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We present studies of structural, electrical, and magnetic properties of Gei_,Eu,Te bulk crystals with the
chemical composition, z, changing from 0.020 to 0.025. The sample synthesis leads to the formation of EuTe clusters
in all our samples. Moreover, the presence of Ge;_,Eu,;Te spinodal decompositions with broad range of chemical
contents is observed even for the sample with x = 0.020. Spinodal decompositions show the antiferromagnetic
order with the Néel temperature, T, equal to about 11 K, close to that for EuTe. The magnetic field dependence
of the magnetization, M (B), is characteristic of the presence of magnetic inclusions in the samples.

DOI: 10.12693/APhysPolA.134.950

PACS/topics: diluted magnetic semiconductors, magnetic properties, clusters

1. Introduction

Magnetic and transport properties of transition-metal-
doped GeTe compounds belonging to IV-VI diluted mag-
netic semiconductors (DMS) have been studied during
the past twenty years [1-5]. High Curie temperatures,
T, were reported and attributed to carrier-induced fer-
romagnetic interactions. For Ge;_,Mn,Te the highest
Te value was about 190 K [3, 4] and for Ge;_,Cr,Te
about 180 K [5]. There have been no systematic investi-
gations of GeTe doped with rare-earth ions.

Previously we studied magnetic properties of Eu-
codoped Ge;_,Mn,Te [6] and Ge;_,Cr,Te [7] with the
Eu content up to 0.04. We observed Curie tempera-
tures about 150 K for Ge;_,_yMn,Eu,Te and 80 K for
Gej_y—yCrgEu,Te. However, in these materials there
was a strong tendency to form different types of clus-
ters. The clusters modified significantly the properties
of the materials. Similar behavior was observed before
in Sn;_,Eu,Te, where Eu clusters were detected for z
above 0.013 [§].

In the present paper we investigate magnetic interac-
tions in GeTe crystals with the Eu content less than 0.03.
We pay special attention to the problem of limited solu-
bility of europium ions in the GeTe lattice. Our studies
aim at an estimation of the limits of the Eu content in
which the Ge;_;Eu,Te compounds are uniform DMS.

2. Sample preparation
The studied Ge;_,Eu,Te bulk crystals were grown by

the modified Bridgman method. We applied the modifi-
cations of the Bridgman growth process similar to those
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made by Aust and Chalmers in order to improve the
structural quality of alumina crystals [9]. We modi-
fied the standard vertical Bridgman—Stockbarger tech-
nique by installing the additional heating elements in the
growth furnace in order to create some radial tempera-
ture gradient in addition to the longitudinal temperature
gradient in the crystallization zone. The applied modifi-
cation tilted the crystallization front from the horizontal
position by about 15°. This value was measured by the
deviation of the normal to the end face of the cylindrical
ingot from the axis of the cylinder. The applied mod-
ifications of the growth process reduced the number of
crystal blocks in the as-grown ingots from a few down to
a single one.

3. Basic characterization

We started the structural characterization of the as-
grown Gej_,FEu,Te crystal slices from the measurements
of their chemical compositions with the use of the en-
ergy dispersive X-ray fluorescence technique (EDXRF)
employed to the Tracor X-ray Spectrace 5000 EDXRF
spectrometer. The EDXRF data allow the calculation of
the Eu content, x, with the maximum relative error not
higher than 10% of the x value. The as grown ingot was
cut perpendicular to the growth direction into 1.5 mm
thick slices. The chemical composition of each slice was
measured with the EDXRF technique. The EDXRF data
analysis shows that x changed along the ingot from 0.002
to 0.03, but the cation—anion ratio along the ingot re-
mained 50:50. For the present study we selected several
samples, in which the calculated average Eu content, x,
changed from 0.020 up to 0.025.

We used the high resolution X-ray diffraction method
(HRXRD) for powdered Ge;_,Eu,Te samples using the
high resolution X’Pert MPD Pro Alphal, Panalytical
diffractometer with Cu K,, (A = 1.540598 A). All the
HRXRD diffraction patterns were measured during 20 h
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in the 26 range from 5 deg to 160 deg. The obtained
diffraction patterns were analyzed by using the Rietveld
refinement method. This procedure allowed us to de-
termine the crystal system, the Bravais lattice, and to
calculate the unit cell parameters. The selected HRXRD
results for the Ge;_,Eu,Te samples with z = 0.025 are
presented in Fig. 1.
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Fig. 1. Selected XRD experimental results (red points)

obtained for the Gej_.Eu,Te sample z = 0.025. Black
line represents the Rietveld fit to the experimental re-
sults. Color markers represent database data for the
three phases detected for our samples. Blue line repre-
sents the difference between the experimental data and
the fitted diffraction pattern.

