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Abstract—The electrical properties and thermopower of solid solutions Yb,Mn; _ S with substitution con-
centrations 0 < x < 0.2 have been studied in the temperature range of 77—1050 K. It has been found that the
electrical conductivity has a semiconducting character, and the thermopower changes its sign from positive
to negative as the substitution concentration in Yb,Mn; _ S increases. It has been established that the activa-
tion energy decreases with increasing ytterbium concentration. The model of impurity donor 4f'states satis-
factorily agrees with the data on the electrical resistivity and the thermopower.
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1. INTRODUCTION

Compounds containing rare-earth elements
exhibit unusual combination of the physical properties
and are attractive in connection with the possibility of
their use as the element base in microelectronics,
spintronics, and sensor devices [1]. At the present
time, magnetic materials demonstrating a strong cor-
relation between the electrical and magnetic sub-
systems have been extensively studied; this correlation
is observed in a number of phase transitions (such as
metal-insulator and magnetic phase transitions,
including changes in the magnetic properties without
changes in the magnetic symmetry [2, 3]), as well as in
the magnetoresistive effect. According to the earlier
studies, promising materials for investigating these
effects are cation-substituted compounds Me Mn, _,S
(Me = 3d metal) [4, 5] and Re,Mn, _,S (Re=Gd, Sm)
[5, 7] synthesized on the basis of the antiferromagnetic
semiconductor manganese monosulfide. As a result of
the studies of the electrical and thermoelectric proper-
ties of sulfides ReMn,_,S (Re = Gd, Sm), it was
found that these compounds undergo metal-insulator
phase transitions with variations in the Re concentra-
tion and temperature, the thermopower coefficient
changes by several orders of magnitude as a function of
the substituting element concentration, and the con-
ductivity changes from the p-type to the n-type [8—
10]. Gadolinium—manganese sulfide-based com-
pounds have fairly high thermopower coefficients
[11], which is of practical importance for designing

new materials for temperature sensors widely used in
metallurgy.

It is assumed that, when manganese cations are
replaced with ytterbium ions, a pressure of the nearest
environment leads to the change in the valence of
ytterbium ions and to the formation of the metallic
bond, as is the case in YbS compounds under pressure.
At the normal pressure, ytterbium sulfide is a semi-
conductor with the direct gap of ~1.3 eV in the spec-
trum of electron excitations and the indirect gap of
~1.0 eV between the fully occupied 4f'state and free sd-
band states [12] lying 4 eV higher than the 3p valence
band of sulfur ions. Under pressure, the gap decreases
monotonically dE,/dp = —6 + 1 eV/kbar [13]; at
8 GPa, the bands are overlapped and the metallic state
is formed [14]. At 10 GPa, the quantum resonance,
i.e., superposition of the '3 and f'* states and the
change in the valence from 2 to 4, is observed. The
charge carrier density per ytterbium ion is 0.4 [14].

If we take that the metal valence is +3 and the sulfur
valence is —2, then, each of the unit cells containing
four formula units YbS will contain four electrons
which do not participate in the Me—S bond. These
electrons will be transferred on the Me—Me bond and
will be collectivized. The formation of the chemical
bonds between ytterbium and manganese ions induces
the transformation of the electronic structure in the
solid solution and leads to a change in the transport
properties.

The substitution of a rare-earth element for man-
ganese shifts the f level. Here, there are several vari-
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Fig. 1. Concentration dependence of the lattice parameter
of Yb,Mn, _ S samples.

ants. If the f level is in the conduction band, an
electron is transferred from the Re ion to the d level of
the rare-earth ion or it remains below the conduction
band bottom and continues to be bound to the donor.
When the concentration of similar centers is low (i.e.,
less than the critical concentration at which the impu-
rity band or the percolation threshold is formed), the
material remains a semiconductor. In the case when
the f level is in the band gap near the chemical
potential, the temperature dependence of the resis-
tance can exhibits extrema due to the shift of the
chemical potential with increasing temperature. The
proximity of the f level to the chemical potential
can lead to significant magnitude of the thermopower.

As aresult, a topical problem is to synthesize of new
cation-substituted sulfide compounds Yb,Mn,_ .S
doped with rare-earth elements with variable valence
and to determine the effect of the electronic structure
and the radius of rare-earth Yb ion on the transport
properties of Yb,Mn, _,S compounds over wide ranges
of concentrations and temperatures.

2. EXPERIMENTAL RESULTS
AND DISCUSSION

The synthesis of Re,Mn, _,S samples was described
in [6, 15]. The X-ray diffraction study of the Yo, Mn, _,S
sulfides was performed on a DRON-3 diffractometer
in CuK, radiation at a temperature of 300 K after their
obtainment and after measurements. The X-ray dif-
fraction shows that the synthesized compounds are
single-phase and exhibit a face-centered cubic NaCl-
type structure that is typical of manganese monosul-
fide. As the degree of cation substitution (x) increases,
the unit cell parameter a increases linearly (Fig. 1).

