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We present the studies of magnetic properties of Ge,_,Cr, Te diluted magnetic semiconductor with
changeable chemical composition 0.016 < x < 0.061. A spin-glass state (at 7 < 35K) for
x=0.016 and 0.025 and a ferromagnetic phase (at T < 60 K) for x > 0.030 are observed. The long
range carrier-mediated magnetic interactions are found to be responsible for the observed magnetic
ordering for x < 0.045, while for x > 0.045 the spinodal decomposition of Cr ions leads to a
maximum and decrease of the Curie temperature, T, with increasing x. The calculations based on
spin waves model are able to reproduce the observed magnetic properties at a homogeneous limit
of Cr alloying, e.g., x < 0.04, and prove that carrier mediated Ruderman-Kittel-Kasuya-Yosida
interaction is responsible for the observed magnetic states. The value of the Cr-hole exchange
integral, Jpq, estimated via fitting of the experimental results with the theoretical model, is in the
limits 0.77...0.88eV. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4769795]

. INTRODUCTION

Diluted magnetic semiconductors (DMS) are a very im-
portant and intensively studied group of materials because of
their possible application in spin electronics devices.'* The
combination of magnetic ions and a semiconductor matrix
allows an independent control of electrical and magnetic
properties of DMS by many orders of magnitude via changes
in the technological parameters of the growth or post growth
treatment of the compound. DMS compounds are usually
developed on the basis of a III-V or II-VI semiconductor
matrix into which transition metal (TM) or rare earth ions
are introduced on a level of several atomic percent.’~

IV-VI based DMS, in particular Ge;_,TM,Te alloys,
possess many advantages over widely studied Ga;_,Mn,As.
The carrier concentration and the amount of TM ions can be
controlled independently. Moreover, the solubility of TM
ions in GeTe is very high allowing growth of homogeneous
Ge,_, TM,Te solid solutions over a wide range of chemical
composition. Itinerant ferromagnetism with the Curie tem-
peratures as high as 167 K for x=0.5 was observed in bulk
Ge;_Mn,Te crystals.6 Recently, numerous papers were
devoted to the studies of thin epitaxial Ge;_Mn,Te &
layers.” Recent results show that the Curie temperature in
Ge;_Mn,Te layers can be controlled in a wide range of
values reaching a maximum of about 200K.'® Apart from
Mn-alloyed GeTe, a significant attention has been recently
turned onto other transition-metal-alloyed GeTe based
DMS,!" since they also show itinerant ferromagnetism with
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relatively high Curie temperatures T¢ < 150 K.'>"'* The pro-
gress in the technology of growth of a Ge;_,Cr,Te alloy
resulted in obtaining a high Curie temperature reaching max-
imum of 180K for x ~ 0.06."> In contrast to the epitaxial
layers, there seems to be no detailed study of magnetic
behavior of bulk Ge;_,Cr,Te crystals. Therefore, detailed
studies of Cr-alloyed GeTe crystals are very important in
making further development in this class of compounds.

In this paper, we present studies of magnetic properties of
Ge;_,Cr, Te bulk crystals with chemical composition x varying
between 0.016 < x < 0.061. Our main goal was to show that
the magnetic properties of the alloy can be tuned by means of
changes in its chemical composition. The present work extends
our preliminary studies (see Ref. 16) of low Cr-content
Ge;_,Cr,Te samples with x < 0.025 into higher Cr composi-
tion 0.035 < x < 0.061, in which the magnetic order changed
dramatically from a spin-glass freezing into ferromagnetic
alignment. The present work extends our earlier results by the
use of high field magnetometry. The experimental results are
analyzed within the model based on spin waves theory. The
theoretical results are able to reproduce the observed magnetic
properties of the alloy for x < 0.04 and prove that carrier
mediated Ruderman-Kittel-Kasuya-Yosida (RKKY)'"~" inter-
action was responsible for the observed magnetic states of the
studied Ge;_,Cr,Te samples for x < 0.04. The spinodal
decomposition of Cr ions leads to saturation and decrease of
the Curie temperature, T¢, for 0.04 < x < 0.061.

