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Abstract—The results of kinetic study of the Mn1 – xGdxSe chalcogenide solid solutions with different substi-
tute concentrations (0 ≤ x ≤ 0.15) in the temperature range of 80–400 K are reported. The difference between
the Hall constant and thermopower signs has been found. The electron-type conductivity determined from
the Hall constant and hysteresis of the I–V characteristics have been explained by the existence of nanoareas
with local electric polarizations. The sharp extrema observed in the temperature dependence of thermopower
are explained by splitting of a narrow 4f subband by the crystal field.
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1. INTRODUCTION
The importance of studying chalcogenides is

caused by their prospects for application in different
fields of science and technology, including instrument
engineering, quantum electronics, and laser spectros-
copy. The uniqueness of these compounds consists,
first of all, in the fact that they can have various types
of magnetic ordering and electrical conductivity. The
initial manganese monoselenide MnSe is an antiferro-
magnetic p-type semiconductor [1] and has a face-
centered cubic (fcc) crystal structure of the NaCl type
in the stable α modification. The band gap Eg of these
compounds (2.0–2.5 eV) [1] was a decisive factor in
choosing them as basic materials for electronics.
According to neutron diffraction study, the magnetic
phase transition temperature of the cubic manganese
monoselenide is TN = 135 K [2] and in the NiAs hex-
agonal phase, it coincides with the temperature of the
structural transition Ts = 272 K [3]. In [4], we estab-
lished the correlation between the electrical, struc-
tural, and magnetic properties of MnSe and a decrease
in its resistivity in a magnetic field in the region of
transition to the magnetically ordered state.

Cation substitution of 3d transition metals (e.g.,
chromium and cobalt) and 4f elements for manganese
ions gives rise to new physical properties of the solid
solutions, which are not observed in the initial com-
pound [5–8]. Upon substitution of rare-earth (Gd)
ions for manganese cations, additional exchange fer-
romagnetic interactions occur between manganese
ions as a result of the s–d kinetic interaction and the
degenerate electronic states arise in the d shell, which

can be eliminated by the Jahn–Teller interaction or
strong electron correlations and lead to the local elec-
tric polarization. If the values of hybridization of the
dxz–dxz and dyz–dyz orbitals are lower than the splitting
energy, the conductivity can be controlled by an exter-
nal electric field. This effect will, most likely, manifest
itself in measurements of the I–V characteristics.
Electron doping changes not only the magnetic struc-
ture, but also the majority carrier sign.

Study of the kinetic properties of semiconductor
materials is important in terms of obtaining informa-
tion about the energy spectrum structure of carriers
and their interaction with the crystal lattice [9]. It is
well known that the thermopower is a sensitive kinetic
property of a material. In most cases, in the trivalent
rare-earth element chalcogenides, there is a discrep-
ancy between the differential thermopower and Hall
constant signs, which is explained by the carrier scat-
tering mechanism and energy structure of the Brill-
ouin zone. The competition of these two components
leads to the difference between the signs [10].

The aim of this study was to investigate the effect of
electron doping on the electronic structure and kinetic
properties of the synthesized Mn1 – xGdxSe chalco-
genide solid solutions and establish the correlation
between the Hall constant and thermopower.

2. EXPERIMENTAL
The Mn1 – xGdxSe (0 ≤ x ≤ 0.15) solid solutions

were prepared in a single-zone resistance furnace
using the solid-state reaction from powders of the ini-
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Fig. 1. X-ray diffraction patterns of the Mn1 – xGdxSe
samples with x = (a) 0.05 and (b) 0.15.
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tial compounds placed in evacuated quartz ampoules
[11, 12].