The electrical resistance was measured by the com-
pensation four-probe methods on direct current in the
temperature range of 77—1050 K. The temperature
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tion z in the conduction band according to the calculation
from Eq. (1) with parameters (4) Eg = 1.54 eV, Eﬂ) =
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inset shows the temperature dependence of the resistivity
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Fig. 4. Temperature dependences of the thermopower
coefficient o of the compositions of solid solutions
Yo Mn, _,S with x = ({) 0.05, (2) 0.1, (3) 0.15, and

(40.2.

dependences of the resistivity of Yb,Mn,_,S solid
solutions are shown in Figs. 2 and 3. They have typical
semiconducting character in the compositions with
x < 0.1 and do not qualitatively differ on the tempera-
ture dependence of the resistivity of manganese
monosulfide [16]. As the solid solution Yb, osMn; ¢5S
is heated, the activation energy increases by a factor of
1.7 at T'= 440 K. As the substitution concentration x
increases, the change in the value of the activation
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energy decreases, and the temperature shift to lower
values to 7'= 390 K for x = 0.1. The substitution of
ytterbium for manganese leads to the charge carrier
concentration and the decrease in the activation
energy. The energies of the impurity states E; are below
the conduction band bottom E, in the energy gap. The
absolute value of energy E; decreases with increasing
concentration.

The correlation between temperature dependences
of the resistance and susceptibility can be found for the
composition with x = 0.15 [17]. At T = 288 K, the
electrical resistance exhibits a jump related to the
decrease in the resistivity by a factor of two and the
increase in the inverse susceptibility. At high tempera-
tures 880 K < T'< 1020 K, the resistivity has a low max-
imum: (p(7'=960 K) — p(7T'= 880 K))/p(T=960 K) =
0.1 (the inset in Fig. 2). This maximum is due to the
coincidence of the 4f level and the Fermi level as it
shifts from the conduction band bottom to the middle
of the energy gap at high temperatures at which
electrons are scattered on the f'centers as a result of the
d—fexchange.

In the composition with x = 0.2, the maximum dis-
appears and the resistivity is changed stepwise by a fac-
tor of three at 7= 700 K. This composition has two
temperature ranges 110 K< 7< 150 Kand 325 K< T'<
460 K, where the resistivity is independent of temper-
ature, which is characteristic of the impurity-type
semiconductors. In the vicinity of Néel temperature
Tn =102 K, the temperature derivative of the resistiv-
ity dp(T)/dT has a maximum, which is typical for spin
polarons. The formation of the jump of the resistivity
at 7= 700 K is likely due to the structural distortions
in the lattice.

The substitution of ytterbium for manganese qual-
itatively changes the temperature dependence of the
thermopower as compared to the case of MnS [16]. As
temperature increases, the thermopower sign is
changed from positive to negative at 7= 650 K forx =
0.05 and also in the ranges 150 K < 7'< 200 K and 7>
950 K forx = 0.1 (Fig. 4a). At the concentrations near
the percolation concentration of ytterbium ions over
the lattice, the thermopower is negative over entire
temperature range and has two maximum (in magni-
tude) at T = 225 K and 7 = 1000 K for x = 0.15
(Fig. 4b) and T=245 K and T = 1090 K for x = 0.2
(Fig. 4c). The low-temperature maxima are near the
Debye temperature T, = 240 K with the maximal den-
sity of the acoustic phonon modes and they are caused
by the electron—phonon drag.

To explain the kinetic properties of Yb,Mn, _,S
solid solutions, we consider the electronic structure of
a semiconductor, where the donor level corresponding
to 4f electrons of ytterbium is in the energy gap below
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Fig. 5. Temperature dependences of the 4f-level energy Ef
and the Fermi energy Er determined from Eq. (1) with
parameters (a) E; = 1.54 eV, Eg = 0.51 eV, and 4 =

55eV K0 forx = 0.05 and (b) Eg =1.2¢eV, Eﬂ) =0.34eV,
and A=25eVK %3 forx=0.15.

the conduction band bottom. The equation for the
Fermi energy has the form [18]

n.exp(—|Ee|/kgT) = n;/[ 1 + exp((|E¢| - |E{)/ ks T)]
+p,exp((— |E| +|Eg)/kpT),

1
n, = 2((2umnky T)/(2nh)>)", M
p, = 2((2mmkyT)/2nh)")".
(1/n)(dn/dT), K o, mV{I§

800
T,K
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In the performed calculations, effective electron mass
m,, is equal to hole mass m,, and the energy in Eq. (1)
is counted from the conduction band bottom (Fig. 5).

