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Electrical Properties of the Cu2FeGeSe4 Compound
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The electrical transport properties of a polycrystalline sample of Cu2FeGeSe4 magnetic semicon-
ductor compound are studied in the temperature range between 100 and 300 K. From the analysis
of the electrical data, the values of the activation energy EA, the density of states effective mass of
the holes mp, the concentration of the ionized impurities NI, the sound velocity v and the valence-
band deformation potential Eac for the compound are estimated.

1. Introduction

Magnetic semiconducting materials are of interest because of the manner in which the
magnetic behavior associated with the concerned magnetic ion can modify and comple-
ment the semiconductor properties [1, 2]. The materials that have been mostly studied
are the semimagnetic semiconductor alloys obtained from the tetrahedrally coordinated
II±VI semiconductor compounds by replacing a fraction of the group II cations with
manganese, giving alloys which show spin-glass behavior, very large magneto-optical
effects, etc. [1, 2]. It was recently suggested [3, 4] that another set of magnetic com-
pounds and alloys, which could show larger magneto-optical effect than the II±VI de-
rived alloys, can be obtained from the tetrahedral bonded I2±II±IV±VI4 compounds by
replacing the II cations with Mn, Fe, Co and/or Ni ions. Cu2FeGeSe4 belongs to this
family of compounds. The crystallographic properties of these materials have been stu-
died by several workers [5, 6], and it has been found that the Cu2FeGeSe4 compound
has the stannite tetragonal structure (I�42m) with lattice parameters a = 5.5096 �A and
c = 11.030 �A [5]. Analysis of the magnetic susceptibility as a function of temperature
showed that Cu2FeGeSe4 is antiferromagnetic with a NeÂel temperature TN = 20.0 K and
a Curie-Weiss temperature qa = ±±155.05 K. Also, from analysis of the electrical resistiv-
ity, susceptibility and magnetization results [5], the presence of bound magnetic polar-
ons (BMPs) in this sample was found, which were associated with a shallow acceptor
level in agreement with earlier studies made on this type of materials [1, 2].

The study of the electrical transport properties, which would give useful information
about the impurity levels and the band parameters for Cu2FeGeSe4, has not been re-
ported. Hence, in this paper, the temperature dependence of the resistivity, charge car-
rier concentration and mobility between 100 and 300 K are studied. From the analysis,
an attempt is made to determine the acceptor ionization energy, the density of states
effective mass of holes, the valence-band deformation potential and the sound velocity
of this compound.
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2. Sample Preparation and Experimental Measurements

The sample used was prepared by the melt and anneal technique, the description of the
preparation of this material having been published previously [6]. The equilibrium con-
dition of the prepared sample was determined from Guinier X-ray powder photo-
graphs. It was found that an annealing period from twenty to thirty days produces a
sample in good equilibrium conditions with the stannite structure, and no traces of
secondary phases were observed in the X-ray pattern.

A small slice of about 0.5 mm thickness was cut from the ingot for the electrical
measurements. The conductivity of the sample, as checked by a thermal probe, was
found to be p-type. Electrical contacts to the sample were made by electroplating four
symmetrical copper spots, which were used as a basis for soldering copper leads with
indium. These contacts were ohmic in nature through all the temperature range of the
present measurements. The electrical conductivity and the Hall mobility mH in a mag-
netic field of 10 kOe were measured by the van der Pauw method. The error in the
carrier concentration and mobility measurements was estimated to be about �5%.

3. Experimental Results and Discussion

3.1 Resistivity and hole concentration

The resistivity r was measured in the temperature range from 100 to 300 K and the
resulting log (r) versus. 1000/T curve is shown in Figure 1a. It is seen that, within the
limits of experimental error, this variation appears to be nearly linear and that r in-
creases as T is decreased. The hole binding energy EA was estimated from the slope of
the log (r) versus 1000/T curve, and the resulting value was found to be EA � 42 meV,
with an uncertaintly of about 10%. As was indicated in a previous work [6], these
shallow acceptor levels favor the presence of BMPs in this sample. The magnetic results
obtained for this sample together with a quantitative analysis made on BMPs will be
presented in a further work.
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Fig. 1. Variation of a) resistivity r and b) hole concentration p with T for Cu2FeGeSe4



The hole concentration p, plotted as a function of temperature between 100 and
300 K for the Cu2FeGeSe4 compound, is shown in Fig. 1b. It is observed that p in-
creases with the increase of the temperature. This behavior of p and that of the resistiv-
ity r shown in Fig. 1a are typical for a semiconductor material.