Il. SAMPLE PREPARATION AND BASIC
CHARACTERIZATION

Our Ge_,Cr,Te crystals were grown using the modified
Bridgman method. The growth procedure was modified

© 2012 American Institute of Physics
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similarly to the inclined crystallization front method,
proposed by Aust and Chalmers for improving the quality of
bulk alumina crystals.?® The presence of additional heating
elements in the growth furnace created a radial temperature
gradient in the growth furnace, changing the slope of the
solid-liquid interface by about 15°. The proposed modifica-
tions improved the crystal homogeneity and allowed the
reduction of the number of crystal blocks in the as-grown
ingot from a few down to a single one.

The chemical composition of the samples was deter-
mined using the energy dispersive x-ray fluorescence tech-
nique (EDXRF). The chemical composition of the ingots
grown by this method changed continuously along the direc-
tion of crystal growth. To minimize the heterogeneity of the
individual samples, the as-grown crystals were cut perpen-
dicular to the growth direction into thin slices each with a
thickness of about 1 mm. This ensured the heterogeneity of
the individual slices to be relatively small with a maximum
value of about Ax < 0.006, where Ax represents the variation
of the amount of Cr in the slice. The results of the EDXRF
measurements showed that the chemical composition of
crystals changed continuously along the ingot from
x~0.012 up to 0.065. From all the crystal slices, we
selected the ones in which the relative chemical inhomoge-
neity was the smallest in the whole series (chemical compo-
sition of the samples is gathered in Table I).

The structural characterization of Ge;_,Cr,Te crystals
was performed with the use of standard powder x-ray
diffraction (XRD) technique. The XRD measurements were
done at room temperature using Siemens D5000 diffractome-
ter. The obtained diffraction patterns were then analyzed
using Rietveld refinement method (exemplary diffraction
pattern together with Rietveld fit is presented in Fig. 1(a)) to
determine the lattice parameters of each sample. The
obtained results indicated that all the samples were single
phase and crystallized in the NaCl structure with thombohe-
dral distortion in (111) direction. The lattice parameter a as
well as the angle of distortion o obtained for Ge;_,Cr,Te
crystals are gathered in Table 1. The lattice parameters of the
studied crystals are similar to the values for pure GeTe, i.e.,
a=598A and o=883°2" The lattice parameter of
Ge,_,Cr, Te samples is a decreasing function of chromium
content x. The monotonic and close to a linear decrease of
a with x is in accordance with the Vegard law, which is a
clear signature that the Cr ions are incorporated to a large
extent into cation positions in the GeTe crystal lattice. The
a(x) dependence can be fitted with a linear function
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a(x) =5.9857-0.055 x. The directional coefficient of the a(x)
function is about 3 times lower than the values reported in
the literature for Ge;_,Mn,Te crystals.22 We believe that a
large fraction of the chromium ions in the studied samples
do not occupy the substitutional positions in the cation sub-
lattice. We must, therefore, assume the presence of chro-
mium ions in various charge states, which might have
significant effects on the electrical and magnetic properties
of the alloy.