In what follows, we use the absolute values of the
energies (Ef, E,, E,). The electron concentration at the
4f level corresponds to the ytterbium ion concentra-
tion n; = x. In the temperature range 390 K < 7<440 K,
the local modes of octahedra arranged near the Mn
ion—Yb ion interface. The bending mode of the octa-
hedron will lead to splitting the #, states of electrons,
shifting the conduction band, and decreasing the
energy interval between the flevel and the conduction
band bottom. This fact is taken into account in the
model by a shift of the flevel with respect to the con-
duction band bottom by a power law

T<T*

{Ef = [A(T* - 1) + Ey, @

E; = |Eq|, T>T*

Three fitting parameters (4, the energy gap width
E,, and position of the 4flevel E, with respect to the
conduction band bottom) are determined from the
conditions of the best coincidence of the temperature
dependences of the conduction electron concentra-
tion with the experimental data on the resistivity, i.e.,
from the minimum of functional (n(7) — p(7)). At low
and high temperatures, the activation energy is depen-
dent on the position of impurity levels in the energy
gap. Temperature 7, at which the activation energy
increases, was taken from the data on the resistivity.
The temperature dependence of the calculated Fermi
energy is shown in Fig. 5. At high temperatures, the
Fermi energy and the 4f level are intersected for all
compositions.
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Fig. 6. Temperature dependences of the relative change in the electron concentration (1/n)(dn/dT) calculated by Eq. (1) with
parameters (/) E,= 1.54¢V, Egy=0.51 eV, and A= 55 eV K™% forx=0.05and (2) E,= 1.2 ¢V, Egy=0.34eV,and A = 25 eV K0
for x = 0.15; and the temperature dependence of the thermopower absolute value for the Yb,Mn; _,S samples with x = (3) 0.05

and (4) 0.15.
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Figure 2 shows the calculated temperature depen-
dences of the charge carrier concentration for the fol-
lowing parameters: E,=1.54¢€V, E,=0.51¢eV,and 4 =
55 eV K™% forx = 0.05; E, = 1.37 eV, E; = 0.32 ¢V,
and A = 8 eV K™ for x = 0.1; E, = 1.2 eV, Ep =
0.34eV,and A =25eV K% for x = 0.15. The satisfac-
tory agreement between the charge carrier concentra-
tions and the resistance in the dependence on temper-
ature shows that the resistance mechanism is due to

electrons of donor states of the 4flevels in the temper-
ature range 100 K < 7< 800 K.

The high-temperature anomalies of the ther-
mopower can be explained on the basis of the calcu-
lated temperature dependence of the charge carrier
concentration. A temperature gradient leads to the
formation of a diffusion electron current with current
density j = Dgldn/dll = Dqldn/dT|(1/)(dl/dT)] =
Dql(|dn/dT))(1/B), where D is the diffusion coefficient
of electrons; ¢q is the electron charge; / is the sample
length, and 3 is the thermal expansion coefficient of the
sample. We represent the potential difference in a closed
circuit, in which there is a temperature gradient, as U=
El = jpl = PpgD(|dn/dT))(1/B). In our samples, the
electrical resistance is mainly determined by the charge
carrier concentration p ~ 1/n, and the thermopower is
o ~ (1/n)|dn/dT). The relative change in the concentra-
tion with variations in the temperature (1/n)(dn/dT) is
shown in Fig. 6; it has a maximum in the temperature
range 950 K < 7'< 1050 K, where the maximum magni-
tude of the thermopower is observed. At high tempera-
tures, the theoretical estimates of the thermopower
~1 mV/K satisfactorily agree with the experimental
dataforp=0.1Qm, =10 K! and D= 107> m?/s.

3. CONCLUSIONS

Thus, we studied the effect of doping with the rare-
earth element with variable valence (ytterbium) on the
transport properties of Yb,Mn, _ S samples. As the
manganese ions are replaced with ytterbium, the semi-
conducting type of the conductivity is conserved in the
concentration range 0 < x < 0.2. It was found that the
activation energy increases upon heating of the sam-
ples of all compositions in the temperature range
380K < T < 440 K. It was revealed that the ther-
mopower changes its sign, and also the charge carrier
type also changes (from positive to negative) depend-
ing on the temperature at x < 1 and the concentration.
At concentrations near the concentration of percola-
tion of ytterbium ions over the lattice, the ther-
mopower has the maxima in magnitude at 7= 225 and
1000 K forx=0.15and at T= 245 and 1090 K for x =
0.2. The high-temperature maximum is related to the
electron diffusion and is due to the coincidence of the
energies of the 4f level and the Fermi level; and the
low-temperature maximum is due to the electron—
phonon drag.
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