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ABSTRACT

New multifunction materials in the AgXMn1‒XS (Х = 0.05) system have been synthesized and investigated in the temperature range of
77‒500 K in magnetic fields up to 12 kOe. Near the temperature of the magnetic transition (ТN= 176 K), the anomalous behavior of the
temperature dependence of magnetization has been observed and has been attributed to the formation of ferrons. An analysis of the infrared
spectroscopy data and I‒V characteristics has revealed the spin-polaron subband splitting. Several conductivity channels have been found
from the impedance spectra. The temperature and magnetic field dependences of the carrier relaxation time have been obtained. The mag-
netoresistance (−21%), magnetoimpedance (−65%), magnetothermopower (−40%), and photoconductivity effects have been detected. The
majority carrier type, density, and mobility have been determined from the Hall-effect measurement data. The observed effects have been
explained using a ferron model.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085701

I. INTRODUCTION

Spintronics has been intensively developed for the last few
decades.1,2 The operation of spintronic devices is based on the
colossal magnetoresistive (CMR) effect. In this respect, the
highly promising and well-studied materials are manganites.3–5

In addition, chalcogenides6–8 and their solid solutions9–12 were
found to be excellent model objects for examining the colossal
magnetoresistance.

Despite a great number of works on the CMR effect, most of
the available experimental data concern specific properties of mate-
rials, including their electrical resistance, magnetoresistance, and
thermopower. Meanwhile, the interest in the compounds with the
CMR effect is due to the strong interrelation between their mag-
netic, electron, and elastic subsystems. Therefore, the nature of
many effects observed can be understood only via examining their
characteristics in their interplay.

Novel microelectronic elements operate on the basis of the
spin-dependent electron transport phenomenon. During operation,
the spurious thermopower is induced upon heating, which changes
its value in a magnetic field. The magnetic thermopower effect
observed in some La1-XAXMnO3 (A = Ba, Sr, etc.) manganites13,14

was explained by the magnon and phonon drag in the low-
temperature region and the hopping polaron charge transfer in
the paramagnetic region. Particular attention was focused on the
manganites with a giant thermopower of −80% to 100%.15,16 In the
CuCrTiS4 chalcogenides, a decrease in the thermopower by a factor
of two in a magnetic field of 90 kOe was observed at 5 K, i.e., below
the temperature of the spin-glass transition and the Seebeck coeffi-
cient, a drop by −26% at T = 20 K was found.17

The Ag-Mn-S manganese chalcogenide-based system has a
high application potential and is multifunctional, since it exhibits
the four effects: magnetoresistance, magnetoimpedance, magnetic
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thermopower, and photoconductivity. A combination of these
effects can be used in microelectronic elements, microrefrigerators,
and temperature measuring devices for cooling laser diodes,
thermal imagers, and night vision equipment.

The initial manganese monosulfide (MnS) in the α modifica-
tion is an antiferromagnetic acceptor semiconductor (TN = 150 K)
with the low (below 0.1 cm2/V s) carrier mobility.18,19 In the tem-
perature range of 400‒450 K, the carrier type changes from hole to
electron. Manganese monosulfide with a NaCl-type fcc structure
and a unit cell parameter of a = 5.21 nm undergoes structural dis-
tortions below the Neel temperature.20 Similar to the MnO and
NiO oxides, manganese monosulfide is a second-type antiferro-
magnet with a magnetic unit cell, the sizes of which are twice as
much as the crystal unit cell ones. The magnetic moments of Mn+2

ions are ferromagnetically ordered in the (111) planes and antifer-
romagnetically ordered in the neighboring planes.18 Below the
magnetic ordering temperature, the anisotropy of electrical resis-
tance is observed, which is stronger in the (111) plane than in the
(100) plane by two orders of magnitude and depends on the
applied magnetic field. In MnS, a negative magnetoresistance of
12% in the (111) plane was observed in a magnetic field of 10 kOe
at a temperature of Т = 230 K. The enhancement of the resistance
anisotropy in the manganese monosulfide below TN is caused by
the interaction of hole spins in the (111) plane and the occurrence
of a gap at the Fermi level.21,22 The disappearance of the long-range
magnetic order in the vicinity of the Neel temperature leads to
the positive magnetoresistance and vanishing of the short-range
magnetic order at 230 K causes the negative magnetoresistance.
Substitution of silver ions for manganese cations evokes hole
doping and makes an additional contribution to the exchange cou-
pling between manganese ions as a result of the kinetic s–d interac-
tion and phase separation.23

