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Abstract—The electric polarization in a zero magnetic field and in a magnetic field of 12 kOe is measured in
a GdxMn1 – xSe solid solution in the percolation concentration region in the temperature range 80–380 K.
For composition x = 0.15, the polarization hysteresis and the dependence of the remanent polarization on
magnetic field and temperature are determined. The hysteresis is explained in the model of migration polar-
ization and the magnetoelectric effect is explained in the Maxwell–Wagner model.
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1. INTRODUCTION
Materials in which correlations between magnetic

and electrical properties are observed [1, 2], namely,
magnetoelectrics and magnetoferroics [3, 4] are inter-
esting from both fundamental and practical points of
views. Of particular value are materials with magneto-
electric properties at room and higher temperatures,
due to their application in microelectronics for data
recording and storage. Among such studied materials
is, for example, bismuth ferrite BiFeO3 [5, 6]. In these
compounds, the ferroelectric moment is caused by the
ion displacement. The electric polarization appears
also as electrons are redistributed between iron ion
cations located in different crystallographic positions,
for example, in LuFe2O4 [7].

In electrically inhomogeneous systems, the Max-
well–Wagner effect [8] and the contact effects can
lead to giant values of the permittivity and to the
dependence of the permittivity on magnetic field as a
result of the tensor character of interaction and mixing
longitudinal and transverse conductivity components
[9]. An electrically inhomogeneous system can be pre-
pared by synthesizing isostructural compounds with
different values of the conductivity. For example,
semiconductor MnSe with the gap 2 eV in the spec-
trum of electron excitations has an fcc lattice [10]. The
initial gadolinium selenide belongs to degenerate
semimetals [11]. The compound has the rock salt-type
cubic crystal structure and the second-type ordering
antiferromagnetic structure with the Néel temperature
TN = 63 K [11]. The substitution of gadolinium for
manganese leads to the formation of a region with a
higher conductivity and with a charge gap between
manganese and gadolinium ions. The charge carriers,

namely, lattice polarons, are pinned at the Mn–Gd
ion boundary with the formation of a local lattice
deformation and electric polarization. As a result, the
dielectric properties can be controlled by electric and
magnetic fields.

The aim of this work is to establish the contribution
of the migration electron polarization and the Max-
well–Wagner effect to the magnetoelectric coupling in
the spin-disordered region in the GdxMn1 – xSe solid
solution.

2. RESULTS AND DISCUSSION
We studied the substitution of gadolinium ions for

manganese ions for two concentrations: x = 0.15 lower
than the percolation concentration xc = 0.17 for the fcc
lattice and x = 0.2. In the second case, the covalent
Gd–Gd bonds penetrate the entire lattice and the
electric charge is transmitted the entire lattice by these
bonds. The GdxMn1 – xSe solid solution was synthe-
sized by the solid-phase reaction method described in
[12] from initial compound powders in evacuated
quartz ampoules in a one-zone furnace.

The phase composition and the crystal structure of
the sample were determined at 300 K on a DRON-3
X-ray diffractometer using CuKα radiation. The X-ray
diffraction data analysis [13] showed that the synthe-
sized compound has the NaCl-type face-centered
cubic (fcc) structure.

The electric polarization was measured in a quasi-
static electric field at frequency ν = 3 mHz in a zero
magnetic field and in magnetic field H = 12 kOe
(Fig. 1). Three cycles of measurements of P(E) were
carried out at the same temperature. As the number of
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Fig. 1. (a) Electric polarization in Gd0.15Mn0.85Se from
the external electric field at a frequency of 3 mHz; the first
and the third cycles measured in a zero magnetic field and
in magnetic field H = 12 kOe at temperatures T = (1) 80 K,
(2) 160 K, (3) 200 K, (4) 240 K, and (5) 300 K and (solid
lines) the theoretical calculations by Eq. (8). (b) The rema-
nent polarization vs. temperature in fields H = (1) 0, (2)
12 kOe, and (solid lines) in the polaron model Pr =
B/Texp(–Ea/kBT).
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Fig. 2. Electric polarization in Gd0.15Mn0.85Se during
switching on and switching off of external electric field E =
800 V/cm vs. time measured in magnetic field H = (1) 0
and (2) 12 kOe at temperatures T = (a) 80 K, (b) 160 K,
and (c) 250 K.
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the cycles increases, the hysteresis loop shifts up by 5–
7% along the polarization axis, and the hysteresis
width increases in magnetic field by 10–30%. The
remanent polarization (Fig. 1b) increases monotoni-
cally up to a maximum at T = 200 K and disappears at
temperatures higher than 330 K.

