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We present the experimental evidence for the presence of spinodal decomposition of the magnetic ions
in the Ge1−x−yCrxEuyTe samples with chemical composition varying in the range of 0.015 ≤ x ≤ 0.057 and
0.003 ≤ y ≤ 0.042. The ferromagnetic transition at temperatures 50 ≤ T ≤ 57 K was observed, independent of
the chemical composition. The long-range carrier mediated itinerant magnetic interactions seem to be responsible
for the observed ferromagnetic order. The magnetic irreversibility with coercive �eld HC = 5�63 mT and the
saturation magnetization MS ≈ 2�6 emu/g are found to strongly depend on the chemical composition of the alloy.

PACS: 72.80.Ga, 75.40.Cx, 75.40.Mg, 75.50.Pp

1. Introduction

Semiconductor spintronics remains still a technological
challenge requiring development of ferromagnetic semi-
conductors with the Curie temperature above 300 K [1].
In the transition metal doped IV�VI materials the itin-
erant ferromagnetism with relatively high Curie temper-
atures is easily achievable because of the high Mn�hole
magnetic exchange constant, Jpd ≈ 0.8 eV [2], and nat-
ural high p-type conductivity with carrier concentration,
n ≈ 1020�1021 cm−3 [3]. The highest reported Curie
temperature among IV�VI materials is around 200 K for
Ge1−xMnxTe with x = 0.5 [4] and 160 K for Ge1−xCrxTe
for x ≈ 0.06 [5], close and slightly above the values
for Ga1−xMnxAs and much higher than other III�V
and II�VI diluted magnetic semiconductors [6]. Thus,
GeTe based diluted magnetic semiconductors are per-
ceived as potential material for the semiconductor spin-
tronics working at room temperature. In contrast to thin
layers, bulk Ge1−xCrxTe crystals show much lower tran-
sition temperatures, T ≤ 60 K, with the presence of both
ferromagnetic and spin-glass-like states [7, 8]. The nature
of this decrease of the magnetic ordering temperature re-
mains an unexplained issue.
The present paper undertakes the problem of spin-

odal decomposition of magnetic ions in�uencing greatly
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the magnetic properties of the Ge1−x−yCrxEuyTe alloy.
Here we continue our previous investigations devoted to
Ge1−xCrxTe alloy showing spin-glass and ferromagnetic
order at T < 60 K (see [7] and [8]). In the present work
we show that irrespective of the average Cr content, the
Curie temperature can be stabilized by the average Eu
content. The other parameters describing the magnetic
properties of a magnetic material, such as coercive �eld,
HC, and saturation magnetization, MS, show changes
with the average Cr content.

2. Experiment and Results

We present the studies of Ge1−x−yCrxEuyTe crys-
tals grown by the modi�ed Bridgman method. The
chemical composition of our samples was determined by
using the energy dispersive X-ray �uorescence method
(EDXRF). The relative error of the chemical composi-
tion determination was not exceeding 10%. The EDXRF
measurements showed that the chemical content of the
Ge1−x−yCrxEuyTe samples changed in the range of
0.015 ≤ x ≤ 0.057 and 0.003 ≤ y ≤ 0.042.
The X-ray di�raction measurements were done with

the use of Siemens D5000 di�ractometer at room temper-
ature. The experimental di�raction patterns were �tted
with the use of the Rietveld re�nement method in or-
der to determine the crystallographic parameters of the
samples. The obtained results indicated that our sam-
ples were single phased and crystallized in the rhombo-
hedrally distorted GeTe structure with the lattice param-
eter a ≈ 5.98 Å and the angle of distortion α ≈ 88.3 deg,
similarly to the parameters for pure GeTe (see [9]).
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A series of high-resolution micrographs was collected
for the studied Ge1−x−yCrxEuyTe samples with the use
of Hitachi UHR-FE-SEM (SEM) scanning electron mi-
croscope coupled with the energy dispersive X-ray spec-
trometry (EDX). Our studies showed the presence of
spinodal decomposition of Cr ions in all the studied sam-
ples. The exemplary image of the sample surface together
with the EDX spectra gathered at selected sample spots
are presented in Fig. 1. The data presented in Fig. 1 are
typical of our samples, similar features were observed in
several crystals with di�erent chemical composition. The
SEM maps showed strong chemical contrast indicating
the presence of regions with di�erent chemical content
than an average EDXRF data.
The EDX spectra gathered from selected spots of Fig. 1

