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The purpose of this study was to investigate the magnetotransport properties of the Ge0.743Pb0.183Mn0.074Te
mixed crystal. The results of magnetization measurements indicated that the compound is a spin-glass-like diluted
magnetic semiconductor with critical temperature TSG = 97.5 K. Nanoclusters in the sample are observed. Both,
matrix and clusters are magnetically active. Resistivity as a function of temperature has a minimum at 30 K. Below
the minimum a variable-range hopping is observed, while above the minimum a metallic-like behavior occurs. The
crystal has high hole concentration, p = 6.6× 1020 cm−3, temperature-independent. Magnetoresistance amplitude
changes from �0.78 to 1.18% with increase of temperature. In the magnetotransport measurements we observed the
anomalous Hall e�ect with hysteresis loops. Calculated anomalous Hall e�ect coe�cient, RS = 2.0× 106 m3/C, is
temperature independent. The analysis indicates the extrinsic skew scattering mechanism to be the main physical
mechanism responsible for anomalous Hall e�ect in Ge0.743Pb0.183Mn0.074Te alloy.
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PACS: 61.72.J�, 72.80.Ga, 75.40.Mg, 75.50.Pp

1. Introduction

Transition metal doped IV�VI compounds are a sub-
ject in the recent years of a signi�cant interest due to
the presence of the carrier mediated ferromagnetism [1]
with the Curie temperature, TC, about 190 K in
Ge0.92Mn0.08Te thin �lms [2]. The nanocomposite crys-
tals with clusters of magnetic impurities might lead to a
further increase of TC, above 190 K. GePbMnTe mixed
crystals create opportunity to control electric and mag-
netic properties independently [3]. Moreover, in GeTe-
based semimagnetic semiconductors the anomalous Hall
e�ect has been observed [4, 5]. This e�ect makes it possi-
ble to use the GeTe-based semimagnetic semiconductors
for devices with electrically readable magnetic storage.
Bulk mixed GePbMnTe crystals are easier and less ex-
pensive to obtain than thin layers, but their properties
are not well known at present.

2. Experimental

For the purpose of this study a single GePbMnTe in-
got was grown by the modi�ed Bridgman method [6].
The energy dispersive X-ray �uorescence technique
(EDXRF) was used to determine the sample chem-
ical composition. For the present investigation the
Ge0.743Pb0.183Mn0.074Te sample has been chosen.
Powder X-ray di�raction (XRD) measurements

were performed at room temperature to investigate
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Fig. 1. The SEM image (a) and EDX spectra (b)
measured at selected spots marked with circles for
Ge0.743Pb0.183Mn0.074Te crystal.

the structural properties of the sample. The obtained
di�raction pattern was analyzed using the Rietveld
re�nement method. Studies revealed that the considered
crystal is a double-phase system. The main phase is
a distorted along (111) direction NaCl structure with
lattice constant a1 = 5.93 Å and the angle of distortion
α = 89.44◦. The secondary phase (rich in lead) is a
cubic NaCl structure with lattice constant a2 equal to
6.39 Å. Obtained parameters are between the values for
pure GeTe and PbTe crystals [7], and for both phases
the Vegard law is ful�lled.
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Fig. 2. Results of magnetization measurements for
Ge0.743Pb0.183Mn0.074Te crystal.

3. Results

To study the chemical heterogeneity of the crystal,
scanning electron microscopy (SEM) combined with en-
ergy dispersive X-ray spectrometer detector (EDX) was
used (see Fig. 1). Surface image shows the presence of
nanoscale clusters rich in Pb. The magnetic properties of
the alloy may be signi�cantly in�uenced by the presence
of two phases with di�erent chemical compositions.
Figure 2 presents the magnetic properties of the