Scanning electron microscopy (SEM) was used to study
chemical homogeneity of selected Ge;_,Cr,Te samples.
Two techniques were used simultaneously: (i) field emission
scanning electron microscopy with the use of Hitachi SU-70
Analytical UHR FE-SEM and (ii) Thermo Fisher NSS 312
energy dispersive x-ray spectrometer system (EDS) equipped
with SDD-type detector. The SEM employed with this de-
vice allowed us to make microscopic pictures of the crystal
surface. A series of measurements performed on different
samples revealed the presence of a small concentration of
pure Ge inclusions with diameters typically around a few
micrometers inside the samples. However, since there was
no signature of chromium in the observed Ge inhomogene-
ities, we believe that they should not affect magnetic proper-
ties of the studied crystals. No signature of chromium
clustering was observed (within the limits of accuracy of the
method) in the case of Ge;_,Cr,Te samples with x < 0.055.
However, in the case of the samples with the highest studied
compositions, i.e., x > 0.055, some evidence of imperfect Cr
dilution was observed (see Fig. 1). Detailed measurements
showed a presence of Ge;_,Cr,Te accumulations with a
chromium content varying in the range of x ~ 0.40 = 0.05
and a diameter of around 20-30 um, diluted randomly inside
the host lattice. It is highly probable that these accumulations
can affect the magnetic properties of Ge;_,Cr, Te alloys with
x > 0.055.

The electrical properties of Ge;_,Cr,Te alloy were stud-
ied via resistivity and the Hall effect measurements performed
at temperatures between 4.3 and 300 K. We used a standard
6-contact dc current technique. The Hall effect measurements
were done using a constant magnetic field B=14T. The
results of electrical characterization of the samples obtained
at room temperature are gathered in Table I. The temperature
dependent resistivity shows a behavior typical of a degenerate
semiconductor, i.e., a metallic, nearly linear behavior of
0 (T) at T > 30K and a plateau for 7 < 30 K. The data gath-
ered in Table I indicate a decrease in p,, value at room tem-
perature with the addition of chromium to the alloy. It might

TABLE 1. Results of basic characterization of Ge;_,Cr,Te samples performed at room temperature including chromium content x, lattice parameter «, angle

of distortion o, electrical resistivity p.,, carrier concentration n, and mobility .

x*+ Ax a=* Aa(A) o * Ao (deg) Py (1073 Qcem) 7 (102 cm™3) w(em?/(Vs))
0.016 = 0.004 5.9847 = 0.0003 88.44 +0.01 3.05 +0.01 24+0.1 8.0+0.1
0.025 = 0.003 5.9845 = 0.0002 88.44 +0.01 2.67 =0.01 2.6+0.1 10.1 = 0.1
0.035 = 0.005 5.9837 = 0.0004 88.41 +0.01 1.97 = 0.01 29+0.1 10.0 0.1
0.045 = 0.005 5.9829 + 0.0003 88.38 = 0.01 1.45 +0.01 3.0+0.1 16.0 = 0.1
0.059 = 0.006 5.9829 + 0.0002 88.38 = 0.01 1.18 = 0.01 3.1x0.1 23.0=0.1
0.061 = 0.006 5.9820 =+ 0.0003 88.38 = 0.01 1.04 =0.01 3.3+0.1 19.2+0.1
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FIG. 1. Results of the structural characterization including: (a) an exemplary XRD pattern for Geg9s5Cro 035 Te sample together with Rietveld fit, (b) SEM
image of the surface of the selected Geg 941 Cro 059 Te crystal, and (c) the EDS spectra measured at selected spots of the Geg g41 Cro o059 Te sample.

indicate that the carrier transport was strongly influenced by
the addition of Cr ions into the alloy. However, more clear
conclusions can be stated from the analysis of the Hall effect
data (see Table I). The results showed that all the studied
Ge;_,Cr,Te crystals had a high p-type conductivity with rela-
tively high carrier concentrations 7 =~ 2...4 x 10* cm~3. The
data gathered in Table I show that the Hall carrier concentra-
tion, n, is an increasing function of Cr content x. It is a clear
signature that some chromium ions do not substitute in cation
lattice sites in GeTe host lattice, remaining in a different
charge state than the Cr’>* state. It is probable that a small
fraction of chromium ions remains as interstitial defects in the
studied crystals. This may result in a change of a charge state
of chromium and allows these ions to be electrically active.
The Hall carrier mobility u, determined using a relation
Oy = e-n- U, where e is the elementary charge, is also an
increasing function of chromium content x up to x =0.059
(see Table I). The simultaneous increase of the Hall carrier
concentration n and mobility u with increasing chromium
content x must be of a complex origin. The main source of
high p-type conductivity in IV-VI semiconductors is cation
vacancies.”* We believe that the increasing n(x) dependence
was not originating from imperfect distribution of dopants in
the semiconductor matrix. Probably, addition of chromium to
the alloy changes slightly the thermodynamics of growth by