Phase composition and crystal structure of the
Mn1 – xGdxSe samples were determined at 300 K on a
DRON-3 X-ray diffractometer (CuKα radiation).
Electrical resistivity, I–V characteristics, and thermo-
power were measured on the Mn1 – xGdxSe samples
with x = 0.05 and 0.15 in the form of parallelepipeds
5.00 × 3.00 × 8.00 mm3 in size. The dc electric mea-
surements were performed by a four-probe method in
the temperature range of 80–500 K. Strip silver con-
tacts were formed on one of the sample surfaces at a
distance of no smaller than 1 mm between them. The
I–V characteristic was measured for 100 s; the sample
heating was no more than one degree. The thermo-
power was measured by a two-probe method at the
temperature difference of ~4–8 K between the probes.
The Hall constant measurements were performed
using a classical method on the samples with a pair of
current contacts and a cross-shaped pair of potential
Hall probes. In the experiment, contributions of spu-
rious voltages induced by side galvano- and thermo-
magnetic effects were taken into account.

3. RESULTS AND DISCUSSION

According to the X-ray diffraction data, all the
reflections in the X-ray diffraction pattern (Fig. 1) of
the Mn1 – xGdxSe (x = 0.05 and 0.15) solid solutions
belong to a face-centered cubic (fcc) lattice of the
NaCl type (sp. gr. Fm3m). The unit cell parameter
increases with an increase in the substitute concentra-
tion from a = 0.5460 nm at x = 0.05 to a = 0.5495 nm
at x = 0.15.

The synthesized Mn1 – xGdxSe (0 ≤ x ≤ 0.15) com-
pounds are antiferromagnets [13]. As the substitute
concentration increases, the Neel temperature
decreases from TN = 134 K for initial MnSe to TN =
90 K for the composition with x = 0.15 and the para-
magnetic Curie temperature changes from Θp = –350 K
for initial MnSe to Θp = –90 K for the composition
with x = 0.15, which is indicative of the ferromagnetic
exchange. The effective magnetic moment increases
from 5.9μB for MnSe to 6.29μB for the composition
with x = 0.15. Upon electron doping, the contribution
to the magnetic moment is made by manganese ions
with the multiplets characterized by the orbital angular
momentum. For example, the degeneracy elimination
in the t2g subsystem induces the orbital magnetic
moment and leads to the anisotropic electron density
distribution and conductivity anisotropy. Current
channels can be switched between the hybridized dxz–
dxz, and dyz–dyz orbitals by an external electric field.
This effect is reflected on in the thermoelectric prop-
erties of the Mn1 – xGdxSe solid solution.
PHY
Electron doping significantly affects the conduct-
ing and thermoelectric properties. The change in the
conductivity type and electrical resistivity was
observed. Figure 2 shows temperature dependences of
the electrical resistivity for the compositions with x =
0.05 and 0.15. It should be noted that even at the low
concentrations of substitution of ganglion ions for
manganese ions, the resistivity increases over its value
for the initial MnSe samples [4]. The temperature
dependence of the electrical resistivity is typical of
semiconductors with the activation energy determined
from the slope of the straight portion of the logρ(1/T)
dependence, which decreases with an increase in the
concentration from ΔE = 0.54 eV (x = 0.05) to ΔE =
0.33 eV (x = 0.15) in the temperature range of 290–
400 K. The temperature behavior of the resistivity is
indicative of the metal-type conductivity in the ranges
of T < 250 K at x = 0.15 and T < 190 K at x = 0.05.
Upon further heating, this portion changes for the
semiconductor-type dependence. The changes in the
temperature dependence of the resistivity are consis-
tent with the Hall constant data and caused by a shift
of the chemical potential relative to the 4f level.
SICS OF THE SOLID STATE  Vol. 60  No. 9  2018
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Fig. 2. Zero-field temperature dependences of the electrical resistivity for the Mn1 – xGdxSe samples with x = (a) 0.05 and
(b) 0.15.
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The presence of inhomogeneous electronic states
can be determined from the I–V characteristics. Fig-
ure 3 shows the I–V characteristics of the polycrystal-
line Mn1 – xGdxSe samples with x = 0.05 and 0.15. The
measurements were performed in the temperature
range of 80–400 K. The samples with the low substi-
tute concentration (x = 0.05) are characterized by the
I–V hysteresis observed in a wide temperature range
(80–360 K). The slight I–V hysteresis is also observed
at x = 0.15, but only at T > 300 K. As the voltage
increases, the current monotonically grows and the
dependence contains an inflection point in the region
of U > 100 V for both substitute concentrations, which
vanishes with increasing temperature.