The aim of this study was to investigate the effect of nonstoi-
chiometric substitution of silver for manganese on the structural,
magnetic, kinetic, and galvanomagnetic properties of the doped
manganese sulfide as a result of the s–d interaction using IR
spectroscopy.

II. MEASUREMENT TECHNIQUES

The phase composition and crystal structure of the synthe-
sized Ag0.05Mn0.95S samples were studied at room temperature on a
DRON-3 X-ray diffractometer (CuKα radiation) in the pointwise
data acquisition mode. In the X-ray diffraction experiment, the 2θ
angle range was 3°≤ 2θ≤ 130°. The data accumulation time at the
2θ angle point was from τ = 3 s to τ = 5 s and the angle step was
Δ2θ = 0.02 °. The magnetic properties of the Ag0.05Mn0.95S solid
solutions were measured on a vibration magnetometer in the
temperature range of 77‒300 K in magnetic fields up to 10 kOe on
the samples cooled in zero (ZFC mode) and nonzero (FC) mag-
netic fields. The electrophysical properties of the Ag0.05Mn0.95S
compounds were investigated in magnetic fields up to 12 kOe at
temperatures of 77‒400 K in the frequency range of ω = 100‒106Нz.
The effect of a magnetic field on the transport properties was deter-
mined from the I‒V characteristics measured at fixed temperatures
in a zero magnetic field and in a field of 12 kOe. The resistivity,
I‒V characteristics, and thermopower were determined on

parallelepiped samples. The thermopower and electrical resistance
were measured by two- and four-contact methods in a dc mode at
temperatures of 77‒500 K in magnetic fields of up to 12 kOe. The
thermopower was calculated using the formula α =U/ΔT, where U
is the potential difference between the hot and cold sample ends.
The Hall voltage was measured in a dc mode at temperatures of
100‒400 K in a magnetic field of 12 kOe. In the measurements, the
contributions of spurious voltages caused by the side galvanomag-
netic and thermomagnetic effects, as well as the contact asymmetry
(ZFC measurements), were taken into account.

In this work, we studied and identified the structure of
IR spectra of the Ag0.05Mn0.95S solid solutions using an FSM
2202 Fourier spectrometer. The measurements were performed
in an optical cryostat in the temperature range of 77‒500 K on
Ag0.05Mn0.95S + KBr tablets 10‒20 mm in diameter. The photo-
conductivity was measured by a two-contact method. The sample
surface between contacts was exposed to visible light and IR radia-
tion. The duration of resistivity measurements under illumination
was ∼1 min. A halogen lamp was used as a light source. During the
experiments, the luminous power of the lamp was kept constant.

III. SYNTHESIS, STRUCTURE, AND MAGNETIC
PROPERTIES

The AgXMn1-XS (Х = 0.05) crystals were grown for the first
time from a melt of polycrystalline sulfide powders in a quartz
reactor. The crystallization mixture consisted of calculated amounts
of manganese and silver sulfides prepared by sulfidizing the metal
oxides by the NH4SCN thermolysis products at temperatures of
850‒1000 °C. The process completeness was controlled using an
X-ray diffraction analysis and weighting a glassy carbon container
with the substance to a constant weight. The AgXMn1-XS compound
was crystallized from the sulfide melt in an inert atmosphere in
graphite or glassy carbon containers by drawing the quartz reactor
through an inductor at a rate of 5‒10mm/h. The crystallization con-
ditions were established experimentally. The obtained crystals were
cylinders 10 × 30mm2 in size, which had a weight of about 6 g.