inducing an increasing number of cation vacancies in the as
grown crystals and thus leading to an increasing n(x) function.
On the other hand, the increasing pu(x) function must be con-
nected with some weakening of the ionic scattering mecha-
nism related to the negative charge state of Ge vacancies in
GeTe. Thus, it is highly probable that interstitial chromium
ions are associated with Ge vacancies, screening their Cou-
lomb potential and reducing their effective scattering cross-
section. It seems that the addition of chromium ions to
the GeTe matrix is an effective way to increase the mean
free path of the conducting carriers, which can be a crucial
factor when analyzing magnetic properties of the samples in
question.

lll. RESULTS AND DISCUSSION

The detailed studies of magnetic properties of Ge,_,Cr,Te
crystals were performed including measurements of both static
and dynamic magnetometry with the use of a LakeShore 7229
susceptometer/magnetometer and a Quantum Design supercon-
ducting quantum interference device (SQUID) MPMS XL-7
magnetometer system. The very same pieces of Ge;_,Cr,Te
samples that were previously characterized by means of
magnetotransport measurements, with their electrical contacts
removed, have been studied via several magnetometric
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methods. The SQUID magnetometer was used for determining
the temperature dependencies of low-field magnetization and
the Lake Shore 7229 dc magnetometer was used for measure-
ments of high field isothermal magnetization curves.

A. Low field results

The mutual inductance method employed in the Lake-
Shore 7229 ac susceptometer system was used in order to
measure the temperature dependence of both the real and
imaginary parts of the ac susceptibility y,.. The ac suscepti-
bility was studied at temperatures in the range of 4.3 < T <
200K using an alternating magnetic field with amplitudes
between 1 < Hye <200e and frequencies between 7 < f
< 9980 Hz. The real and imaginary parts of the susceptibility
were measured as a function of temperature using a constant
frequency f=625 Hz and an applied magnetic field ampli-
tude Hyc = 50e. The results of the temperature dependent
ac susceptibility measurements are presented in Fig. 2. The
Re(y4c(T)) curves for the samples with low chromium con-
tent, x < 0.03, showed a broad peak with a maximum at
temperatures lower than 35 K. Peaks in the ac susceptibility
shifted with frequency, as reported in Ref. 16, and were con-
vincingly identified as the appearance of a spin-glass freez-
ing for x < 0.03. However, a qualitatively different shape of
the Re(y4(T)) curves was observed for Ge;_,Cr,Te sam-
ples with x > 0.03. A significant increase of the Re(y,¢(T))
dependence as the temperature was lowered below 80K was
followed by a maximum. We believe that this is a signature
that a well-defined magnetic phase transition occurred in
these samples. The increase was much smaller for samples
with x < 0.03. Moreover, in contrast to the Re(y,(T)) de-
pendence for samples with x < 0.03, the magnetic suscepti-
bility was not decreasing significantly with temperatures
lower than the temperature for maximum y. This is a signa-
ture that spontaneous magnetization appeared in the studied
samples with x > 0.03 at temperatures lower than 60K. In
contrast to spin-glass samples, no signatures of frequency
shifting of the maxima in the Re(y,c(T)) curves with
increasing frequency of the ac magnetic field were observed.

