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Abstract The effect of cation nonstoichiometry and variable-valence samarium ions on the thermoelectric and structural char-
acteristics of manganese sulfide is studed. Nonstoichiometry leads to a change in the thermopower sign in the antiferromagnetic
region in a magnetic field and a decrease in the thermopower in the paramagnetic region. It is shown that the thermopower and
Nernst–Ettingshausen coefficient of samarium-substituted manganese sulfide change their signs in the vicinity of structural and
electronic transitions established from the thermal expansion coefficient. A decrease in the sound attenuation in a magnetic field
is found. A correlation between the temperatures of the change of the sign of the Nernst–Ettingshausen effect and the change in
electrosound in a magnetic field is established and explained within the model of carrier diffusion in the phase transition region.
The conductivity control by the ultrasound is demonstrated.

1 Introduction

Controlling the transport characteristics (conductivity and thermopower) of semiconductors by a magnetic field [1–3] and ultrasound
[4, 5] is an urgent fundamental and applied problem. Rare-earth sulfides are thermoelectrics with an atypically high efficiency [6–8].
The growth of the thermopower under the action of a magnetic field (the longitudinal Nernst–Ettingshausen (NE) effect) observed
in topological semiconductors [9–11], ferromagnetic semiconductors [12, 13], and manganites [14, 15]. The Seebeck coefficient
of the MoS2 compound at room temperature depends on the carrier density and the NE coefficient is anisotropic [16]. In Weyl
semimetals with the broken inversion, but with the time-reversal symmetry supporting chiral Weyl fermions, the sign of the NE
effect can change with the spin–orbit coupling in WTe2 [17]. In electron semiconductors, the thermopower increases in a magnetic
field upon scattering by acoustic phonons and decreases upon scattering by ionized impurity atoms.

The inelastic coupling between carriers and phonons is enhanced in semiconductors that contain variable-valence elements [5].
The change in valence is accompanied by a local lattice strain and a shift in the chemical potential [18–20]. In the vicinity of phase
transitions, the temperature gradient will lead to a change in the electron density of states over the sample induced by the strain
gradient. In europium chalcogenides Tm1−xEuxSe, the valence of thulium ions changes with the increasing dopant concentration
from the trivalent state at x � 0.2 [21] to the divalent state at x � 0.4, since the 4f level shifts to the bottom of the conduction band
and crosses it. The valence of thulium the Tm0.6Eu0.4Se sample increases to Tm2.175+ upon cooling below T < 50 K [22].

Samarium sulfide is a variable-valence semiconductor, which passes to the metal state under a pressure of 5.6 kbar as a result
of the lattice contraction and a decrease in the lattice parameter from a � 0.597 nm to a � 0.569 nm [23–25]. An analogue of an
external pressure can be a chemical pressure induced at the replacement of manganese cations in the SmxMn1−xS compounds. The
initial MnS and SmS sulfides have an fcc lattice; the gap in their electron excitation spectrum differs by an order of magnitude and
the lattice parameter of MnS is a � 0.521 nm [26]. Samarium ions at the random replacement of Mn cations are subject to different
chemical pressure and Sm valence fluctuations over the SmxMn1−xS sample. Upon heating, the chemical pressure on samarium
ions from the side of the MnS matrix changes as a result of thermal expansion of the lattice with a thermal expansion coefficient
of 2·10–5 K–1 [27]. The excess charge on Sm2+δ is partially compensated by holes, which causes the local electric polarization. A
lowering in local symmetry upon deformation in the vicinity of samarium ions induces the anisotropy of the electric polarization
and, consequently, the anisotropy of the carrier scattering by the charged region. The Coulomb scattering potential depends on the
charge and chemical pressure, which can be varied by the ultrasound power. The ultrasound attenuation leads to a strain gradient and,
under the flexoelectric effect, the electric polarization is induced [28]. By varying a shear strain, one can tune the potential barrier
and mobility of carriers. Thus, the current and conductivity can be controlled by ultrasound. The latter can be used to establish the
thermopower mechanism caused by involve of current carriers by phonons or a gradient of current carrier density.
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The effect of a magnetic field on the transport characteristics can manifest itself through the induced Kondo effect. In particular,
the negative compressibility of Sm1−xYxS is explained by the strong electron–lattice coupling and the Kondo effect of electrons at
the 4f level [29, 30]. In this case, we can tuning a current carrier flow by the magnetic field. In addition, the compensating charge in
the vicinity of samarium creates an effective p–n junction. In doped silicon, the current through the p–n junction at room temperature
changes by 20–40% in a magnetic field [31–33].