According to the X-ray diffraction (XRD) data, the AgХMn1-ХS
(Х = 0.05) solid solutions consist of two phases (Fig. 1): NaCl-type
cubic typical of the initial manganese monosulfide MnS and
monoclinic typical of silver sulfide α-Ag2S (acanthite).24 The
cation substitution leads to an increase in the unit cell parameter
а from 0.522 nm for α-MnS21 to 0.523 nm for the Ag0.05Mn0.95S
composition, in accordance with an increase in the substitute
ionic radius (r = 0.091 nm for Mn and r = 0.113 nm for Ag). The
growth of the crystal lattice parameter shows that a part of silver
is involved in the cation substitution. This substitution leads to
the shift of reflections of the main manganese sulfide phase from
the initial position toward smaller angles by 0.7 °. After the cat-
ionic substitution of silver for manganese, the reflections of the
main phase of manganese monosulfide shift by 0.7 ° toward
smaller angles from their initial position. The XRD patterns contain,
along with the (200), (220), (400), (422), and (442) reflections of the
cubic structure typical of manganese monosulfide, a series of weak-
intensity reflections typical of Ag2S. The presence of the second
phase in the investigated sample against the MnS background is
established by additional reflections and a noticeable broadening of
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the bases of the primary phase reflections, which are indicative of
the MnS crystal structure strain. In addition, the broadening of the
reflection bases evidences for the similarity of the 2θ angles of
the second-phase reflections superimposed on the primary-phase
reflections. The XRD patterns (inset in Fig. 1) allow one to identify
additional second-phase reflections with the Ag2S monoclinic
structure [sp. gr. S.G.: P21/n (14)]. No reflections corresponding to
Ag were observed. The stoichiometric analysis of the Ag0.05Mn0.95S
solid solutions showed that the obtained crystals are almost free
of oxygen inclusions within the experimental error and only the
minor sulfur nonstoichiometry is observed. The nonstoichiometric
substitution of silver for manganese in the AgХMn1−ХS system
leads to the occurrence of anionic vacancies in accordance with the
electroneutrality principle.

Figures 2(a) and 2(b) show temperature dependences of the
magnetization of the Ag0.05Mn0.95S samples. The magnetization
curves are typical of antiferromagnets. The σ(Т) maximum
[Fig. 2(a)] is related to the antiferromagnetic transition at ТN= 176
K, which shifts toward higher temperatures relative to the initial
manganese monosulfide (ТN= 150 K). The absolute value of the
paramagnetic Curie temperature Ѳ =−326 K of the Ag0.05Mn0.95S
compound decreases relative to Ѳ =−450 K for MnS.25 Manganese
monosulfide and MnS-based solid solutions with a concentration of
X≤ 0.05 are characterized by the second-type magnetic ordering
Θ ¼ 2

3S(Sþ 1)(Z1J1 þ Z2J2) ¼ A(12J1 þ 6J2); TN ¼ A6J2, where J1,2
are the exchange couplings in the first and second coordination
spheres with number Z1,2 of the nearest neighbors. Thus, the cation
substitution of silver for manganese will decrease the J1 value.26 In
the Neel temperature region and below it, the Ag0.05Mn0.95S sample
exhibits the irreversible magnetization behavior upon sample cooling
in a magnetic field of 100 Oе and in the ZFC mode [Fig. 2(a)]. This
is indicative of the fact that in weak magnetic fields the solid solution
is not a homogeneous antiferromagnet below the magnetic transition
temperature. With an increase in the magnetic field to 10 kOe, the
magnetization curves coincide [Fig. 2(b)] and an σ(Т) anomaly

arises at 160 K near the temperature of the magnetic transition. The
anomalous behavior of the temperature dependences of magnetiza-
tion of the Ag0.05Mn0.95S solid solution around the magnetic transi-
tion temperature can be attributed to the formation of ferromagnetic
droplets (ferrons) in the antiferromagnetic matrix.23 Conduction
electrons are frozen in the antiferromagnetic sublattices below ТN
with the formation of ferromagnetic ordering in the local region. In
a magnetic field, the magnetic moment of a ferromagnetic droplet
tends to align parallel to the field, which leads to an increase in the
magnetization. The exchange energy of a droplet with the antiferro-
magnetic matrix decreases upon heating and, in a strong magnetic
field, the droplet magnetic moment can change its orientation, which
causes the σ(Т) jump.

