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Abstract—The capacitance and dielectric loss tangent of Gd,Mn, _ S (x < 0.2) solid solutions have been mea-
sured at a frequency of 10 kHz without magnetic field and in a magnetic field of 8 kOe in the temperature
range of 90—450 K. An increase in the permittivity and a dielectric loss maximum have been detected in the
low-temperature region. It has been found that the temperature of the maximum of the imaginary part of the
permittivity shifts to higher temperatures with increasing concentration. The magnetocapacitance effect has
been revealed for two compositions. The dielectric loss has been described in the Debye model with “freez-
ing” dipole moments and in the orbital-charge ordering model.
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Materials in which the interrelation of magnetic
and electrical properties [1, 2], i.e., magnetoelectrics
and multiferroics, are of interest from fundamental
and applied points of view. Special attention is paid to
materials exhibiting magnetoelectric properties in the
region of room and higher temperatures in connection
with practical applications in microelectronics for data
recording and storage. Bismuth ferrite BiFeO; is
among such studied materials [3, 4]. The giant magne-
tocapacitance effect was observed in LuFe,0O, at room
temperature and was explained by charge fluctuations
with various spins in Fe?* and Fe3* ions [5], due to the
removal of the degeneracy between two types of charge
orders by an external magnetic field. The linear mag-
netoelectric effect [6] can result from the dependence
of orbital magnetic moments on polar distortions
induced under an electric field, i.e., the so-called
“ion—orbital” contribution to the magnetoelectric
response [7].

Orbital degeneracy in manganese sulfide MnS can
occur under n-type doping as a result of the substitu-
tion of the divalent manganese ion with trivalent gad-
olinium ion. Gadolinium sulfide GdS is a metal and
has the same crystal and magnetic structure as that of
the MnS semiconductor. Due to strong electron cor-
relations in MnS, orbital ordering formation is possi-
ble. In Gd,Mn, _ S solid solutions, the magnetoresis-
tance was detected in a wide temperature range, and
the dependence of the magnetoresistance on the cur-
rent and electric field was found [8].

However, the dc conductivity and permittivity are
independent in some cases, and anomalies in one of

these quantities should not necessarily lead to anoma-
lies in the other. When approaching the metal—insula-
tor transition from the dielectric phase side, a decrease
in the resistivity is accompanied by an increase in the
permittivity, which was observed in some doped semi-
conductors [9]. The electronic permittivity contrib-
utes to the total permittivity via the interaction with
ions which are displaced with the result of increasing
polarizability [10].

In electrically inhomogeneous systems, the Max-
well—Wagner effect [11] and contact effects can lead to
giant values of the permittivity and dielectric relax-
ation in the absence of dipolar relaxation [12]. The
Maxwell—-Wagner effect can also induce magnetoca-
pacitance in the absence of the interaction between
magnetic and electric subsystems under the condition
of the magnetoresistance existences in a material [13].
Such effects clearly show that the existence of the
magnetocapacitance is insufficient to attribute these
compounds to multiferroics. At the same time, the
magnetocapacitance without magnetoelectric cou-
pling can be more practical for technological applica-
tions, since the far magnetic order existence is not
necessary.

The objective of this study is to identify the magne-
toelectric coupling mechanism in orbitally degenerate
electronic states and to determine the relation between
the magnetoresistance and magnetocapacitance in
Gd,Mn, _ S solid solutions.

Synthesis of Gd,Mn, _ .S solid solutions and their

certification were previously described in detail in
[14]. The samples are single-phase and have NaCl-
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Fig. 1. (a) Real and (b) imaginary parts of the

Gdg g4Mng 9¢S permittivity at a frequency of 10 kHz as a
function of temperature.

type crystal structure. The magnetic phase transition
temperature of Gd,Mn, _ .S monotonically decreases
with increasing concentration from 150 to 120 K (at
x=0.2). In the Gd,Mn, _,S solid solution with com-
positions x = 0.1, 0.15, and 0.2, the magnetoresistance
was determined at temperatures several times higher
than the temperature of the transition to the magneti-
cally ordered state. For all compositions, the semicon-
ductor conductivity type with a small minimum in the
high-temperature region was found. The increase in
the resistivity in a magnetic field is associated with a
decrease in the carrier mobility and is caused by orbital
ordering of electrons with electric polarization forma-
tion.