indicated the presence of spinodal-decompositions into
regions with low (point No. 1) and high (points Nos. 2
and 3) transition-metal content. The average size of the
chemical inhomogeneities present in our samples changed
from 1 µm up to 10 µm. The average chemical composi-
tion observed for the Ge0.912Cr0.047Eu0.041Te sample (see
Fig. 1) was not exceeding x ≈ 0.006 and y ≈ 0.002. The
maximum dilution limit of transition-metal ions in our
samples can be estimated to not exceed x ≈ 0.012 and
y ≈ 0.005. The presence of Cr-related nanoclusters is
known in literature to be responsible for room temper-
ature ferromagnetism in Zn1−xCrxTe diluted magnetic
semiconductors [10]. However, the nature of nanoclus-
ters present in our samples seems to be di�erent than
the presence of CrTe related phases, such as Cr7Te8,
Cr5Te6, and Cr3Te4 with TC > 300 K [11], since we
do not observe room temperature ferromagnetism. The
magnetic properties of our samples are also di�erent
than the ones reported for Cr5Te8 (with 190 > TC >
245 K [12]), Cr2Te3 (with TC = 170 K [13]), and CrTe2
(with TC = 18 K [14]). It is more probable that the large
size of our inhomogeneities and high carrier concentra-
tion, n > 1020 cm−3, can cause the long range itinerant
carrier-mediated magnetic interactions to be the most
signi�cant in our samples.
The magnetotransport studies including the resistiv-

ity and the Hall e�ect measurements were performed
at room temperature using the standard six-contact dc-
-current Hall con�guration and constant magnetic �eld
B = 1.5 T. The results of magnetotransport studies
revealed that all the studied Ge1−x−yCrxEuyTe sam-
ples had typical features for GeTe-based materials [3],
i.e. p-type conductivity with relatively high carrier con-
centration, p > 1020 cm−3, and low mobility, µ <
100 cm2/(V s). The magnetotransport data were chem-
ical composition independent, indicating that the mag-
netic impurities were not the main source of electrically
active defects in our samples and the intrinsic cation va-
cancy concentration was higher than that possibly in-
duced by the presence of magnetic ions.
The magnetic properties of our Ge1−x−yCrxEuyTe

samples were studied with the use of a LakeShore 7229
susceptometer/magnetometer system. At �rst the mea-

Fig. 1. (a) The SEM image of the
Ge0.912Cr0.047Eu0.041Te sample and (b) EDX spectra
measured at the selected spots of the samples (marked
with crossbars).

surements of the ac magnetic susceptibility were per-
formed at temperatures 4.5 ≤ T ≤ 200 K. During the
measurement the sample was placed in the alternating
magnetic �eld with amplitude HAC = 1 mT and fre-
quency f = 625 Hz.
The temperature dependence of the real part of the

magnetic susceptibility, Re(χ)(T ), for a few selected sam-
ples is presented in Fig. 2a. We observe a well de�ned in-
crease of the magnetic susceptibility with decreasing tem-
perature between 60 and 50 K with a maximum around
50 K, indicating a presence of a magnetic transition in
the material. The frequency dependent measurements of
the ac magnetic susceptibility showed a shift of the maxi-
mum in the Re(χAC) curves towards higher temperatures
with increasing f only in one sample with x = 0.029 and
y = 0.030. Thus, we identify the observed ac susceptibil-
ity data as paramagnet�ferromagnet phase transition for
all the samples except the Ge0.941Cr0.029Eu0.030Te crys-
tal, in which the mictomagnetic state is found. Possibly
the magnetic order observed in our samples is due to the
carrier mediated magnetic interactions.
The dc magnetization measurements were performed

over the temperature range 5 ≤ T ≤ 300 K in mag-
netic �elds B = 2, 5, 10, and 20 mT with the use of a
Quantum Design superconducting quantum interference
device (SQUID) MPMS XL-7 magnetometer. The lin-
ear behavior of the M(B) curves within the studied �eld
values allowed the calculation of the temperature depen-
dences of both zero-�eld-cooled (ZFC) and �eld-cooled
(FC) dc magnetic susceptibility χDC(T ). The obtained
χDC(T ) curves for the selected Ge1−x−yCrxEuyTe sam-
ples are gathered in Fig. 2b. The bifurcations between
the ZFC and FC χDC(T ) curves were observed in all sam-
ples. It is a clear signature that the large frustration of
the magnetic ions occurred in the studied system. The
isothermal high �eld magnetization curves M(B) were
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Fig. 2. (a) The real part of the ac magnetic susceptibil-
ity and (b) the dc magnetic susceptibility as a function
of temperature for the Ge1−x−yCrxEuyTe samples with
di�erent chemical composition.