IV. MAGNETOIMPEDANCE AND
MAGNETORESISTANCE

The trend to the phase separation in the low-temperature region
and change in the electronic spectrum under the s–d interaction
of electrons and the chemical potential shift modify the electrical
properties of the compound. Figure 3 illustrates the temperature

FIG. 1. X-ray diffraction patterns of the Ag0.05Mn0.95S solid solution at T = 300 K.
Inset: identification of the Ag2S reflections.

FIG. 2. Temperature dependences of magnetization for the Ag0.05Mn0.95S solid
solution measured in a magnetic field of (a) H = 100 Oe and (b) 10 kOe upon
cooling in zero (ZFC) and nonzero (FC) magnetic fields.
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behavior of the resistivity of the Ag0.05Mn0.95S solid solution.
The resistivity of the initial manganese monosulfide is ρ∼ 108Ω
cm in the antiferromagnetic region and ρ∼ 104Ω cm in the para-
magnetic region at T = 300 K. As a result of the cationic substitu-
tion of silver for manganese, the resistivity in the low-temperature
region drops by six orders of magnitude (Fig. 3). The ρ(T) depen-
dence includes a small region at T≤ 93 K where the resistance is
almost temperature-independent and decreases stepwise at 110 K.
The sharp resistivity change is caused by the lattice strain in the
initial manganese monosulfide.20 The resistivity measurements
showed a pronounced maximum at 160 K near the magnetic transi-
tion temperature, which is consistent with the σ(Т) maximum in a
magnetic field [Fig. 2(b)]. The resistivity growth upon heating in
the magnetically ordered region is related to the enhanced scatter-
ing of spin polarons on the magnetic-order fluctuations. At tem-
peratures of T > 160 K, the resistivity smoothly decreases with an
activation energy of Ea = 0.14 eV, which is lower than the value for
MnS (Ea = 0.19 eV) in this temperature range.18 As the temperature
increases, the spin-polaron band vanishes and a narrow impurity
subband occurs; the conductivity is implemented via the transition
of electrons from the valence to the impurity subband.

The ferron-type inhomogeneous electronic state can
be detected using the impedance spectroscopy technique.
Figures 4(a), 4(b), and 4(c) show impedance hodographs for the
Ag0.05Mn0.95S solid solutions measured without magnetic field and
in a field of Н = 12 kOe. The equivalent circuit approximation anal-
ysis of the impedance spectra allowed us to extract the contribu-
tions to the conductivity by temperature and frequency. In the
temperature range of Т < 120 K, the hodograph represents a semi-
circumference. Such a hodograph corresponds to the parallel RC
contour. In the temperature range of 120–170 K in the vicinity of
the magnetic transition, the impedance hodograph includes two
pronounced arcs in a zero magnetic field, which can be described
by a circuit consisting of series RC contours of the high- (RH CH)
and low-frequency (RL CL) regions [Fig. 4(b)]. The linear portion
in the high-frequency region corresponds to the diffusion

contribution described by the Warburg impedance for elements
with a finite diffusion length. The diffusion contribution is related
to the increase in the carrier mobility in a magnetic field in the
vicinity of the magnetic phase transition. As the temperature
increases (T > 170 K), the high-frequency spectrum portion is
modified and resistance RH is added to the circuit of series contours.
To determine the carrier relaxation time, we analyze below the fre-
quency dependences of the real and imaginary parts of the total
impedance.