Ge0.743Pb0.183Mn0.074Te crystal measured by Quantum
Design XL-5 magnetometer and Weiss extraction method
implemented in LakeShore 7229 AC Susceptometer/DC
Magnetometer system. Magnetization curves M(T )
(Fig. 2a) indicate a presence of magnetic order below 100
K. The di�erence between the �eld cooled (FC) and
zero-�eld cooled (ZFC) M(T ) curves indicates that we
do not observe a typical paramagnet�ferromagnet tran-
sition. The nearly square-shaped hysteresis loops with
rather high coercive �elds (Fig. 2b) are a sign that the
domain structure is present in the material. However,
the lack of saturation of the M(B) curves at B > 2 T
(Fig. 2c) is a signature of a large frustration in our system
and a formation of a mixed ferromagnet-spin-glass-like
state [8�12]. The Arrot plots presented in Fig. 2d show
that besides frustration ferromagnetic interactions occur
below the magnetic transition temperature. The approxi-
mation of the maximum position in theM(T )|B→0 curves
was used to estimate the spin-glass-like transition tem-
perature, TSG, as about 97.5 K. We assign this transition

to the Ge-rich GePbMnTe phase. Below 5 K in the
FC M(T ) curves a signature of a magnetization com-
ing from the Pb-rich phase (possibly paramagnetic) is
observed.
Standard six-contact dc-current Hall geometry with

magnetic �eld B < 13 T was used to determine the mag-
netotransport properties of our Ge0.743Pb0.183Mn0.074Te
crystal. The temperature dependence of the resistivity,
ρxx(T ), was measured. The sample exhibits metallic-like
behavior typical for degenerate semiconductors, but be-
low 30 K a minimum in resistivity is observed. We note
that the change of ρxx over the whole range of tempera-
tures is relatively small, and the ratio of values obtained
at the minimum and room temperature is close to 26%.
The low-temperature dependence of ρxx(T ) was �tted
with the Mott law

ρxx = ρ0 exp
(
(T0/T )

1/4
)
, (1)

where ρ0 is the residual resistance and T0 is a constant in-
versely proportional to the density of states at the Fermi
level [13]. The result of �tting (line) is shown in Fig. 3a.
We obtained a good agreement of our data with the Mott
law, typical for variable-range hopping [13, 14].
The ρxy(B) dependence was measured from 300 K

down to 4.5 K. The results were used to calculate the
temperature dependence of the Hall carrier concentra-
tion p = (RHe)

−1 (where RH = ρxy/B) in the para-
magnetic temperature region. As we can see in Fig. 3d
the Hall carrier concentration (open symbols) above TSG
is temperature independent. Such situation is typical
for degenerate semiconductors. In the spin-glass region
the anomalous Hall e�ect has a signi�cant impact on the
measured RH value and as a consequence we see an ap-
parent decrease in the concentration (see also Ref. [15]).
The in�uence of the anomalous Hall e�ect (AHE) has
to be taken into account for a proper estimation of the
carrier concentration in the spin-glass-like state.
The magnetic �eld dependence of the Hall resistivity

ρxy(B) (see Fig. 3c) indicates a presence of a strong AHE
at every measured temperature below the magnetic tran-
sition temperature, TSG. In case of materials showing
AHE behavior, the Hall resistivity can be described in
the following form:

ρxy = RHB + µ0RSM, (2)
where RH is the normal Hall constant, µ0 is vacuum
permeability, and RS is the anomalous Hall constant.
The �rst term in Eq. 2 describes the normal Hall e�ect
caused by the Lorentz force, and the second the contri-
bution of AHE due to the asymmetric carrier scattering.
The magnetotransport data together with the previously
measured magnetization at the same selected tempera-
tures let us to calculate both of the Hall constants. We
obtained RH = 1.1×108 m3/C and RS = 2.0×106 m3/C
at liquid helium temperature. Both constants are nearly
temperature independent. Obtained parameters are sim-
ilar to those reported in our former study of GeMnTe�
SnMnTe [4].
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Fig. 3. Results of magnetotransport measurements: (a) temperature dependence of resistivity with ρxx =

ρ0 exp
(
(T0/T )

1/4
)
function �tted, (b) ρxy hysteresis loops at selected temperatures, (c) Hall resistivity as a func-

tion of magnetic �eld at selected temperatures, (d) carrier concentration calculated as p = (RHe)
−1 and by using

Eq. 2 (open and full symbols, respectively), (e) temperature dependence of the coercivity �eld estimated from resistiv-
ity (squares) and magnetization (circles) hysteresis, (f) magnetoresistance as a function of magnetic �eld at selected
temperatures.