The sign of majority carriers and their mobility can
be established from the Hall constant data. Figure 4
shows temperature dependences of the Hall constant
for the Mn1 – xGdxSe system with substitute concen-
trations of x = 0.05 and 0.15. The general regularity of
the RH(T) dependences is the transition from the hole-
type electrical conductivity typical of manganese
monoselenide [4] to the electron-type one with an
increase in the gadolinium ion concentration. For the
composition with x = 0.05, the Hall constant is nega-
tive over the entire temperature range with a pro-
nounced RH minimum at T = 200 K, where the elec-
tron density at the chemical potential level is mini-
mum (Fig. 4a). In this temperature range, electrons
have the low mobility, which sharply grows above
room temperature (inset in Fig. 4a). As the gadolin-
ium ion concentration increases, the temperature of
the minimum Hall constant shifts toward higher tem-
peratures up to 320 K (Fig. 4b). The electron mobility
for the composition with x = 0.15 starts growing above
200 K (inset in Fig. 4b). At the low gadolinium ion
concentration (x = 0.05), the conductivity over the
impurity electronic states is implemented. The elec-
PHYSICS OF THE SOLID STATE  Vol. 60  No. 9  2018
tron transport occurs via temperature-activated hop-
pings with the activation energy calculated, in our
case, from the temperature dependence of the mobil-
ity: Ea = 0.03 eV in the temperature range of 180–
230 K and Ea = 0.13 eV in the temperature range of
270–360 K. The impurity conductivity is imple-
mented via random diffusion and the mobility is
expressed as [10] μ = , where μ0 =

, ν is the hopping frequency equal to the phonon

frequency (~1013 Hz), and a is the distance between
donors. As the impurity (gadolinium) concentration
increases up to x = 0.15, the smooth transition from
the impurity to band conductivity with an activation
energy of Ea = 0.3 eV occurs.

The thermopower investigations allowed us to
deeper understand the electronic processes occurring
in the investigated Mn1 – xGdxSe semiconductor sys-
tem. Figure 5 shows temperature dependences of the
thermopower. For both compositions, there are a
sharp increase in the thermopower and the maxima of
its absolute value at T = 335 K for x = 0.05 and T =
273 K for x = 0.15. These features are caused by split-
ting of the 4f level by the crystal field. The splitting
value is ΔE = 50–70 meV. The chemical potential is
localized in the vicinity of the 4f-level energy and the
contribution to the kinetic coefficients is caused by the

electron density of states in the energy interval ≈

2T. Heating induces the electronic transitions between
the 4f  levels and the temperature difference at the ends
of the sample leads to a shift in the chemical potential
on one sample side and, consequently, to the differ-
ence between the carrier densities. The change in the
thermopower sign at 373 K for x = 0.05 and at 298 K
for x = 0.15 and the difference from the temperature
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Fig. 3. Zero-field I–V characteristics of the Mn0.95Gd0.05Se sample at temperatures of (a) 120, (b) 160, and (c) 360 K and the
Mn0.85Gd0.15Se sample at temperatures of (d) 80, (e) 200, and (f) 350 K. Lines show functional dependence (1).
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behavior of the Hall constant is due to dragging elec-
trons by phonons. As the gadolinium ion concentra-
tion increases, the 4f-subband width increases, the
difference between the electron densities in the vicin-
ity of the chemical potential decreases, and the ther-
moelectric efficiency drops by an order of magnitude.

4. MODEL

To explain the experimental results, we assume the
electron from the gadolinium ion to pass to the 3d
band of the nearest manganese ions, thereby inducing
the orbital degeneracy, which is eliminated by the
strong electron correlations [14] and leading to differ-
ent types of orbital ordering or orbital glass [15, 16].
The electric polarization can be caused by the non-
centrosymmetric overlap of the 3d and 5d electron
PHY
orbitals or 4f orbital in the direction of the occupied
orbitals. Thus, in the nanoarea where the gadolinium
ion is only surrounded by the nearest manganese ions,
the local symmetry is lowered and the electric polar-
ization is induced.