The aim of this study was to consider the possibility of tuning the thermopower and electrosound by a magnetic field and
regulation of the conductivity by ultrasound and to establish the thermopower mechanism by comparing the transport characteristics
with electrosound.

2 Materials and methods

The SmxMn1−xS samples were grown by crystallization of sulfide powders from melt in glassy carbon crucibles and a quartz
reactor in an argon atmosphere. The complete sulfidation and homogenization of the synthesized powder sulfide was ensured by
annealing at 1073 K in a sulfidation atmosphere [34]. The possible formation of cation vacancies upon substitution of samarium
for manganese and their impact on the transport properties were studied on a nonstoichiometric Mn0.9S sample. Therefore, the
samarium concentration was chosen to be x � 0.1 for comparison with a sample with the same vacancy concentration.

The phase composition and crystal structure of the synthesized SmxMn1−xS and Mn0.9S samples were examined on the DRON-3
X-ray diffractometer (CuKα radiation) at room temperature. Figure 1 shows X-ray diffraction patterns of the samples. According
to the X-ray diffraction analysis, the synthesized compounds are single-phase and, similar to the initial manganese sulfide, have a
NaCl-type cubic lattice.

The morphology and the qualitative and semi-quantitative elemental compositions were exploited on a Hitachi SU3500 and
TM 4000 scanning electron microscopes. Elemental mapping in the wave and energy dispersion modes adequately displays the
distribution of elements in a sample (Fig. 2b). The crystal structure determined in the backscatter electron mode is consistent with the
X-ray diffraction data. Scanning performed on different micro-regions of the sample yielded identical results. A microphotograph
of the Sm0.1Mn0.9S sample surface (Fig. 2a) indicates the texture formation.

The coefficients of ultrasound attenuation in the SmxMn1−xS and Mn0.9S compounds were determined on 0.35-cm-thick rect-
angular samples using two piezosensors glued to the planes, one of which was a generator and the other, a receiver of ultrasonic
waves. The formula used in the calculation is

γ �
ln

(
U1
U2

)

d
(1)

where U1 and U2 are the amplitudes of the generator and receiver voltages and d is the tablet thickness (Fig. 3a). The ac voltage
induced by elastic vibrations of the sample is shifted on the receiver relative to zero byUsh (the longitudinal electrosound). The voltage
measured perpendicular to the speed of ultrasound is hereinafter referred to as the transverse electrosound (Fig. 3b). The current
and voltage induced by the ultrasound were measured on Keithley 6517 B and Keithley 3420 instruments in two configurations.

The thermopower is studied on a plane-parallel rectangular sample (Fig. 3d). A temperature difference �T � 8 K is created
along the OZ axis and, as a result of charge carrier transport by a heat flow from the bottom to top face of the sample, the potential
differenceUT is created, which is measured on gold contacts. The magnetic field is directed perpendicular to the temperature gradient
along the OY axis. The potential difference was measured on a Keithley 3420 instrument. The thermal expansion coefficient β was

Fig. 1 X-ray diffraction patterns of samples Sm0.1Mn0.9S (a) i Mn0.9S (b)
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Fig. 2 Morphology (a) and elemental analysis (b) of the SmxMn1−xS sample

Fig. 3 Generator (Pin) and a
receiver (Pout) of ultrasonic waves
(a, c); the longitudinal
electrosound Us (b), transverse
electrosound (Ustr) (c); the
thermopower UT of rectangular
sample (bold line) (d)

determined from the change in the linear dimensions (dL/L) of the sample determined from the electrical resistance of strain gauges
located on the sample as β � dR/dT · 1/R, where R is the electrical resistance of a strain gauge.