To get an estimate of the activation energy EA of the acceptor level and the density
of states effective mass mp, the temperature dependence of the hole concentration was
analyzed using the following expression for the nondegenerate statistics of a single level
[7]:

p�p�Nd�
�Na ÿNd ÿ p� �

2�2pmpkT=h2�3=2

b
exp �ÿEA=kT� ; �1�

where Na and Nd are the acceptor and compensating donor densities, respectively, and
b is the impurity degeneracy, which is taken to be two in the present case. It is also
assumed that Na, Nd, EA and mp are parameters independent of temperature.

The criteria used to determine these parameters were to choose values of Na and Nd

until a linear plot of

ln [p(p + Nd)/(Na ±± Nd ±± p)T3/2] versus 1000/T, (2)

including the maximum numbers of experimental points was obtained. Then a linear
least-squares fit to these points was carried out. The resulting fit, thus obtained, is
shown in Fig. 2. The activation energy EA estimated from the slope of that line was
found to be (43.4 � 1.4) meV. This value is very close to the one estimated from the
resistivity data in Fig. 1a. The resulting values of Na and Nd were 2 � 1019 cm±±3 and
1 � 1018 cm±±3, respectively. The density of states effective mass mp value determined
from the intercept at T!1 was found to be 1.32m0. This value is similar to those
given in the literature for CuGaSe2 (mp/m0 = 1.20), CuInS2 (mp/m0 = 1.30) and CuGaTe2

(mp/m0 = 1.30) tetragonal chalcopyrite compounds [8, 9]. These parameters are given in
Table 1.
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Fig. 2. Plot of ln [p(p + Nd)/
(Na ±± Nd ±± p)T3=2] vs. 103/T for
Cu2FeGeSe4



3.2 Hole mobility

The Hall mobility mH for the compound is plotted as a function of temperature T be-
tween 100 and 300 K in Fig. 3. It is seen that the variation of mH with T is very small.
However, an attempt to analyze the data will be made here. Hence, to explain the m
versus T results, the scattering of the charge carriers by ionized impurities, the com-
bined acoustic and nonpolar optical mode effects as well as the space-charge contribu-
tion have to be taken into account. Based on the work of Wiley and DiDomenico [10]
in the present analysis of a p-type sample, the contribution due to polar optical modes
is not considered.
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Ta b l e 1
Value of r0 calculated from the lattice constants quoted above. Values of Na, Nd,
NI � Nd �Na, EA and mp/m0 estimated from eq. (1). The final values of parameters e,
v, Eac and B obtained from fitting the mobility data using mÿ1 � mÿ1

I � mÿ1
acnpo � mÿ1

sc , with
q = 500 K, h = 4, H = 1.34 and D = 0.914 from Ref. [10]

r0

(g/cm3)
Nd

(cm±±3)
Na

(cm±±3)
EA

(meV)
mp/m0

5.50 2 � 1019 1 � 1018 43.4 � 1.4 1.32

e v
(105 cm/s)

Eac
*� NI

(cm±±3)
B
(cm±±3)

2.7 � 0.2 1.9 � 0.1 16 � 0.5 2.1 � 1019 512 � 65

*� Eac in eV/unit dilation.

Fig. 3. Variation of the hole mobility
with T for Cu2FeGeSe4. Full circles:
experimental data, full curve: fitted to
mÿ1 � mÿ1

I � mÿ1
acnpo � mÿ1

sc



The Hall mobility due to ionized impurities is given, according to the Brooks-Herring
relation [11], by

mI �
2

300

� �
27=2e2�kT�3=2

p3=2e3�mp�1=2 NIf �x�
�cm2 Vÿ1 sÿ1� �3�

where NI is the density of ionized impurities, e is the elementary electronic charge and e is
the low frequency dielectric constant. The function ¦(x) is given by ln �1� x� ÿ x= �1� x�,
where

x � �6emp�kT�2�=�pe2�h2p� : �4�
The combined effect of the acoustic and nonpolar optical mode scattering is given by
the expression [10]

macnpo � macS�q; h; T� : �5�
Here, q is the optical phonon characteristic temperature and h � (Eacnpo/Eac)

2, where
Eacnpo and Eac are the nonpolar optical and acoustic mode deformation potentials, re-
spectively. An analytical approximation to S(q, h, T) is found to be [10]