Taking into account the RH values estimated from
the AHE analysis we obtain a corrected carrier con-
centration at temperatures below magnetic transition.
The calculated concentration, p, for spin-glass region
is presented in Fig. 3d by full symbols. We found
that the Ge1−x−yPbxMnyTe crystal is a p-type semi-
conductor with temperature independent (over the in-
vestigated temperature range) high carrier concentration
p = 6.6× 1020 cm−3 (for 300 K).
In the literature two major semiclassical mechanisms

explaining the AHE are known � skew scattering and
side jump. For the skew scattering [16] the ρxy ∝ ρxx,
while for the side jump [17] the ρxy ∝ ρ2xx. A detailed
analysis of AHE includes a scaling relationship described
by the following equation:

ρxy(B) = RHB + cHρ
nH
xxM, (3)

where cH and nH are scaling parameters, which give us in-
formation about a dominant scattering mechanism lead-
ing to AHE in the sample. For liquid helium temperature
we obtained nH = 1.09. The nH is nearly temperature
independent. The calculated value indicates that the ex-
trinsic skew scattering is a dominant mechanism respon-
sible for AHE in studied Ge0.743Pb0.183Mn0.074Te crystal.
The main role of this mechanism was also pointed out for
bulk Ge1−x−ySnxMnyTe crystals [4].
Low-�eld ρxx(B) curves show hysteresis loops of AHE.

As presented in Fig. 3b, the hysteresis loops are observed
up to the critical temperature. The presence of hysteresis
indicates a large frustration in our spin-glass-like system.
In Fig. 3e we gathered the values of the coercivity �eld,

HC, estimated from AHE loops (squares) and from mag-
netization curves (circles) as a function of temperature.
As we can see both quantities are in good agreement
and fall down to zero at the transition temperature, TSG.
This indicates a presence of asymmetric carrier scatter-
ing in our spin-glass-like system, directly correlated with
magnetic properties of the alloy.
The magnetoresistance was measured together with

the Hall e�ect. At low-temperatures a negative mag-
netoresistance with a minimum at about 0.5 T was ob-
served. Contribution of the negative magnetoresistance
to the total magnetoresistance decreases with increase
of temperature. At high temperatures (T > TSG) only
the positive magnetoresistance proportional to B2 was
observed. The ρxx(B) changes from �0.78 up to 1.18%
of ρxx(B = 0) with growing temperature, till TSG is
reached. Above the magnetic transition temperature the
trend is opposite, the values of magnetoresistance become
lower. The observed negative magnetoresistance may be
due to the weak localization.

4. Conclusion

We have shown results of magnetotransport measure-
ments for a bulk spin-glass-like Ge0.743Pb0.183Mn0.074Te
crystal.
Temperature-dependent resistivity indicates a

metallic-like trend, but a minimum below 30 K is
observed. The analysis of ρxx(T ) pointed to the
variable-range hopping. The crystal is a p-type
semiconductor with high Hall carrier concentration
p = 6.6× 1020 cm−3.
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The anomalous Hall e�ect with wide hysteresis loops
was observed. Calculated AHE coe�cient, RS, is tem-
perature independent, with the value close to 2.0 ×
106 m3/C. A detailed analysis of the e�ect indicates that
the main physical mechanism responsible for AHE in
Ge0.743Pb0.183Mn0.074Te alloy is the extrinsic skew scat-
tering mechanism.
Magnetotransport properties of the bulk

Ge0.743Pb0.183Mn0.074Te crystal are strongly corre-
lated with the spin-glass-like nature of the alloy.
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