3 Thermopower and thermal expansion coefficient

The thermopower value is determined by thermal flows of electrons and holes. In nonstoichiometric manganese sulfide Mn0.9S, two
types of ions, Mn2+ and Mn3+, can exist, which predetermines the existence of lattice polarons. Figure 4a shows the thermopower
coefficients α without field and in a magnetic field. In the antiferromagnetic (AFM) phase, the α signs are different. The growth of the
thermopower coefficient upon zero field cooling is caused by a decrease in scattering of holes by acoustic phonons. The interaction of
holes with long-wave acoustic phonons describes well the experimental results α(T ) ~A/T3 in the low-temperature range (90–125 K)
up to the temperature of the rhombohedral lattice distortion in manganese sulfide: T � 125 K [35, 36]. The electron flow through
the cation subsystem interacts with localized spins by means of the sd coupling. In a polycrystalline antiferromagnet, the magnetic
moments of sublattices are canted in an external magnetic field and the magnetization along the field is created. Upon heating, the
AFM susceptibility increases due to an increase in the magnon density, which enhances the electron scattering by magnons and
determines the α(T ) dependence. The thermopower coefficient in a magnetic field is negative and proportional to the magnetization,
which is described in the mean-field approximation by the power function abs(α(T )) � A(1–T /TN)1/2. In the paramagnetic region,
α(T ) decreases in a magnetic field due to the partial localization of carriers. In a magnetic field, the blurred thermopower maxima
at T � 245 and 400 K shift to T � 215 and 465 K.
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Fig. 4 Thermopower for Mn0.9S (a) and Sm0.1Mn0.9S (b) without a field H � 0 (1) and in a magnetic field H � 8 kOe (2) and fitting function (3) on
temperature. Insert: temperature coefficient of conductivity 1/(d/dT) for Sm0.1Mn0.9S. Longitudinal Nernst–Ettingshausen coefficient (NE) �α � (α(H)–α(H
� 0)) (c). Temperature dependence of electric polarization (d) in Sm0.1Mn0.9S without a field H � 0 (1) and in a magnetic field H � 8 kOe (2). Insert:
temperature dependence of electric polarization

Substitution of samarium for manganese in MnS qualitatively changes the temperature dependence of the thermopower coefficient.
First, the thermopower decreases by more than two orders of magnitude and, second, α(T ) experiences temperature oscillations
in the range of R(T ) anomalies (Fig. 4b). Samarium ions have a variable valence and, in the temperature range of the crystal
structure distortions, polar regions with a local electric polarization arise (Fig. 4d). The temperature gradient leads to a change in the
polarization: dP/dT � dP/dt 1/(dT /dt). The potential difference across the sample induced by the temperature gradient is determined
by the change in the carrier density (�np + �ne)e/l along the sample length and the migration-type electric polarization. Let us
estimate the induced polarization P � ∫

jdt � ∫
σEdt � ∫

σUdT /l(dT /dt). In a magnetic field, the migration polarization increases
at T � 100, 160, 210, 250, and 355 K due to an increase in the electron localization.