The I–V hysteresis is caused by the existence of
polar regions, where the polarization is randomly dis-
tributed in the Mn1 – xGdxSe solid solutions. As the
temperature increases, the polar regions with the
polarization perpendicular to the current start rotat-
ing, which leads to an increase in the concentrations n1

and n2 with temperature (Table 1). The resulting field

inside the sample E = E0 –  decreases and the resis-

tivity grows. We denote the concentrations of the polar
ε0

P
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Fig. 4. Temperature dependences of the Hall constants for
the Mn1 – xGdxSe samples with x = (a) 0.05 and (b) 0.15.
Inset: temperature dependences of mobility for the same
samples.
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Fig. 5. Temperature dependence of the thermopower for
the Mn1 – xGdxSe samples with x = (a) 0.05 and (b) 0.15.
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Table 1. Fitting parameters for the I–V characteristics of
Gd0.05Mn0.95Se

T, K I01 n1 I02 n2

360 0.36 0.9 0.27 2.58
0.66 4 0.26 4.8

160 0.36 0.54 0.27 4
0.44 0.65 0.025 1.4

120 0.35 0.5 0.25 2.5
0.45 0.5 0
regions by n1 and n2. We present the voltage depen-
dence of the current in the form

(1)

where the currents I01, 02 change within (0.25–0.44) ×
10–7 A and n1 and n2 are the fitting parameters.

The I(U) functional dependence in Fig. 3 describes
well the experimental data. The nanoareas form a glass
with the degenerate states according to the electric
dipole moment. The concentration of clusters with the
opposite polarization directions sharply decreases.
The fitting parameters for the I–V characteristic are
given in Table 1. The electron density of states changes
upon rotation of the polarization vectors with an
increase in the cluster concentrations n1 and n2 [17].
For the composition with x = 0.15, the I–V character-
istic is described by function (1) with the same cluster
concentrations n1 and n2, which change with tempera-
ture.

( )( ) ( )( )= − − − −01 1 02 2exp 1 exp 1 ,eU eUI I n I n
kT kT
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The absolute values of the thermopower maxima
(S) can be estimated using the Kubo–Greenwood for-
mula [18]

(2)

(3)

where e is the elementary charge, T is the temperature,
σ is the conductivity, g is the density of states, and f is
the Fermi function. The electron density of the 4f-
subband states can be presented in the form of two
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Fig. 6. (a) Seed density of the electronic states located (1)
at the chemical potential level and (2) above it. (b) Relative
thermopower S(T)/S(T = W), where W is the 4f-subband
width, as a function of normalized temperature T/W at (1,
2) two densities of states.
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maxima (Fig. 6). Let us consider two cases, when the
chemical potential is located in the quasigap and
below the density of electronic states. The calculated
temperature dependences of the thermopower have
sharp minima. The thermopower minimum shifts
toward lower temperatures when the chemical poten-
tial shifts to the impurity subband. As the substitute
concentration x increases, the chemical potential
shifts relative to the f  level. At x = 0.05, the 4f subband
is located above the chemical potential and at x = 0.15,
the subband broadens and the chemical potential hits
the quasigap.

5. CONCLUSIONS

Thus, the kinetic properties of the Mn1 – xGdxSe
solid solutions at different substitute concentrations
and temperatures were studied. Electron doping of the
manganese chalcogenides changes the conductivity
type from tunneling to activation with increasing tem-
PHY
perature, which is accompanied by the growth of car-
rier mobility. The inflection points and hysteresis
observed in the I–V characteristic were attributed to
the presence of polar regions, where the polarization is
randomly distributed in the investigated Mn1 – xGdxSe
solid solutions. The fitting parameters of the cluster
concentration, which change with temperature, were
presented. The general regularity of the temperature
dependences of the Hall constant is the transition
from the hole-type electrical conductivity typical of
the initial manganese monoselenide to the electron-
type one with increasing gadolinium ion concentra-
tion. The difference between the thermopower and
Hall constant signs above room temperature related to
dragging electrons by phonons was found. The sharp
thermopower maxima induced by splitting of the 4f-
subband of gadolinium ions by the crystal field were
observed. The maximum thermopower was estimated
using the Kubo–Greenwood formula.
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