Figures 5(a) and 5(b) show frequency dependences of the active
and reactive resistances measured in the temperature range of
80–320 K in a magnetic field of 12 kOe and without field. With an
increase in temperature, the active (R) and reactive (X) resistances

FIG. 3. Temperature dependence of the resistivity of the Ag0.05Mn0.95S solid
solution measured in a zero magnetic field.

FIG. 4. Hodographs measured in a zero magnetic field (white circles) and in a
field of 12 kOe (black circles) at T = (a) 80, (b)160, and (c) 200 K. Lines show
the approximation of the equivalent circuit for the low- and high-frequency
regions. Inset: equivalent circuit used to simulate the high-frequency resistance
and capacitance (RH and CH) and low-frequency resistance and capacitance
(RL and CL). Straight lines in Fig. 4(b) show the diffusion contribution estimated
in terms of the Warburg model.
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decrease in the absolute value and their frequency dependences
change. The X (ω) maximum shifts to the high-temperature region
and, above 300 K, goes beyond the measurement range. In the low-
frequency region, the real part of the impedance slightly exceeds the
imaginary part. The maximum change in the real part of the imped-
ance in the low-frequency region is observed in the vicinity of the
magnetic transition temperature and above it, where it is larger than
the imaginary part by 2–4 orders of magnitude.

The maximum impedance change δ(Z) ¼ Z(H)�Z(0)
Z(0) in a

magnetic field is –75% in the magnetic transition region at low
frequencies [Fig. 6(a)]. With an increase in frequency, the magneto-
impedance decreases and, at ω = 106 Hz, amounts to –11%. At
T > 220 K, the magnetoimpedance is no more than –2% over the
entire frequency range. The frequency dependences of the real and

imaginary parts of the impedance [Figs. 5(a) and 5(b)] are
described well by the Debye model at ω > 102 Hz

ReZ(ω) ¼ A

1þ (ωτ)2
; ImZ(ω) ¼ Bωτ

1þ (ωτ)2
, (1)

where A and B are the parameters, which are constant and
temperature-independent, and τ is the relaxation time. Figure 6(b)
illustrates the relaxation time, which decreases in a magnetic field
and with increasing temperature. In the region of the magnetic
phase transition, the relaxation time decreases due to the energy
transfer to the spin subsystem. Below 120 K, the ferron diffusion
weakens and the magnon contribution prevails. Above the

FIG. 5. Frequency dependence of (a) the active and (b) reactive resistances of the Ag0.05Mn0.95S solid solution measured in a zero field and in a magnetic field of H = 12
kOe at T = (1) 80, (2) 160, (3) 240, and (4) 280 K. The lines show Debye model fitting functions.

FIG. 6. Temperature dependences of (a) magnetoimpedance δ(Z) ¼ Z(H¼12kOe)�Z(H¼0)
Z(H¼0) at frequencies of ω = 103, 104, and 105 Hz and (b) relaxation time for the

Ag0.05Mn0.95S solid solution measured in a zero field and in a field of 12 kOe.
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temperature of the magnetic transition, the ferron density decreases
and the relaxation time stabilizes.

The electrically inhomogeneous ferron-type states manifest
themselves in the I–V characteristics. Figures 7(a)–7(c) show I–V
characteristics of the polycrystalline Ag0.05Mn0.95S samples mea-
sured without field and in a field of 12 kOe. Below the temperature
of the magnetic transition, the I–V characteristics are nonlinear,
which is related to the electron hoppings between ferrons. The con-
ductivity is implemented via these hoppings. The electron should
overcome the energy barrier caused by the Coulomb interaction

A ¼ e2
εR fer

, where ε is the static permittivity and Rfer is the ferron
radius. When ferrons vanish, the I–V characteristics stay linear
with increasing temperature and are almost field-independent. The
magnetoresistance δH calculated using the formula δH ¼ R(H)�R(0)