Using the temperature dependences of the thermopower, we determine the NE coefficient: (NE) �α � abs(α(H))–abs(α(H �
0)). The appearance of electric field in the conductor in the presence of a temperature gradient ∇T in the direction, perpendicular to
the magnetic field is NERNST–ETTINGSHAUZEN effect. There are transverse and longitudinal NE effects [37]. The appearance
of an electric field in a semiconductor in a direction perpendicular to the magnetic field and gradient of temperature is determined
as the transverse NE effect. If the temperature gradient is directed along the X axis, and the magnetic field is directed along the
Z axis, then the resulting electric current parallel to the Y axis. Longitudinal NE effect consists of the appearance of an electric
field in the semiconductor (differences in potentials) along the temperature gradient in the presence of a magnetic field H⊥∇T. The
appearance of an additional field along ∇T arise from bending of the flow of electrons trajectory and reduce their free path length
in the direction of ∇T.

In electron semiconductors, the thermopower in a magnetic field increases upon scattering by acoustic phonons and decreases
upon scattering by ionized impurity atoms. In Mn0.9S, the thermopower decreases in a field over the entire temperature range,
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except for 125–140 K and T > 470 K. The temperature oscillations of the NE coefficient in Sm0.1Mn0.9S are caused by the contact
potential difference between the two phases and diffusion. In the single-phase state, the temperature gradient across the sample
induces gradients of phonons and the density of electronic states. The energy flow from hot to cold is accompanied by a flow of
charged particles:

jN � D
dN

dx
≈ vλ

dN

dx
� v

N

dN

dx
≈ τ

mef

1

N

dN

dx
(2)

where v is the velocity expressed via relaxation time τ as v � μE � eτ /mef E. In the temperature range of the structural transition,
two phases appear in the sample together with the contact potential difference Uc � kT /e ln(nA/nB), where nA/nB are the carrier
densities in phases A and B. The sign difference between the contact and diffusion potential difference leads to a change in the
thermopower sign. In the vicinity of electronic structural transitions (Tc), a change in the concentration of current carriers will lead
to jumps in conductivity and to maxima of the temperature coefficient of conductivity 1/(d/dT) (inset in Fig. 4b). An increase in the
relaxation time in the critical region leads to singularities in the quantities of collective transport, for example, mutual diffusion,
shear and bulk viscosity [38]. The increase in relaxation time is associated with an increase in the thermal correlation length, which
is determined by the power function τ~ 1/(Tc − T)z, where z is the dynamic critical index in the three-dimensional system Z � 3.068
[38].When a new phase is formed, the growth of the correlation radius is cut off by the nucleus of the new phase,which we take into
account in the form A/(abs(T − Tc) + �T)z. In the vicinity of the transition, two phases are formed in a sample with a temperature
gradient �T. In this case, under certain conditions, the contact potential difference exceeds the potential difference created during
the diffusion of current carriers. The temperature behavior of α(T) is approximated by the function:

α � A/(abs(T − Tc) + �)z + kTc/e ln(nA/nB), (3)

which satisfactorily describes the experimental results below room temperature with the electron concentration ratio nA/nB from
0.6 at T � 115 K to 0.4 at 230 K. The contact potential difference of phases A and B is Uc ≈ 3 mV in the temperature range Tc −
�T/2 < T < Tc + �T/2.

For the Mn0.9S sample, the broad maximum of the thermal expansion coefficient and the thermopower α(T ) exist in the same
temperature region: 215–230 K. The maximum at T � 167 K is related to the orthorhombic lattice distortion in MnS [35]. The contact
potential difference in the vicinity of the transition rhombic distortion–cubic structure in Mn0.9S is smaller than in SmxMn1-xS, since
samarium ions exhibit the anomalous compressibility [39] and a significant change in the carrier density in phases A and B. The
valence growth leads to a decrease in the ionic radius. Figure 5b shows the thermal expansion coefficient of the Sm0.1Mn0.9S lattice.
In contrast to Mn0.9S, the Sm0.1Mn0.9S sample expands upon cooling below 100 K. The negative thermal expansion coefficient β