The phase analysis of the obtained diffraction patterns
showed that for all our samples we observed the presence
of three phases: (i) rhombohedral NaCl structure for the
main Ge;_,Eu,Te phase, (ii) cubic NaCl structure for
the EuTe phase, and (iii) cubic Ge phase.

The homogeneity of our Ge;_,Eu,Te crystals was
studied with the use of the Hitachi SU-70 Analytical
UHR FE-SEM scanning electron microscope (SEM) cou-
pled with Thermo Fisher NSS energy dispersive X-ray
spectrometer system (EDS) equipped with SDD-type de-
tector. We measured a series of high resolution SEM im-
ages of the polished and cleaned crystal surfaces at differ-
ent sample spots and magnifications. The SEM results
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show the presence of micrometer-size inhomogeneities in
all our Ge;_,Eu,Te samples (example in Fig. 2).

The SEM/EDS results reveal the presence of
Gey_;Eu,Te inhomogeneities in all our samples. These
inhomogeneities have the EuTe lattice structure and the
chemical composition much higher than the average x
value. We also observed the presence of Ge clusters, ran-
domly distributed in the host lattice. EDS spectra taken
from several surface areas of the Ge;_,FEu,Te sample in-
dicate the presence of a small Eu content (maximum of
about = & 0.003), randomly distributed in the semicon-
ductor host lattice.
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Fig. 2. Selected SEM/EDS results obtained for the
Gei_zFEu,Te sample with £ = 0.023 including: SEM
image of the sample surface and the calculated chemi-
cal compositions measured at the selected spots of the
sample surface using the EDS technique.

The electrical properties of our Ge;_,Eu,Te samples
were studied with the use of standard 6-contact Hall ge-
ometry magnetotransport measurements at 7' = 300 K
and B < 1.5 T. The results of the electrical character-
ization obtained at room temperature are presented in
Table I. The carrier mobility increases with the average
Eu content, while the carrier concentration seems to be
almost constant in our samples. Therefore, it is highly
probable that the defect creation in Ge;_,Eu,Te is a de-
creasing function of the average Eu content. It should be
noted that the transport parameters are average over the

whole sample.
TABLE I

Selected parameters obtained from the studies of the Gej_,Eu;Te samples with different chemical compositions, =,
including: the carrier concentration n, the carrier mobility u, the Néel temperature T, the Curie-Weiss temperature
6, the Curie constant C, the host lattice susceptibility Xaia, the effective Eu content zy determined from Eq. (2), the
magnetization value Mg at 9 T, and the effective Eu content x,, determined from Eq. (3).

. n (10%) n T 0 C (107") |xaia (1077) R Ms R
[em™] | [em®/(Vs)l|  [K] [K] | [emu K/g]| [emu/g] ’ [emu/g] "
0.020 +£0.002|7.2+0.2| 2.1+0.1 [11.1+0.2|-21.6+0.3| 7.8+0.7 | —=2.4£0.1 [0.020 £ 0.002{2.7 + 0.1/0.014 = 0.001
0.02340.002|7.14£0.2] 33+1 [11.2+0.2|-18.2+0.3| 9.7+0.9 | —2.6£0.1 [0.025 £ 0.002|3.1 +0.1/0.016 = 0.001
0.025+0.002[6.6+0.2| 44+1 |11.1£0.2|-11.2+0.2|11.7+1.1 | =2.740.1 |0.030 + 0.003|3.4 + 0.1]0.018 £ 0.001
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4. Magnetic properties

Magnetic properties of our Ge;_,Eu,Te samples were
measured with the use of Lake Shore 7229 magnetometer
allowing the dynamic magnetic susceptibility yac (mu-
tual inductance technique) and the static magnetization
M (Weiss extraction technique) measurements.

We performed measurements of the AC magnetic sus-
ceptibility over the temperature range from 7' = 4.3 K
up to 320 K. The magnetic susceptibility measurements
were made with the sample excited by the alternating
magnetic field with the frequency, f, equal to 625 Hz
and the amplitude, Bac = 1 mT. As a result we obtained
temperature dependences of real and imaginary parts of
the AC magnetic susceptibility, Re(xac) and Im(xac),
respectively. The results of the magnetic susceptibility
measurements are presented in Fig. 3.
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Fig. 3. Temperature dependence of the real part of the
AC magnetic susceptibility obtained for Gei_;Eu,Te
samples with different chemical contents. The inset
shows the inverse of the real part of the AC magnetic
susceptibility as a function of temperature (points) and

fits (lines) of the experimental data to the Curie-Weiss
law (Egs. (1) and (2)).