10F —o—x=0.016/]
= —o—x =0.035]
3 8 —o—x=10.059
g f=625Hz 1
o 6 H, =50e¢"
~Ar 1
<
Ka
g :
0' N 1 N 1 N 1 N 1 N 1
0 20 40 60 80 100
T [K]

FIG. 2. The temperature dependence of the real part of the ac magnetic sus-
ceptibility y,- obtained for selected Ge;_,Cr,Te samples with different
chemical composition x (shown in legend).
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It is obvious that a ferromagnetic order was observed in the
case of Ge;_,Cr,Te samples with high chromium content
x > 0.03. However, more detailed studies of static magnetic
properties need to be obtained in order to fully justify the
above interpretation.

The dc magnetometry was also used to study magnet-
ization M vs. T of the Ge,_,Cr,Te crystals. At first, the tem-
perature dependence of the magnetization was measured in
the range of low magnetic field H=20-2000e using a
SQUID magnetometer. Measurements were performed over
wide temperature range 7=2-300K in two steps, i.e., with
the sample cooled in the presence (field-cooled (FC)) and the
absence (zero-field-cooled (ZFC)) of the external magnetic
field. The contribution of the sample holder was subtracted
from the experimental data. The results showed that in the
range of magnetic fields we used, the isothermal magnetiza-
tion M(H) curves were nearly linear allowing us to calculate
the dc magnetic susceptibility y,. = OM/OH and its changes
with temperature for each Ge;_,Cr, Te sample. The tempera-
ture dependence of both ZFC and FC magnetic susceptibility
for a few selected samples with different chemical content x
is gathered in Fig. 3. The ZFC y,.(T) curves showed differ-
ent behavior in the case of Ge;_,Cr,Te samples with low
(x < 0.03) and high (0.03 < x < 0.062) chromium content,
in agreement with the previously measured ac susceptibility.
It should be noted that in the case of spin-glass samples
(x < 0.03), the ZFC y,.(T) curve may be approximated to
zero for T — 0. In the case of ferromagnetic samples
(x > 0.03), the separation between ZFC and FC curves was
a decreasing function of chromium content. The features
presented above are additional proofs, consistent with the ac
susceptibility results, that spin-glass (x < 0.03) and ferro-
magnetic (x > 0.03) magnetic order were observed in the
case of the studied alloy.

The critical behavior of the temperature dependencies of
ZFC M(T) curves is used to determine the Curie temperature,
T¢, for each of the studied Ge;_,Cr,Te samples. We deter-
mined the values of T¢ from the position of the inflection
point on the low-field magnetization curves, M(T). The val-
ues of the estimated critical temperatures for all the studied

_
>

(o)
T

Ape [10'4 emu/g]
-llk [*))

\S]
T

20 40 60 80

FIG. 3. The ZFC and FC dc magnetic susceptibility as a function of tempera-
ture for selected Ge;_,Cr, Te crystals with different Cr content x (see labels).
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Ge;_,Cr, Te samples, including our earlier estimations of
the spin-glass transition temperatures Tss for samples with
x < 0.026 (see Ref. 16) are gathered in Fig. 4. It should be
noted that the values of both T and T estimated from the
dynamic susceptibility results were close to those estimated
with the use of static magnetization results. The results pre-
sented in Fig. 4 show clearly the monotonic increase of the
critical temperature of the alloy with the increase in the chro-
mium concentration for 0.016 < x < 0.045. The monotonic
increase of the critical temperature with x for the samples
showing both spin-glasslike and ferromagnetic ordering sub-
stantiates the assumption that both types of magnetic order
originated from a single type of long range RKKY magnetic
interactions. Long range RKKY magnetic interactions pro-
mote an appearance of a spin-glass state at low paramagnetic
ions content. It is connected with the similar probability of
finding two spins with both positive and negative sign of
the exchange constant at low dilution limit. Due to this prob-
ability, the appearance of a spin-glass state is expected
for 0.016 < x < 0.025. The increase of chromium amount
increases the probability of magnetic interactions with posi-
tive sign of the exchange constant. This results in an appear-
ance of a ferromagnetic state in Ge;_,Cr,Te samples for
x > 0.035.