� –1.2·10–4 K–1 of ruthenium oxides is explained by the feature of the crystal structure [40]. The reduction of the volume �V /V �
–0.03 in Sm1−xYxS upon heating is interpreted as the intra-atomic charge redistribution [41]. Against the background of four broad
maxima, the β(T ) dependence contains several peaks: at T � 124, 150, 167, 207, 250, and 442 K. Three β(T ) peaks coincide with
the maxima of the MnS thermal expansion coefficient at 125, 147, and 165 K, two of which are caused by the cubic lattice symmetry
lowering. The angle of the cube vertex distortion is directly proportional to the exchange rate and inversely proportional to the
elastic modulus of the crystal. A change in the Me–S–Me bond angle evokes the exchange striction of the lattice and compression
at 147 K. The anomalies at 207 and 250 K are related to a displacement-type structural transition induced by rotation of octahedra
in one plane and in two planes. Similar transitions were observed in oxides with the structures of perovskite [42] and stanate [43].
The broad β(T ) maxima at T � 367 K are related to the compensation of charged Sm2+δ ions and delocalization of electrons from
samarium impurity ions at T � 442 K. Similar anomalies in the transport characteristics were observed in the BaSnO3 compound
[44] as a result of the localization of small-radius polarons on oxygen defects. A change in the carrier density n at the level of the
chemical potential μ will lead to anomalies in the coefficient of compressibility : 1/ � d2E/dn2 � (dn/dμ)–1. Let us establish the
role of acoustic phonons in the entrainment of electrons in the thermopower using ultrasound.

4 Ultrasound attenuation and electrosound

We determine the entrainment of carriers by an elastic wave from the ultrasound in a magnetic field in two configurations: a voltage
along the sound wave propagation (the longitudinal effect) and perpendicular to the wave (the transverse effect) in a magnetic field
directed perpendicular to the ultrasound velocity vector (Fig. 3). In the AFM region, the attenuation increases and saturates with
an increase in the ultrasound intensity. The ultrasound is strongly absorbed in the AFM region and, during the transition to the
paramagnetic state, the absorption sharply decreases by 25%. In the temperature range of 140–280 K, the attenuation increases
linearly with the intensity and, above room temperature, depends weakly on the ultrasonic power. The ultrasound attenuation is
related to the interaction of an elastic wave with carriers and determined by the electron relaxation time. We make the estimation
using the equation [45]:

γ � K 2

2

ωC

(νS − μE)

[
1 +

ω2
Cν2

S

(νS − μE)2ω2

(
1 +

ω2

ωCωD

)]−1

(4)
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Fig. 5 Thermal expansion coefficient β for Mn0.9S (a) and Sm0.1Mn0.9S (b) on temperature. Inserts: relative change in strain gauge on a sample as a function
of temperature

Fig. 6 Ultrasound attenuation coefficient γ (a) in Sm0.1Mn0.9S from the normalized power of the sound wave without a field H � 0
(1,3,5,7,9,11,13,15,17,20,22,24) and in magnetic field H � 12 kOe (2,4,6,8,10,12,14,16,18,19,21,23,25) at fixed temperatures T � 80 K (1,2), 100 K
(3,4), 120 K (5,6), 140 K (7,8), 160 K (9,10), 200 K (11,12), 240 K (13,14), 280 K (15,16), 300 K (17,18), 320 K (19), 340 K (20,21), 360 K (22,23), 390 K
(24,25). Fitting functions (26) according to Eq. (4). Change in the ultrasonic attenuation coefficient (γ(H) – γ(0))/γ(0) (b) in a magnetic field H � 12 kOe.
Insert: temperature dependence of relaxation time τ

where K is the electromechanical coupling coefficient, μ is the electron mobility, vs is the speed of sound, E is the applied dc electric
field, ω is the acoustic frequency, ωC is the dielectric relaxation frequency, and ωD is the dielectric diffusion frequency. Here, we
have ω> >ωC and E � 0 and the attenuation factor has the form