In an external dc electric field, the polarization
increases linearly with time (Fig. 2) and is described
well by the electron migration polarizability P = jt =
σEt, where σ is the conductivity of a domain with
resistivity ρ = 2–6 × 106 Ω cm that decreases with
increasing temperature. After the field is switched off,
the polarization logarithmically decreases P = P0 –
PHY
, where  is the relaxation rate and P0 is the
induced polarization. This dependence is characteris-
tic of spin and dipole glasses in which the magnetiza-
tion (polarization) decreases by the logarithmic law
after cooling in magnetic or electric fields [14]. In a
magnetic field, the rate of increasing the electric
polarization increases (Fig. 2).

The electric polarization of the composition with
x = 0.2 (Fig. 3) increases linearly as the external elec-
tric field, and there is no hysteresis. The dielectric sus-
ceptibility in dc electric field χ = P/ε0E is independent
of temperature up to 200 K, which is characteristic of

v log t v
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Fig. 3. Electric polarization in Gd0.2Mn0.8Se from the
external electric field at a frequency of 3 mHz measured in
a zero magnetic field and in magnetic field H = 12 kOe at
temperatures T = 80 K, 160 K, 200 K, 240 K, and 300 K.
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materials with the electron type of the polarization.
Below T = 200 K, the dielectric susceptibility
decreases in magnetic field by 1–2%; above 240 K, the
dielectric susceptibility increases by 3–5% in mag-
netic field.

3. MODEL

According to the theoretical LSDA + U calcula-
tions [5], trivalent gadolinium selenide is a metal, in
which the conduction band is due to 5d electrons and
the upper Hubbard subband of 4f electrons is 2 eV
higher than the Fermi level. The conduction band
width is 8 eV. Substitution of trivalent gadolinium ions
for bivalent manganese ions leads to the electron dop-
ing and the degeneracy of t2g electron states that is split
by the electron–phonon and spin–orbit interactions.
The charge carriers in MnSe are holes that interact
with the optical vibration modes and form lattice
polarons. Below T = 330 K, the conduction type is
changed from the band to the hopping type [13]. As
temperature decreases (below the Debye temperature
θ = 250 K), the polarons are pinned on a charge gap
between Mn–Gd ions in the temperature range 200–
250 K, and the resistance is only slightly changed with
further decrease in the temperature. The polaron pin-
ning causes the lattice deformation with a reduction of
symmetry.

The hysteresis and the linear dependence of the
polarization on time in a dc external electric field are
caused by the accumulation of current carriers at the
boundary of manganese ions surrounding gadolinium
PHYSICS OF THE SOLID STATE  Vol. 61  No. 8  2019
ions. The migration polarization from the field is
expressed via the conductivity:

(1)

where ω is the frequency of external electric field and
E0 is the field amplitude. The remanent polarization
Pr = 2σE0/ω is determined by the charge accumula-
tion at the interface for the time equal to the half-
period t = T/2. The total polarization is determined as

(2)

where jl is the leakage current. The experimental P(E)
data in Fig. 1a are well described by function (2) with
two adjustable parameters: the conductivity of the
CdSe region and the leakage current with the Gd–Mn
interface. The temperature dependence of the con-
ductivity is determined by a change in the lattice
polaron mobility. The temperature changes in the cur-
rent carrier concentration can be neglected up to
250 K, and the remanent polarization is adequately
described by relationship

(3)
where n the current carrier concentration and Ea is the
activation energy. The polarization in Fig. 3 is ade-
quately described by Eq. (3) with Ea = 0.022 eV; this
value agrees with the coupled optical and acoustic
vibration modes ω = 192 cm–1 [16]. At T > 250 K, the
electron density in the vicinity of Mn–Gd ions
decreases, which is possible with the disappearance of
elastic stresses at the Mn–Gd interface. There is no
charge gap in the channel of Gd–Gd ions in the com-
positions with x = 0.2.

4. CONCLUSIONS
In the Gd0.15Mn0.85Se solid solution, we observed

the hysteresis of the electric polarization and the
remanent polarization, which increases on heating
and disappears above the critical temperature. The
hysteresis is absent at gadolinium concentrations
higher than their percolation concentration in the fcc
lattice. The remanent polarization is related to the
accumulation of charge carriers at the boundary
between manganese and gadolinium ions and is
dependent on the mobility of polarons with the hop-
ping conduction mechanism. The change in the polar-
ization in magnetic field is related to the Maxwell–
Wagner effect, and the delocalization of electrons
leads to the disappearance of the remanent polari-
zation.
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