The Im(xac) dependences for all our Gej_,Eu,Te
samples were not exceeding 5% of Re(xac). In Fig. 3
we can observe in all our samples the presence of a well-
defined magnetic transition at about 11 K. This tran-
sition, taking into account the presence of spinodal de-
compositions with high Eu content, is most probably the
paramagnet—antiferromagnet phase transition known for
EuTe [10]. The Néel temperature, Ty, estimated for our
samples equals to 11 K, a value slightly higher than that
for EuTe, where Ty = 9.58 K [10]. It is therefore highly
probable that the Ge;_,FEu,Te spinodal decompositions
with 0.15 < x < 0.35 show antiferromagnetism due
to superexchange magnetic interactions. The superex-
change via an anion is a dominant exchange mechanism

in EuTe [11] and other IV-VI DMS [12]. The estimations
are based on the Anderson theory of the superexchange
interaction [13]. At 7' > 20 K all our samples behave like
Curie-Weiss paramagnetic materials.

The Re(xac)(T) dependence at T' > Ty for our sam-
ples can be described using the modified Curie-Weiss law
expressed with the following equation:

C
Re(xac) = T3 + Xdias (1)

where 60 is the Curie-Weiss temperature, and C is the
Curie constant described with the following equation:
Nog?ud J(J + 1)zg @)
3kp ’

where Ny is the number of cation sites per gram, g
is the effective spin splitting factor (for Eu ions g =
1.993+0.006 [11]), J is the total magnetic momentum of
Eu ion (for Eu?* we assumed J = S = 7/2), up is the
Bohr magneton, z¢ is the content of the magnetically
active Eu ions, kp is the Boltzmann constant, and xqia
is the diamagnetic susceptibility of the host lattice. For
GeTe Ygia = —3 x 1077 emu/g [14]. The structural char-
acterization of our material, presented above, has shown
that our host lattice is not perfect GeTe but consists of
different regions. Therefore, we fitted the experimental
Re(xac)(T) curves gathered in Fig. 3 to Eq. (1) with
three fitting parameters: 6, C, and xgja- The fits were
done in the temperature range from 80 to 320 K and
the results can be seen in the inset to Fig. 3. The fitted
parameter values are gathered in Table I. The obtained
f values are negative; the absolute values decrease with
increase of z. It is a signature of antiferromagnetic inter-
actions in the system. The obtained C values increase as
a function of x and allow us to calculate the effective Eu
content, xy, using Eq. (2). We can see that 9 > z for
all our samples but the values agree within the estimated
uncertainty.

We performed the measurements of the magnetization
as a function of the magnetic field at several stabilized
temperatures below 7" = 200 K in the magnetic field
range up to 9 T. The selected M (B) curves obtained for
the samples with different chemical compositions, x, at
T = 4.5 K are presented in Fig. 4.

As we can see in Fig. 4 the magnetization curves ob-
tained at T" = 4.5 K for all our samples show nonsat-
urating behavior up to 9 T. The linear increase of the
M (B) curves in the magnetic field range up to about
7 T is similar to that observed for EuTe [15] and for
Sny_,Eu,Te [16], where it was related to the presence of
EuTe clusters. Therefore, we suppose that the observed
M (B) behavior is related to the presence of Ge;_,Eu,Te
spinodal decompositions. We did not observe the pres-
ence of M (B) hysteresis loops (see the inset to Fig. 4)
for any of our samples.

We used the highest observed magnetization value at
9 T in order to estimate the effective Eu content, x,,,
using the following equation:

Ms = 2, NopngS, (3)

C:
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where Mg is the magnetization saturation value. The ob-
tained x,, values are, in contrast to the xg values, smaller
than z. They are underestimated because of the lack of
the magnetic saturation.

T=45K
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Fig. 4. Magnetization as a function of the applied
magnetic field obtained at T' = 4.5 K for the
Gei1_,FEu,Te samples with different chemical contents,
z. The inset shows the low-field region of the M (B)
dependence for the sample with z = 0.025.

4. Summary

We studied the structural, electrical, and magnetic
properties of Ge;_,Eu,Te bulk crystals with chemical
compositions, x, changing from 0.020 to 0.025. The
structural characterization of our samples indicated the
presence of Ge;_,Eu,Te spinodal decompositions with
high Eu content 0.1 < z < 0.5 and, possibly, the presence
of EuTe clusters. These regions in our samples show an-
tiferromagnetism with the Néel temperature, Ty ~ 11 K,
characteristic of EuTe. The magnetization curves, M (B),
show a linear increase, characteristic of EuTe, and a non-
saturating behavior. Both magnetic susceptibility and
magnetization data are dominated by the component re-
lated to the Ge;_,Eu,Te spinodal decompositions and
EuTe clusters.
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