The magnetocapacitance effect e, = (e(H, T) —
€(0, 7))/0e(0, T) is determined by studying the com-
plex permittivity. The spectral and temperature
dependences of dielectric constants can be used to
detect the dipole electric moment and to determine its
characteristics, even in the case of the local dipole
moment in small clusters without long-range order.
The dielectric properties also reflect information
about charge transport and charge ordering processes.
The response of dielectric properties to a magnetic
field makes it possible to identify the basic mecha-
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Fig. 2. (a) Real part of the permittivity of the Gdy ;Mng ¢S
solid solution, measured at a frequency of 10 kHz (/) with-
out field and (2) in the magnetic field H = 8 kOe; approx-
imating function (2) with the activation energy (3) AE =
0.069 eV, T, =440 K and (4) AE =0.086 eV, T, = 460 K.

(b) Relative variation of the permittivity in the field of
8 kOe as a function of temperature.

nisms controlling the behavior of dielectric and elec-
trical transport properties.

The capacitance and dielectric loss tangent tand
were measured using an AM-3028 component ana-
lyzer in the temperature range of 90—450 K without
magnetic field and in the magnetic field H = 8 kOe.
The applied magnetic field was parallel to plane
capacitor plates. Figure 1 shows the temperature
dependences of the real Ree and imaginary Ime =
tanORee parts of the permittivity of the Gd, j,Mn, ¢6S
sample. Sample heating causes a sharp increase in the
dielectric loss, the imaginary part of the permittivity
increases by a factor of 3, and the real part increases by
5% at T = 102 K. As the temperature increases, the
permittivity gradually increases and sharply decreases
at T= 172 K. A change in the Gd; (,Mn ¢S permittiv-
ity was not detected in a magnetic field within the
experimental error of 1%. The sharp change in the
permittivity is associated with lattice structure defor-
mations reflected in the temperature dependence of
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Fig. 3. (a) Imaginary part of the permittivity of the Gdy ;Mn ¢S solid solution, measured at a frequency of 10 kHz (/) without
field and (2) in the magnetic field H = 8 kOe, as a function of temperature. (3) Approximating function (3) with the activation
energy AE=0.069 eV, T, = 440 K. (b) Conductivity calculated using the relation o'm= go([Im(e(w))w]/4m (1) without field and
(2) in a magnetic field as a function of temperature. The inset shows the relative variation of the conductivity in a magnetic field

as a function of temperature.

the lattice thermal expansion coefficient at 7= 165 K
and in anomalies of the temperature dependence of
the lattice parameter, shaped as a knee at this tempera-
ture in manganese sulfide [15].

As the gadolinium concentration increases, knees
in the temperature dependence of the permittivity dis-
appear. The real part Ree has an inflection point at
T= 140 K for the Gd,;Mn, ¢S composition, which is
seen in Fig. 2. Upon further heating, Ree nonlinearly
increases, as well as in the magnetic field H = 8 kOe
below a temperature of 357 K. Above this temperature,
the permittivity decreases in the magnetic field. The
relative variation of the permittivity de; = (e(H, T) —
€(0, 7)/e(0, T) in a magnetic field as a function of tem-
perature is shown in Fig. 2b. The magnetocapacitance
O¢, reaches a maximum of 8% at 7'= 200 K.

The imaginary part of the permittivity for the
Gd,;Mn, ¢S composition exhibits a maximum at 7 =
140 K (Fig. 3a), which disappears in the magnetic
field. The conductivity 6™ and the related resistivity
determined from the relation p = 4m/gj[Im(e(w))w]

PHYSICS OF THE SOLID STATE

are shown in Fig. 3b. The imaginary part of the per-
mittivity decreases in the magnetic field, except for the
temperature range of 180—240 K (Fig. 3a), and the dc
magnetoresistance increases with temperature. The
conductivity 6'"™(7) is not described within the Mott
model with a variable hopping length, and its value is
higher than the dc conductivity o by five orders of

magnitude (Fig. 4). The high value of ¢'™(7) is associ-
ated with a large contribution of lattice ion polariza-
tion to the imaginary part of the permittivity due to
electron localization in potential wells.