B. High field magnetization

The magnetic behavior of the Ge;_,Cr,Te samples was
investigated with the use of magnetization M measurements
in the presence of a dc magnetic field up to H =90 kOe. We
used the Weiss extraction method included in the LakeShore
7229 magnetometer system. At first, detailed isothermal
magnetic hysteresis loops were measured at selected temper-
atures T < 200 K. A clear magnetic hysteresis was observed
in all the studied crystals at temperatures lower than either
Tsc or Te. It should be emphasized that a hysteretic behavior
was observed in both the spin-glass and the ferromagnetic
regime of the studied alloy (see Fig. 5). The appearance of a
well defined hysteretic behavior in a spin-glass system is a
signature that a strong magnetic disorder is causing signifi-
cant magnetic frustration in the samples with x < 0.03. Such

60_' T T T T T T T T ]
L ] g
]
— 55| 0O
w 50F spin-glass ferromagnetic -
5 [ regime regime
Sasf * £ 7
=
g
E 40- 7
(]
X35k .
s | (@]
=308 i
O ol Ge, Cr Te|]
250 el—x rx €4
B 1

0.02 003 004 005 006
Cr content x

FIG. 4. The critical temperatures as a function of Cr content x for the studied
Ge;_,Cr, Te samples.
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a feature was observed in many representatives of metallic
spin-glasses such as AuFe with 8 at. % Fe (Ref. 25) or NiMn
with 21 at. % Mn (Ref. 26).

A series of magnetic hysteresis loops obtained at tem-
peratures 7' < 100K was used to determine the temperature
dependencies of both coercive field He and spontaneous
magnetization Mg (see the right panel of Fig. 5). The H¢
observed at T=4.5K changed monotonically as a function
of x indicating that large changes in the domain structure of
the studied system occurred while changing its chemical
composition. It is especially visible in the case of the H¢(x)
dependence, where we observed differences higher than an
order of magnitude; Hc depended on the temperature and at
4.5K was 800 Oe for x =0.016 and 40 Oe for x=0.061. The
trend in the My with x had more complicated character
first increasing for x < 0.025 and then decreasing as a func-
tion of x.

The high-field isothermal magnetization curves
were studied in the case of all the Ge;_,Cr,Te samples at
H <90kOe and T < 200K. In order to compare the results,
we plotted M(H) curves measured at the lowest measurement
temperature 7=4.5K for the samples having different
chemical composition (see Fig. 6). As we can see, the mag-
netization curves have different shapes for samples showing
spin-glass ordering (x < 0.03) than for the ferromagnetic
ones (x > 0.03). The M(H) curves in the case of the spin-
glass samples saturated slowly and even at high magnetic
fields H =90 kOe, did not reach the saturation. In case of fer-
romagnetic crystals, the magnetization reached a saturation
value for magnetic fields below 20 kOe. It should be noted
that for the samples with x > 0.03, the magnetization is
slowly decreasing as a function of magnetic field for
H > 30kOe. This is a diamagnetic contribution from the
GeTe lattice.

The saturation magnetization Mg(T=4.5K) was an
increasing function of Cr content for x < 0.05, and showed

O.S;Gel_XCrXTe
[ x = 0.025

FIG. 5. Magnetic hysteresis curves obtained at different temperatures for the
Gey.975Cro 025 Te sample (left panel) together with temperature dependence
of coercive field H¢ and spontaneous magnetization My (right panel).
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60 80

0
H [kOe]

FIG. 6. High field magnetization curves obtained at T=4.5K for the studied
Ge;_,Cr,Te samples with different chromium content x.