studied over the temperature range 4.5 ≤ T ≤ 100 and
up to a magnetic �eld B = 9 T with the use of the
Weiss extraction method employed into the LakeShore
7229 magnetometer system.

Fig. 3. The isothermal magnetization curves observed
at T = 4.5 K for the selected Ge1−x−yCrxEuyTe sam-
ples with di�erent chemical composition. The inset
shows the exemplary magnetic hysteresis curve obtained
at T = 4.5 K for the selected crystal.

The obtained magnetization curves at temperature
T = 4.5 K for a few selected Ge1−x−yCrxEuyTe samples
are presented in Fig. 3. The results of the measurements
show that the magnetization was almost a linear function
of the magnetic �eld for 1 ≤ B ≤ 8 T. It is a direct sig-
nature of the strong magnetic frustration in the studied
system. The saturation magnetization, MS, was reached

for all our Ge1−x−yCrxEuyTe samples at the highest used
magnetic �eld values B ≥ 8 T.
The saturation magnetization value (see Fig. 4a and b)

is an increasing function of the Cr content x, except for
x = 0.020 and x = 0.029, while taking into account the
Eu content y there is no well de�ned correlation between
y and MS. It is a signature that the Cr-alloying intro-
duced more magnetically active ions than Eu, i.e. larger
fraction of the Cr ions was substituting the cation sublat-
tice sites in the host GeTe lattice. This is most apparent
for the samples with x ≈ 0.05 and 0.015 < y < 0.041,
where the saturation magnetization decreases with in-
creasing amount of Eu in the alloy. It is very likely that
with increasing amount of Eu it is distributed in the sites
of the crystal lattice that promote the antiferromagnetic
interactions between the paramagnetic ions. This may
lead to the changes of the charge state of both Cr and
Eu which then result in reduction of their spin state. In
this way the signi�cant reduction of saturation magne-
tization of the material even in the growing amount of
paramagnetic impurities in the alloy might be observed.

Fig. 4. The saturation magnetization MS and coercive
�eld HC as a function of the amount of magnetic ions
x and y obtained at T = 4.5 K for Ge1−x−yCrxEuyTe
samples with di�erent chemical composition.

The magnetization hysteresis loops were measured for
all our samples at temperatures lower than T < 100 K.
An appearance of well de�ned magnetic hysteresis loops
is observed for all the samples (exemplary result shown in
the inset to Fig. 3) at temperatures lower than the crit-
ical temperatures determined from the ac-susceptibility
results. The observed shape of the hysteresis loops might
originate from some changes of the geometrical parame-
ters of the spinodal decompositions present in our sam-
ples. The analysis of hysteresis loops showed that there
exists a correlation between the coercive �eld HC values
obtained at T = 4.5 K and the chemical composition
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of the samples (see Fig. 4c and d). The coercive �eld
changed in the range of 5 < HC < 63 mT for our sam-
ples. The HC changed nonmonotonically with increasing
Cr content, x, and was roughly a decreasing function of
Eu content, y, except for y = 0.03. It indicated that
poor allocation of Eu ions changed signi�cantly the do-
main structure of the material allowing the control of its
magnetic hardness for more than an order of magnitude.

3. Summary

The presence of magnetic-ion-rich regions was observed
in the case of the Ge1−x−yCrxEuyTe samples with di�er-
ent chemical composition. The magnetic properties show
that the transition temperatures in our samples are sta-
bilized by the presence of magnetic Ge1−x−yCrxEuyTe
spinodal decompositions. The magnetic hardness of the
alloy seems to be somewhat controlled by the amount
of Eu in the samples leading to a decrease of HC from
63 mT down to about 5 mT for y = 0.015 and 0.042,
respectively.
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