R(0) ,
where R(H) is the resistivity in a magnetic field and R(0) is the
resistivity without field, is negative in a wide temperature range
[Fig. 7(d)]. At low temperatures, the resistance decreases in a
magnetic field and the magnetoresistance (–21%) and magnetoim-
pedance have the maximum absolute values near the temperature
of the magnetic transition. Above the Neel temperature, the resis-
tance decreases in a magnetic field and, at T≥ 220 K, amounts to
about –0.1%. The magnetoresistance of the semiconductors, the
conductivity of which is described by the ferron model,27 obeys the

FIG. 7 I–V characteristics of the Ag0.05Mn0.95S solid solution measured in a zero
magnetic field and in a field of 12 kOe at T = (a) 80, (b) 160, and (c) 280 K.
(d) Temperature dependence of magnetoresistance δH ¼ R(H¼12kOe)�R(H¼0)

R(H¼0) .
The fitting was made using Eq. (2) at H = 12 kOe, B = 0.09 T−1 at T > TN, and
B = 0.028 T−1 at T < TN.

FIG. 8. Temperature dependence of the Hall voltage for the Ag0.05Mn0.95S solid
solution. Inset: temperature dependence of the current carrier mobility.

FIG. 9. Temperature dependence of thermopower coefficient α in a zero field
and in a magnetic field of H = 8 kOe.
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exponential law

ρ(H)� ρ(0)
ρ(0)

¼ exp (�BHξ)� 1 ¼ exp � BH

1� x
TN

� �����
����

0
BB@

1
CCA� 1, (2)

where B is the parameter, Н is the external magnetic field,
and ξ = 1/[1–T/TN] is the electron localization radius.28,29 The
experimental data on magnetoresistance are satisfactorily described
using this model in a field of Н = 12 kOe at B = 0.09 T–1 at Т > TN
and В = 0.028 T–1 in the magnetically ordered region. Fitting func-
tions are shown by a solid line in Fig. 7(d).

V. MAGNETOTHERMOPOWER AND HALL EFFECT

The inhomogeneous electric and magnetic states can be
observed when studying the galvanomagnetic properties.

Figure 8 shows the temperature dependence of the Hall
voltage, which includes two portions, below and above the tempera-
ture of the magnetic phase transition. In the paramagnetic region,
we estimated the carrier (hole) density using the relation RX= 1/ne
and found it to be n = 1019–1020 cm–3. The majority carrier mobility
smoothly increases with temperature (inset in Fig. 8). Upon
approaching the magnetic ordering temperature, the Hall resis-
tance is added with an anomalous part caused by the sublattice
magnetization RH= R0B + RSM, where R0 and RS are the normal
and anomalous (spontaneous) Hall constants, B is the magnetic
induction in the sample, and M is the sublattice magnetization.30

In manganese sulfide, the resistance anisotropy in the (111) plane
and along the (100) cube edges was established below the Neel
temperature. This phenomenon was attributed to the ferromagnetic
ordering of spins in the (111) plane.21 The magnetization growth
leads to an increase in the Hall resistance and thermopower.

Figure 9 presents the temperature dependence of the thermo-
power α in a zero magnetic field and in a field Н = 8 kOe. In contrast
to the Hall voltage, the thermopower changes its sign at Т = 115 K
in the zero field; in the nonzero magnetic field, this temperature

FIG. 10. (a) IR spectra for the poly-
crystalline Ag0.05Mn0.95S sample at tem-
peratures of 80, 110, 130, 150, 200, and
220 K. (b) Temperature dependence of
the peak intensity in the IR spectra at
frequency ω∼ 3118 cm–1.

FIG. 11. Normalized resistance of the Ag0.05Mn0.95S solid solution unirradiated
(1st minute) and irradiated in the IR (2nd minute) and visible range (3rd minute)
at temperatures of T = (a) 80, (b) 200, and (c) 280 K.
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shifts to 150 K and the thermopower increases. In the magnetically
ordered region, the energy is transferred by electrons dragged by
magnons, which leads to an increase in the thermopower. In a mag-
netic field, the carrier mobility increases due to the suppression of
spin fluctuations.