a small decrease for higher x. The amount of the magneti-
cally active Cr ions in the material can be determined from
the value of the saturation magnetization, Mg observed at
T=4.5K. We use the typical formula describing the satura-
tion magnetization for the calculation of the amount of Cr
in the studied compound, ¥ = (Mgm,,)/(NaygJ ug), where m,
is the particle mass of the Ge;_,Cr,Te alloy, Ny, is the
Avogadro constant, g is the effective spin splitting factor,
J =S =2 is the total angular momentum of the Cr** ion, and
up is the Bohr magneton. The X estimation assumes that the
spin-component of the angular momentum S = 2 in the GeTe
crystal field. The obtained values of x are about 2-times
lower than the values obtained using the EDXRF method
indicating that half of the Cr ions in the alloy are magneti-
cally inactive. It is also possible that some Cr ions are in the
Cr’t state, with J=S=23/2. Let us also mention that for
purely random, uncorrelated distribution of substitutional Cr
ions, some fraction of them forms clusters, in which nearest-
neighbor ions couple antiferromagnetically due to superex-
change mechanism.

C. Estimation of the exchange integral J,,

In order to gain more insight into the physical mechanism
behind the magnetic ordering in the samples with low Cr con-
tent x =0.016 and 0.025 (where the Cr distribution is homoge-
neous and no spinodal decomposition was observed), SQUID
measurements of the temperature dependence of magnetiza-
tion in weak external fields of 20, 50, 100, and 200 Oe were
performed. The results for the sample with x=0.025 are pre-
sented in Fig. 7. Our interest was particularly focused on
examining whether the Bloch law for magnetization is
fulfilled in the form M(T) = M(0)[1 — (T/Tsy)*?]. The
parameter Tgy is related to the spin-wave stiffness D by

2/3
Tew = 2:—52 (%) , where a is the lattice constant and

{(3/2) ~2.612 is the appropriate Riemann zeta function,
while /=2 is the ionic angular momentum.®* Spin wave
stiffness is defined by the relation between spin wave energy
E and wavevector g of the form E = Dg?. The results of
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FIG. 7. The temperature dependence of the FC magnetization obtained
experimentally (symbols) and calculated (lines) for different magnetic field
values (see legend) for the Geg 975Cr 25 Te sample.

fitting the formula to the low-temperature part of the
experimental data (excluding the range showing a
“magnetization tail”’) are shown in Fig. 7 with solid lines. It
can be observed that the temperature behavior of magnetiza-
tion follows very well the T°/?-dependence, for all the values
of low external field. What is important is that the characteris-
tic temperatures sy determined from the fittings exhibit rather
weak dependence on the external field, especially for H =20
and 50 Oe. Therefore, we accept the average value of Tgy
determined for these two weakest external fields as a measure
of the spin-wave stiffness. For x=0.016, we obtained Tsy =
53.5K (which corresponds to D = 6.2 meV-Az), while for
x=0.025 Tsyy =59.3K (yielding D= 6.9 meV-Az).

We attempted to apply the RKKY model to reproduce the
experimental values of Ty . Within the harmonic spin-wave
and virtual crystal approximation, D = %XJ ZiJRKKy(RO,-)R%i,
where summation is performed over all the lattice sites i, i.e.,
over all possible positions of substitutional magnetic impurity
ions, relative to a selected lattice site denoted by 0.3 Let us
note that instead of the EDXRF-measured Cr content x, we
use the X values estimated from the low-temperature high-
field magnetization (see Sec. IIIB). We expect that only
this magnetically active fraction of Cr ions participates in
spin wave excitations in the system. The values amount to
X = 0.0096 for the sample with x=0.016 and X = 0.013 for
x=0.025, respectively. The indirect RKKY exchange integral
between a pair of magnetic ions at lattice sites O and i with the

relative distance Ro; equals”_19
m*J% atk?
Jrxxy(Roi) =Ny —24F
riky (Roi) [T rs)
% sin(2kpR0,-) — ZkFRo,' COS(ZkFR()l')

(2kpRo;) N

« exp(—l%), (1)

where m* is the effective mass of the carriers residing in
N, =4 valleys in the valence band, J,; is the exchange



123909-7 Kilanski et al.
integral between charge carriers and Cr ions, while kg
= (37°n/Ny) denotes the Fermi wave vector.