γ � K 2 ωD

2νS

ωC
ωD

1 + ωC
ωD

(5)

The γ(T ) dependence coincides qualitatively with the carrier relaxation time determined from the impedance (inset in Fig. 6b).
The relaxation time decreases by 20% during the transition from the AFM to paramagnetic state and, at T > 200 K, depends weakly
on temperature. The time of relaxation of carriers entrained by an elastic wave depends on the sound intensity and is proportional
to (ωC /ωD) ~U in/Umax. We use (5) as an approximating function. The diffusion frequency is higher than the dielectric relaxation
frequency by an order of magnitude and, in an antiferromagnet, it is ωD � 9·104 Hz; upon heating, it increases to 1.2·105 Hz and,
above 280 K, drops. The diffusion coefficient possibly passes through a maximum.

The relative change in the coefficient �γ/γ of the ultrasound attenuation in a magnetic field is illustrated in Fig. 6b. The ultrasound
attenuation weakens in a magnetic field, in particular, by �γ/γ � 3% in the vicinity of the Néel temperature and by �γ/γ � 10%
around 380 K, where the electric polarization vanishes. In the range of the Néel temperature TN � 140 K [46], the magnetic field
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Fig. 7 Electric voltage Us induced by ultrasound (a, b) in Sm0.1Mn0.9S from the power of a sound wave without a field H � 0
(1,3,5,7,9,11,13,15,17,19,21,23,25) and in magnetic field H � 12 kOe (2,4,6,8,10,12,14,16,18,20,22,24,26) at fixed temperatures T � 80 K (1,2), 100 K
(3,4), 120 K (5,6), 140 K (7,8), 160 K (9,10), 200 K (11,12), 240 K (13,14), 280 K (15,16), 300 K (17,18), 340 K (19,20), 360 K (21,22), 380 K (23,24),
390 K (25,26). Maximum voltage Us max at H � 0 (1), H � � 12 kOe (2) versus temperature (c); change in longitudinal electrosound (1) in a magnetic field
H � 12 kOe, Uin � 10 V and longitudinal Nernst–Ettingshausen coefficient (2) versus temperature (d) and at temperatures above room temperature (insert)

suppresses spin fluctuations and the scattering of spin polarons weakens. In the paramagnetic range the diffusion frequency drops,
which leads to a decrease in the attenuation coefficient, since electrons entrained by an acoustic wave are affected by the Lorentz
force, in addition to the electric field of the wave.

Let us check our assumption by comparing the electrosound induced by a piezosensor with the thermopower. The voltage on the
sample induced during propagation of the ultrasound is determined from the shift of harmonic oscillations on the output piezosensor
at times of 10–5–10–6 s (Fig. 7).

The sign of the electrosound voltage does not change with temperature at intensities higher thanU > 15 V. At low sound intensities,
the voltage sign changes from positive to negative at T � 80, 120, 140, 240, 280, and 300 K (Fig. 7a). Near these temperatures, the
thermopower sign changes. At T > 200 K, the maximum value of the electrosound (Fig. 7c) exceeds the thermopower value several
times.

The voltage is induced by a strain gradient created by an elastic wave. The amplitude of the longitudinal acoustic wave decreases
in the sample and leads to the formation of dielectric polarization as a result of the flexoelectric effect. A similar effect was observed
in germanium and silicon [45]. The flexoelectric effect can be taken into account when studying the interaction of free current
carriers with the deformation field in centrosymmetric crystals. The flexoelectric effect and deformation potential provide the same
energy of interaction between current carriers and the acoustic wave [45]. The lattice strain leads to a shift in the chemical potential
μ and a change in the electron density N on the chemical potential, since there is a correlation between the bulk elastic modulus
and chemical potential: 1/B � dμ/dN . The energy passes from the elastic to electron system at the periodic lattice contractions.
This may be due to the anomalous compressibility of samarium ions: � 1/V (dV /dP). As the ultrasound is intensified, near the
ultrasound generator (A) the local electric polarization in the strain radius region is formed with the potential ϕA > 0. The maximum
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Fig. 8 Transverse voltage (Fig. 3c) generated by ultrasound in SmxMn1−xS at Uin � 0 V (1), 5 V (2), 10 V (3), 15 V (4), 20 V (5) without field H � 0
(1,2,3,4,5) and in a magnetic field H � 12 kOe (6,7,8,9,10) (a) and the change in voltage in the magnetic field (b) from temperature

