0.1 μm. The situa�
tion where the CuCr2S4 plate does not reach the sam�
ple end is also possible.

To estimate the geometrical sizes of the CuCr2S4
plates, we calculated the dispersion dependence of the
resonance fields for the magnetostatic modes on their
wave vector, Hres(k), shown in Fig. 7.

We fitted the data by the least�squares method by
solving the equation for direct bulk magnetostatic
waves propagating in an unbounded (in two dimen�
sions) plane�parallel ferromagnetic plate [13] magne�
tized perpendicularly to its plane:

where

ky is the wave vector, d is the plate thickness, ωH =
γH0 – ωM, ωM = 4πγM0. The magnetostatic waves were
assumed to be homogeneous in a direction perpendic�
ular to the plate plane.

The following parameters give the closest coinci�
dence between the theoretical dependence and exper�
imental values: ky = 652.74 cm–1 for the magnetostatic
mode with n = 2 and d = 1.35 × 10–4 cm. Thus, adopt�
ing n ⋅ 2π/L = k for a plate of finite sizes, where L is the
plate length, we have L = 0.019 cm.
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Figure 8 shows the magnetic resonance spectra for
two samples differing by the synthesis conditions (the
transfer rate and concentration of the active agent).
There are distinct differences in the spectra of magne�
tostatic oscillations for various samples. In our view,
such differences can be associated with different geo�
metrical sizes of the CuCr2S4 spinel layers. This sug�
gests that the topology of the grown crystals is highly
sensitive to their growth conditions.

An unusual behavior of the intensity of magneto�
static modes engages our attention. Under normal
observation conditions, their intensity decreases with
increasing distance from the homogeneous ferromag�
netic resonance (the main line). In our case, the
reverse is true (see Figs. 3 and 8).

In our opinion, this fact can be explained by the
specificity of the microstructure of the investigated
samples. We think (see Fig. 6) that the sample is a het�
erostructure where thin single�crystal CuCr2S4 regions
are located between single�crystal CuCrS2 layers. The
CuCrS2 layers in the investigated temperature range
are paramagnetic (TN = 37 K) with Cr3+ (S = 3/2). In
an external magnetic field H0, the Larmor precession
frequency of such ions is ωL = γH0 and, in the case
under consideration, coincides with or is very close to
one of the boundary values of the domain of existence
of magnetostatic modes (ω0/γ). Thus, the CuCr2S4
layer is in an additional field oscillating with the fre�
quency ωL = γH0 that modulates and amplifies the
magnetostatic oscillation modes predominantly in the
region of fields ω0/γ = 3393 Oe. To estimate the mod�
ulating field strength, we calculated the dipole field in
the [001] direction produced by a CuCrS2 layer with a
size of 100 × 100 × 100 lattice constants. The calcula�
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Fig. 6. Electron microscope image of the investigated sam�
ple region.
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Fig. 7. Dispersion dependence Hres(k) of a thin CuCr2S4
plate for various temperatures and plate thicknesses: d =
10–2 (1), 10–3 (2), 10–4 (3), and 10–5 (4) cm. The dots
indicate the positions of the experimental resonance fields
for the first three magnetostatic oscillation modes.
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tions were performed for T = 0 K. The results are
shown in Fig. 9.

Figure 9 shows a 1.1�μm�thick layer of the spinel
phase with the CuCrS2 phase located to the left and
the right from it. The solid lines indicate the modulat�
ing field strength Hloc. To ascertain whether the dipole
sums converged, we calculated the dipole field pro�
duced by CuCrS2 layers with sizes of 10 × 10 × 10, 50 ×
50 × 50, and 100 × 100 × 100 lattice constants. We
established that the difference of the dipole fields from
the layers of 50 × 50 × 50 and 100 × 100 × 100 lattice
constants was less than 1%.

It can be seen from Fig. 9 that the modulating field
at the boundaries of the CuCr2S4 layer (d = 0 and
1.1 μm) is considerably larger than 2 Oe and decreases
with increasing d almost to zero for d > 0 μm on the left
and d < 1.1 μm on the right.

Thus, the bulk of the CuCr2S4 layer (0.2 μm ≤ d ≤
0.8 μm) is modulated by a total field with a strength of
about 0.4 Oe. Consequently, the magnetostatic oscil�
lation modes with ω ~ ωL are modulated much more
strongly by the dipole fields from the CuCrS2 layers,
increasing their amplitude most dramatically in fields
of ~3400 Oe.

In addition, in the region of intersection between
the EPR branch of CuCr2S4 and the branch of magne�
tostatic oscillations, there are coupled oscillations that
lead to repulsion and entanglement of the branches. It
is most likely for this reason that the domains of exist�
ence of the magnetostatic oscillations for two field ori�
entations intersect at low temperatures (see Fig. 5).

4. CONCLUSIONS

We grew single�crystal Cu–Cr–S samples that are
single�crystal CuCrS2 layers with thin spinel�phase

(CuCr2S4) plates located among them. The Curie
temperature (TC = 420 K) and saturation magnetiza�
tion of the spinel phase CuCr2S4 (M0 = 420 G) were
determined by the electron magnetic resonance
method. The geometrical sizes of the CuCr2S4 plates
and the wave vector of the magnetostatic oscillations
in them were estimated. We found an anomalous
behavior of the amplitude of magnetostatic oscillation
modes in the CuCr2S4 plates attributable to their mod�
ulation by the Larmor precession of the magnetization
of adjacent CuCrS2 layers. We also established the
dependence of the topology of the investigated crystals
on synthesis conditions from sample to sample. A
stricter control of the growth conditions and the
choice of optimal parameters for the deposition of ini�
tial components will most likely allow one to control
the thickness and distribution of the CuCr2S4 layers in
a CuCrS2 matrix and, consequently, to control the
parameters of the spectra for the homogeneous ferro�
magnetic resonance and magnetostatic oscillations.
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