In the paramagnetic region, the absolute value of the thermo-
power smoothly decreases upon heating and, in a magnetic field,
attains –40% near room temperature. It can be related to the exis-
tence of two types of energy carrier (holes and excitons). Since there
is no magnetoresistance in this temperature range, the main contri-
bution to the magnetothermopower is made by excitons, which
consist of electrons and holes with different mobilities. This induces
the Lorentz force, which acts on excitons in a magnetic field.

VI. IR SPECTRUM AND PHOTORESISTIVE EFFECT

Using IR spectroscopy, we determined the impurity subband
splitting. The IR spectra of the Ag0.05Mn0.95S solid solution were
measured at temperatures of 80–550 K in the frequency range
of 3060–3140 cm–1; at ω ∼ 3118 cm–1, the peak was observed
[Fig. 10(a)]. The peak maximum shifts in frequency from 3118 cm–1

at Т = 80 K to 3114 cm–1 at T = 200 K. Below the magnetic ordering
temperature, the impurity subband splits due to the s–d interaction,
and the transition of electrons from the lower to the upper subband
is related to the IR radiation absorption. At T > 200 K, the IR spectral
peak vanishes. At these temperatures, the subband is not split, which
is consistent with the impedance spectroscopy data.

The transition of electrons from the lower to the upper
subband enhances the carrier density and mobility and reduces
the resistance. In particular, under IR irradiation, the resistance
decreases by a factor of three, while, in the visible range, it

decreases by only 20% at Т < TN [Fig. 11(a)]. As the temperature
increases [Figs. 11(b) and 11(c)], the resistance in the IR range
increases owing to a recombination of electrons and holes and, in
the visible spectral range, remains almost invariable at the long-term
exposure.

To explain the observed effects, we present the electron
spectrum, which includes the valence and conduction bands, impu-
rity subband, and donor level in the low- and high-temperature
regions [Figs. 12(a) and 12(b)]. Below 200 K, the impurity band is
split due to the interaction between spins of localized and delocal-
ized electrons [Fig. 12(a)], which affects the transport properties.
Above 200 K, the impurity subband narrows and lies above the
chemical potential and the transport properties are determined
by the transition from the valence to impurity band of holes with
Ea = 0.14 eV, which was found from the log ρ(1/T) dependence.
Under the IR irradiation, the electrons pass from the donor level to
the valence band with an increase in temperature, which leads to
the carrier recombination.

IV. CONCLUSIONS

The cationic substitution of silver for manganese in the
AgХMn1–ХS system induces a set of magnetoresistance, magneto-
impedance, magnetothermopower, and photoconductivity effects.
Near the magnetic phase transition, the maximum decrease in the
electrical resistance and impedance in a magnetic field was found.
Below the Neel temperature, the Ag0.05Mn0.95S sample exhibits the
anomalous behavior of magnetization caused by the formation of
ferromagnetic droplets (ferrons) in the antiferromagnetic matrix.
The formation of ferrons near the magnetic transition temperature
was confirmed by the IR spectroscopy data and I–V characteristic
nonlinearity, which vanishes with an increase in temperature and
magnetic field.

A study of the impedance spectra showed the existence of
several conductivity channels. The relaxation time was determined
from the frequency dependence of the active and reactive resis-
tances, which are described in the framework of the Debye model.
Above the temperature of the magnetic transition, the hole density
and mobility were obtained. The change in the thermopower sign
upon temperature variation is caused by dragging carriers by
magnons, which disappear in the paramagnetic region.

In the magnetically ordered region, the electromagnetic radiation
absorption was found in the IR range, which vanishes above the Neel
temperature. The dependence of the resistance on the IR and visible
illumination at different temperatures was obtained. The experimental
data were explained using the spin-polaron model. Below 200 K, the
impurity subband is split due to the interaction of spins of localized
and delocalized electrons. With an increase in temperature, the impu-
rity subband narrows and lies above the chemical potential and the
transport properties are determined by the transition from the
valence to the impurity band of holes.
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