Having divided all carriers into two groups, i.e.,
bound and free charges, we can write the medium per-
mittivity as a sum of the lattice permittivity and the
contribution of free carriers. Outside absorption
bands, the imaginary part of the permittivity of (lat-
tice) bound charges is usually neglected. An ensemble
of carriers was considered as a sum of noninteracting
particles. In semiconductors under n-type doping,
electrons are delocalized in a certain region, the delo-
calization radius increases with temperature. Let us
present the functional dependence in the form of the
No. 6

Vol. 58 2016
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Fig. 4. (a) Conductivity (/) calculated from the relation

olm = golIm(e(w))w)]/4m and (2) measured at the direct
current o, without magnetic field for the composition with

x = 0.1, as a function of temperature. (b) Conductivity of
the Gdj ,Mn, ¢S solid solution, (7, 2) determined from the

relation o™ = golIm(e(w))w]/4m and (3) measured under
a direct current o (1, 3) without magnetic field and (2) in
the magnetic field H = 8 kOe as a function of temperature.

correlation radius € = 4/(1 — T,/T), where T, is the
electron charge-ordering temperature at #,,-orbitals.
Localized electrons induce local ion displacements
and lead to local polarization. The dielectric dynamic
susceptibility of such a system is described in the
Debye model. As the temperature is lowered, dipoles
“freeze” at T, due to the interaction between dipoles
through the lattice. The dipole relaxation time is
described by the Arrhenius function T, =
Texp(AE/kT), where AE is the activation energy. The

dielectric susceptibility can be written as

Rey/N =y +%0/(L+(0T,)°)

) (1a)
FXo/(+ (©T)) + B/ =T,/ T),

Im())/N = %07, /(1 + (©1,)")

\ (1b)
00T /(L + (@7)).
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Here, x;, is the temperature-independent contribu-
tion to the susceptibility, , is the static susceptibility of
dipoles, B is a constant, T, is the relaxation time of
dipoles at a freezing temperature, T, is the relaxation
time of electric charges during the transition to
orbital-charge ordering, 1. = A/& = A/(1 — T,/T)?,
where z is the dynamic exponent and v is the correla-
tion length exponent (v = 1). We neglect the contribu-
tion of free carriers, since the conductivity o™ is
higher than the dc conductivity by several orders of
magnitude. The permittivity ¢ = 1 + x for the
Gdy;Mn, S composition is well described by the
function

Ree = A/(1+ Bexp(2AE/T))
+C/N+(D/(1-T/T,)*’] 2)
+G/0-T/T,)+¢,

with parameters AE=0.069 eV, T, =440 K, and z = 2.
In the magnetic field, the orbital ordering temperature
increases to T, = 460 K. The imaginary part of the per-
mittivity is qualitatively described by the function sim-
ilar to (1b),

Ime = A, exp(AE/T)/( + Bexp(RAE/T))
+(C/A-T/T)") /1 +(D/1-T/T.)*)’]

with the same constants as in Eq. (2), except for con-
stants A, and C, in the numerator.

When the gadolinium ion concentration exceeds
the percolation concentration x, = 0.16, the resistivity
varies within one order of magnitude and has a mini-
mum at 7= 325 K in the temperature range of 100 K <
T< 500 K in the Gd,Mn, _ ,S solid solution. In the
magnetic field, the resistivity also increases, and the
minimum in the temperature dependence shifts to
higher temperatures to 7= 380 K. The temperature
dependence of the magnetoresistance changes sign
from positive to negative at 7= 320 K, and the mag-
netoresistance tends to zero at a temperature of 475 K.
For the composition with x = 0.2, the dc conductivity
and the conductivity calculated from the imaginary
permittivity o = gy[Im(e(w))w]/4m are qualitatively
different (Fig. 4b). There are two conduction channels
in this solid solution: over gadolinium ions and over
the Mn—Gd ion interface. Therefore, the electronic
contribution to the susceptibility should be added to
Eq. (1).

Independently of the type (electrons or holes), free
carriers decrease the real part of the permittivity. This
decrease becomes more significant with increasing
concentration and decreasing carrier effective mass.
The decrease in the permittivity by free carriers is
associated with their inductive contribution to the
result of the interaction of the ac field with a material.

For the Gd,,Mn, ¢S composition, the permittivity
is caused by localized electrons in the manganese ion
sublattice and by conduction electrons in the gadolin-



1152

w

£

"

0 a
o

= L

g [

= —02FL .