ultrasound intensity causes the maximum deformation of potential wells with the delocalization of holes and the formation of the
negative potential ϕA < 0, which changes the electric field polarity. The ultrasound-induced voltage attains its maximum at 360 K
and is caused by the disappearance of the local electrical polarization.

At the maximum ultrasound intensity, the electric voltage in a magnetic field decreases due to a decrease in the diffusion of
carriers and an increase in the localization time. In a magnetic field, the electrosound polarity changes with the increasing intensity
at T � 120, 200, 280, 300, and 380 K, which is also consistent with the temperatures of changes in the thermopower. The relative
change in the electrosound, as the thermopower in a magnetic field, oscillates with temperature (Fig. 7d).

The electric field (voltage) induced by the ultrasound and directed perpendicular to the wave propagation is shown in Fig. 8.
Above the Néel temperature, the voltage increases by an order of magnitude, attains its maximum around the temperature of the
displacement-type structural transition (at 220–260 K), and sharply drops at 340 K. The change in the voltage in a magnetic field
around TN � 140 K increases nonlinearly (Fig. 8b) with the ultrasound intensity and, in the range of 140–190 K, the electrosound
decreases to 8% in a magnetic field. In the Néel temperature region, the electric polarization P � 0.1 μC/cm2 is induced by the
ultrasound with the colossal magnetoelectric effect: α � P/H � 0.09 μC/(cm2·T). The voltages induced by the ultrasound along and
perpendicular to the velocity direction differ by more than an order of magnitude. Under the action of the ultrasound, a shear strain
occurs. In an elastically isotropic solid, there are two elastic moduli: the longitudinal elastic modulus and the shear modulus, which,
as a rule, is an order of magnitude smaller, for example, eight times smaller in silicon and by an order of magnitude in MoS2 [47].
As a result of the shear strain, holes are delocalized in the xy plane parallel to the plane of the piezosensor. Holes are entrained by
transverse elastic waves and this leads to separation of the positive and localized negative charges. The growth of the transverse stress
by more than an order of magnitude as compared with the longitudinal one is related to the electron–lattice coupling. The latter shifts
the 5d band downward in energy, depending on the samarium ion volume V , which can be presented in the linear approximation as
E0(V ) � E0(V0)–g(V–V0) [48].

The energy of the electron and lattice system has the form [48]:

E(nc) � −[E0(V0) − G]nc +
1

2ρ
n2
c −

(
G +

g2V0

2B0

)
n2
c (6)

where G is the electron–electron interaction parameter, ρ is the electron density of states of the 5d band, nc is the electron density in
the conduction band, B0 is the bulk modulus of elasticity, and g is the parameter of the electron–lattice coupling. Equation (6) has a
minimum at

nc � E0(V0) − G
1

2ρ
− G − g2V0

2B0

(7)

The account for the electron–lattice interaction leads to an increase in the carrier density. The drop of the elastic modulus, for
example, the replacement of B0 by shear modulus K will lead to an increase in the density: �nc/nc ~ g2(B0/K–1).