In order to account for the presence of a disorder and a
finite mean free path of the charge carriers mediating the
RKKY coupling, we assume an exponential damping with a
length scale . We estimated the values of / on the basis of
the Drude model of conduction taking into account the
experimentally observed low-temperature values of the Hall
carrier concentration and mobility. Knowing the values of
charge carriers concentration for 7 — 0 as well as the mobil-
ity u, we can calculate the mean free path as 1 = (fikgp)/e.
For the sample with x=0.016, we obtained 4 = 9.5 A, while
for x=0.025 we obtained 1 = 12.5A. We use these esti-
mates for the RKKY-based model of spin-wave stiffness.

Under such assumptions, we are able to reproduce the
experimental values of Tsy using J,; = 0.88 £0.05eV
for x=0.016 and J,; = 0.77 =0.05eV for x=0.025. The
obtained estimates are close to each other, within the experi-
mental uncertainty, including the uncertainty in determina-
tion of the magnetically active Cr concentration in the
samples, X.

The values of J,; obtained for our Ge;_,Cr,Te samples
are similar to the literature data for other semimagnetic semi-
conductors based on GeTe matrix. In particular, our J,; val-
ues are close to the data for bulk Ge;_,Mn,Te crystals,
Jya =0.8—0.9eV for x > 0.1,%?” and for thin Ge,_Mn,Te
layers with J,q = 0.7¢eV for x= 0.07.% The only literature
data we found for Cr-alloyed GeTe were reported for
Ge;_,Cr,Te thin layers.28 The authors show the Curie tem-
perature vs. Cr-content and do not find any noticeable T¢
dependence on x. However, their estimated J,; depends
strongly on the host matrix stoichiometry and changes
roughly between 0.4 and 1.0eV for Te composition changing
between 0.47 and 0.53.%® The values of Jya presented by us
for bulk Ge;_,Cr,Te samples are similar to those for bulk
Ge,_,Mn,Te crystals and within the range reported for
Ge,_,Cr,Te layers.

IV. SUMMARY AND CONCLUSIONS

We presented detailed studies of magnetic properties of
Ge,_,Cr,Te bulk crystals grown using the modified Bridg-
man method with chromium content changing in the range
of 0.016 < x < 0.061. The X-ray diffraction studies revealed
that a Vegard law was fulfilled in the alloy indicating a
proper solubility of chromium in the crystal lattice. All the
studied samples were p-type semiconductors with high car-
rier concentrations 1 ~ 2.4...3.3 x 10* cm > and mobilities
n~8...23cm?/(Vs).

The magnetic properties of the Ge,_,Cr,Te are compo-
sition dependent. The presence of spin-glass and ferromag-
netic phase was observed at T < 60K, for the samples with
x < 0.03 and x > 0.03, respectively. The RKKY interactions
are found to be responsible for the observed magnetic order-
ing for x < 0.045, while for x > 0.045 the spinodal decom-
position of Cr ions leads to saturation and decrease of the
Curie temperature, T, with increasing x. The hysteretic
behavior was observed both for spin-glass and ferromagnetic
samples at T < 50K with strong composition dependencies
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of the coercive field Hc. The amount of magnetically active
Cr ions, X, estimated from the value of the saturation
magnetization Mg, was about 2-times lower than the value of
the Cr content x obtained using the EDXRF method. The
calculations based on spin waves model reproduced the
observed magnetic properties of the alloy for x < 0.04 and
proved that carrier mediated RKKY interaction is responsi-
ble for the observed magnetic states. The value of the
Cr-hole exchange integral J,4, estimated via fitting of the
experimental results with the theoretical model was about
0.77 eV for x=0.025 and 0.88 eV for x =0.016.
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