S�q; h; T� � �1�Ah�ÿ1 ; �6�
with

A = Hz/(ez±±D) , (7)

where the constants H and D have been tabulated for each value of h [10] and z = q/T.
For the acoustic mode scattering mobility, the expression [12] used is

mac �
2

300

� � �8p�1=2e�h4r0v
2

3E2
ac�mp�5=2�kT�3=2

�cm2 Vÿ1 sÿ1� ; �8�

where r0 is the mass density and v the sound velocity in the material.
For the space-charge scattering contribution to the mobility, assuming, to a first ap-

proximation, that the current carriers cannot penetrate into the space-charge centers
and then treats the scattering as a simple collision problem, then the space-charge scat-
tering contribution to the mobility for both spherical and cylindrical space centers is
given by [15]

msc � �2=300� B�p=p300�1=3 �T=300�ÿ5=6 �cm2=V s� ; �9�
where B is a constant given by

B = (NSs)±±1 .

Here NS is the density of space-charge centers and s is their effective scattering cross-
section, p is the hole concentration, which in the present case is given in Fig. 1b, and
p300 is the hole concentration at 300 K.

To calculate the total mobility, Mathiessen's approximation [13] m±±1 = Smi
±±1 has been

used. To carry out a theoretical fit to the mobility data, information about several mate-
rial parameters such as r0, mp/m0, e, v, Eac and NI is required. From the lattice param-
eter constants, quoted above, the value of r0 has been calculated to be 5.50 g/cm3.
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The value of mp = 1.32m0 has been estimated from Fig. 2. The mobility data were fitted
using the standard nonlinear least-squares Levenberg-Marquardt method [14] to deter-
mine the parameters that minimize the sum of squares of differences between the de-
pendent variable values in the theoretical equation and the experimental data. Then,
the criterion of the minimum standard deviations was used to select these parameters.
In the initial analysis, equations (3) to (8), with e, v, Eac and NI treated as adjustable
parameters, were used to fit the experimental data. It was found that a good fit could
be obtained without taking into account the scattering term due to the space-charge
contribution giving parameters values of e = 10, v = 2.0 � 105 cm/s, Eac = 15.9 eV/unit
dilation and NI = 2.2 � 1020 cm±±3. The value of NI = 2.2 � 1020 cm±±3 so obtained is
much larger than the value Nd + Na = 2.1 � 1019 cm±±3 obtained from Fig. 2. However,
it was found that when including also the space-charge term, eq. (9), and using the
value of NI = 2.1 � 1019 cm±±3 determined from Fig. 2 and taking q = 500 K, h = 4,
H = 1.34 and D = 0.914 from ref. [10] with e, v, Eac and B as unknown parameters in
the calculations, a similarly good fit to the mH versus T curve, with one set of best-fit
parameters, could be obtained. The final values of the parameters, with their corre-
sponding standard deviations of the fitted points, thus obtained together with those
used in the analysis are listed in Table 1, and the resulting fitted curve is shown in
Fig. 3. It is to be noticed that the estimated value of v = 1.9 � 105 cm/s is similar to
those found for most of the I±III±VI2 tetragonal chalcopyrite compounds [8, 9]. Also,
the value of Eac = 16.0 eV/unit dilation is in the range of the values obtained from
measurements of the fundamental optical energy gap Eg versus temperature T, Eg ver-
sus pressure as well as from mobility data, for the I±III±VI2 [8, 16, 17, 18] and II±IV±V2

[19] tetragonal chalcopyrite compounds and alloys.

4. Conclusions

From the analysis of the resistivity and the hole concentration versus T data the pre-
sence of an acceptor level located at about (43.4 � 1.4) meV above the valence band is
detected. At the present time, the origin of this level is unknown. In order to study the
origin of this level, single crystal samples of this compound are being grown by the
Bridgman method. Then, the electrical measurements will be carried out on the as-
grown samples as well as on samples annealed both in vacuum and in the presence of
elemental Cu, Fe, Ge or Se.

The results showed that a good fit of the mH against T data can be obtained using
the scattering of charge carriers by ionized impurities, the combined acoustic and
nonpolar optical modes as well as the space-charge effects. It is to be pointed out
that the contribution due to neutral impurities was not needed in the analysis. As
indicated above, the obtained values of mp, v and Eac are found to lie in the range of
the reported values for the I±III±VI2 and II±IV±V2 tetragonal chalcopyrite materi-
als.
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