In the SmxMn1−xS compound, unlike a piezoelectric, the ultrasound induces a current with charge transfer through the sample.
Figure 9 shows the current as a function of the ultrasound intensity and temperature. The I(U) dependence is well approximated
by the power function I(P) � AU3 in the range of 80–240 K. The I(T ) dependence qualitatively coincides with the voltage up to
a temperature of 340 K, above which the electric polarization vanishes. The change in the samarium ion volume is (V –V0)/V0 �
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Fig. 9 Electric current induced by ultrasound, the speed of which is perpendicular to the current (a) in Sm0.1Mn0.9S from the intensity of the sound wave
at fixed temperatures T � 100 K (1), 120 K (2), 140 K (3), 160 K (4), 180 K (5), 200 K (6), 220 K (7), 240 K (8), 260 K (9), 280 K (10), 300 K (11), 320 K
(12), 340 K (13), 360 K (14), 380 K (15), fitting functions I � AU3 (16) and on temperature (b) at ultrasound intensities Uin � 5 V (1), 10 V (2), 15 V (3),
20 V (4)

Fig. 10 Normalized resistance
R(t)/R(t � 0) versus time when
ultrasound is periodically turned
on with Uin � 10 V, 20 V at
temperatures T � 80 K (1), 120 K
(2), 160 K (3), 200 K (4), 240 K
(5), 280 K (6), 320 K (7), 360 K
(8)

[(a–a0)/a0]3 � gns/B0. The linear strain induced by a piezosensor in the sample is (a–a0)/a0 � kU in, where k is the electromechanical
conversion factor, U in is the voltage on the piezosensor, and a is the Mn–S–Sm bond length. Thus, the electric sound is I ~ ns ~U in

3.
In the configuration with the electric current perpendicular to the speed of sound, the resistance can be tuned. Figure 10 shows

the normalized resistance versus time with an interval of 1 min: U � 0, t � 0–60 s; U � 10 V, t � 61–120 s; U � 0, t � 121–180 s;
U � 20 V, t � 181–240 s; U � 0, t � 241–300 s; U � 10 V, t � 301–360 s; and U � 0, t � 361–420 s. In the AFM region, the
resistance decreases by a factor of more than 2. In the magnetically ordered state, the electron–lattice coupling leads to an increase
in the volume and a decrease in the exchange interaction. Electrons in the AFM region self-localize with the formation of ferrons
[49]. The ferron radius increases with a decrease in the exchange field and the potential barrier for electron hopping between ferrons
lowers [50].

In the paramagnetic region, the potential barrier between wells decreases under the action of ultrasound and the carrier density
and, consequently, the conductivity increase. At room temperature, the resistance can be varied by up to 20% with good repeatability
of the results. These samples can be used as audio transistors in a wide temperature range (from 80 to 360 K).

5 Conclusions

A comparison of the transport characteristics of nonstoichiometric manganese sulfide and samarium-substituted one showed the
absence of cation vacancies in Sm0.1Mn0.9S. The thermopower of nonstoichiometric manganese sulfide in the AFM region is caused
by scattering of holes by acoustic phonons and, in a magnetic field, by scattering of electron by magnons. In the paramagnetic region,
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the thermopower is caused by holes and decreases in a magnetic field in Mn0.9S. In the Sm0.1Mn0.9S sample, the thermopower
oscillations with temperature in the range of structural transitions are caused by the diffusion of carriers and the contact potential
difference between the phases. In a magnetic field, a shift of the thermopower maxima causes oscillations of the NE coefficient.
The lattice expansion upon cooling below 100 K was found in Sm0.1Mn0.9S, in contrast to the compression observed in Mn0.9S. A
correlation between the temperatures of the maximum thermal expansion coefficient and thermopower in the Sm0.1Mn0.9S compound
was established. A change in the sign of the longitudinal electrosound below room temperature and oscillations of the thermopower
and longitudinal NE coefficient in the region of the structural and electronic transitions as a result of the competition between the
diffusion of carriers and the contact potential difference were found. Oscillations of the electrosound changes in a magnetic field
are caused by the strain gradient and the electron–lattice coupling. The possibility of controlling the conductivity by the ultrasound
in a wide temperature range was demonstrated.
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