S . i
w L .

E .

| | ]

—04m

S -

w L .
E .

~ 0.6 am

C
—08 1 | |
100 200 300 400
T, K

Fig. 5. (a) Temperature dependence of the imaginary part
of the permittivity of the Gd ,Mn ¢S solid solution, mea-

sured at a frequency of 10 kHz (/) without field and (2) in
the magnetic field of 8 kOe. Approximating functions (for-
mula (4)) with activation energies (3) AE = 0.078 eV with-
out field and (4) AE = 0.091 eV in the magnetic field of
8 kOe. (b) Relative variation of the imaginary part of the
permittivity in the magnetic field as a function of tempera-
ture. The values of parameters are the same as in panel (a).

ium subsystem. The dc conductivity varies in magni-
tude by a factor of 3 (Fig. 4b), and the imaginary part
of the permittivity varies by an order of magnitude in
the temperature range of 100—400 K (Fig. 5a). The
temperature dependence of Im(e(w)) has two max-
ima: at 7= 157 and 442 K. In the magnetic field H =
8 kOe, the low-temperature maximum shifts to higher
temperatures to 7 = 170 K, the dielectric loss
decreases in the magnetic field, except for the tem-
perature ranges of 194—279 and 417—451 K (Fig. 5a).
Let us describe the low-temperature maximum in the
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Fig. 6. (a) Real part of the permittivity of the Gd, ,Mn ¢S
solid solution, measured at a frequency of 10 kHz (7) with-
out field and (2) in the magnetic field H = 8 kOe as a func-
tion of temperature. Approximating functions Ree =
A/(1 + Bexp(2AE/T)) + g, with activation energies (3)

AE = 0.078 eV for the permittivity without field and (4)
AE=0.091 eV for the permittivity in the magnetic field.
(b) Magnetocapacitance in the magnetic field of 8 kOe as

a function of temperature.

localized electron model (1) with freezing of dipole
moments with the activation energy AE = 0.078 eV
without magnetic field and with AE = 0.091 eV in the
magnetic field. The approximating function

Ime = A, exp(AE/T)/(1+ Bexp(RAE/T)) (4)

describes well the experimental data in Fig. 5a in the
temperature range of 100—250 K.

This maximum can be explained either by electric
dipole reorientation or charge transfer between
inequivalent sites in the material lattice, which is in a
sense equivalent to electric dipole reorientation. The
increase in the magnetoresistance in Gd,,Mn; ¢S [8]
in the magnetic field disproves the version associated
with charge transfer. The decrease in the dielectric loss
in the magnetic field is associated with the electron
2016
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density redistribution over #,,-orbitals, e.g., between
d, and d,, which is equivalent to electric dipole turn
rotation. Partial ordering of dipoles leads to increasing
polarization. The position of the permittivity anomaly
is caused by the characteristic relaxation time of the
subsystem under consideration.

The real part of the permittivity is shown in Fig. 6.
In the temperature range of 130—210 K, a sharp
increase in the permittivity is observed. In the mag-
netic field H = 8 kOe, Re(e(w)) increases, and the
relative change in the permittivity 0ey = (e(H, T) —
€(0, 7))/e(0, T) reaches a maximum of 6% at 7= 184 K.
The sharp change in the permittivity with decreasing
temperature is also described in the model of dipole
moment freezing with the activation energy AE =
0.078—0.091 eV.

Thus, for the Gd;,4sMng S composition, a sharp
(stepwise) decrease in the permittivity at low tempera-
tures was detected, which is associated with lattice
structure distortion. As the gadolinium ion concentra-
tion increases, the low-temperature maximum of the
imaginary part of the permittivity increases and shifts
to the high-temperature region, as in the magnetic
field. The decrease in the dielectric loss in the mag-
netic field is caused by the localized electron redistri-
bution in #,,-orbitals and the shift of the electron den-
sity maximum energy with respect to the chemical
potential, which results in an increase in the activation
energy. These results are well described in the Debye
model with dipole moment freezing. The increase in
the permittivity in the region above room temperature
is caused by the increase in the electron delocalization
length and the disappearance of orbital-charging
ordering. The qualitative difference in the temperature
behavior of the magnetocapacitance and magnetore-
sistance was detected, which is explained by localized
and delocalized electrons.
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