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Abstract—A model explaining electromotive-force generation in SmS under heating in the absence of external
temperature gradients is considered. An analysis of data on the density of SmS single crystals with composi-
tional deviations from stoichiometry in the homogeneity range suggests that excess samarium ions occupy
vacancies on the sulfur sublattice. Possible concentrations of defect samarium ions are determined (up to 2.8 ×
1021 cm–3). The temperature interval within which electromotive force appears in various SmS samples
(440−640 K) and the critical conduction-electron concentrations at which the generation sets in [(6.0–8.5) ×
1019 cm–3] are calculated. An expression permitting estimation of the magnitude of the observed effect is pro-
posed. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Samarium sulfide (SmS) samples heated in the
absence of external temperature gradients were found
to generate an appreciable emf of 2.5 V in a 1.3-s pulse
[1] and 0.6 V in a continuous regime [2]. The mecha-
nism of the emf generation is related to the existence of
defect samarium ions in this semiconductor material [1,
3]. When a sample is heated to the temperature at which
the emf generation sets in (Tb), electrons excited prima-
rily from impurity levels (Ei ~ 0.045 ± 0.015 eV [4])
build up in the conduction band to a critical concentra-
tion nb. These levels are associated with defect Sm2+

ions, whose position in the SmS lattice (NaCl type) is
not fully clear [5]. The concentration nb turns out to be
high enough to screen the defect ion Coulomb potential
to the extent necessary for complete delocalization of
electrons from the Ei levels and crossover of the impu-
rity samarium ions to the trivalent state. This collective
process has a stepwise character. However, the defect
ions are distributed nonuniformly over the sample;
therefore, the above process does not occur simulta-
neously throughout the sample. This results in the cre-
ation of large conduction electron concentration gradi-
ents; it is this that accounts for the emf. Indeed, diffu-
sion of carriers in a sample generates an electrical
current with a density

(1)

where D is the electron diffusion coefficient in SmS.
Because the electrical resistivity of SmS at a time close
to the onset of emf generation and in the sample region
near that where the effect occurs is ρ ≈ (enbu)–1, we can
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write for the associated electric field

(2)

where u is the conduction electron mobility.
An analysis in terms of this model requires more

accurate determination of the positions occupied by
defect samarium ions in SmS and of the range of their
possible concentrations. This will allow one to make
calculations similar to those performed by us in [3] and
to estimate the possible values of the emf generation
parameters (Tb, nb, etc.), as well as to choose the direc-
tion of research to be pursued.

2. DEFECT STRUCTURE OF SmS
IN THE HOMOGENEITY RANGE

In stoichiometric SmS (even single-crystal sam-
ples), one observes, as a rule, inclusions of a second
phase, Sm3S4, in amounts of ~1 vol % [6]. This means
that the remainder of the sample, nominally pure SmS,
should contain excess samarium ions. Because the
homogeneity range of SmS extends toward excess
samarium, one has to study the properties of SmS in the
homogeneity range in order to learn the arrangement of
the defect samarium ions in the lattice and their energy
state.

It was established that samarium monosulfide is a
one-sided variable-composition phase extending from
50 to 54 at. % Sm [7–9]. The Hall coefficient, electrical
conductivity, thermopower, and lattice thermal conduc-
tivity vary strongly with composition within the range
50.0–50.5 at. % Sm and smoothly in the range from
50.5 to 54.0 at. % Sm. The density of the solid solution
increases smoothly throughout the homogeneity range,
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while the lattice constant varies very little. Within the
homogeneity range, the properties of SmS change from
semiconducting to semimetallic.

Figure 1 shows the experimental (points) and calcu-
lated density as a function of composition, the curves
being constructed for the following three models of
SmS crystallochemical structure: (1) the excess samar-
ium occupies interstitial lattice sites (curve 1); (2) in the
SmS lattice with excess samarium, vacancies form on the
sulfur sublattice in corresponding quantity (curve 2); and
(3) the excess samarium ions fill the vacancies on the
sulfur sublattice (curve 3) (see below).

As seen from Fig. 1, model 1 does not conform to
the experimental composition dependence of the den-
sity. Model 2 is valid for low concentrations only.
Model 3 is applicable throughout the concentration
range covered. The deviation of the experimental den-
sity from that given by model 1 toward lower values
indicates vacancy formation in the lattice. Vacancy for-
mation through removal of sulfur atoms from the
samarium monosulfide lattice is impossible in our case,
because no sulfur-deficient SmS phase exists.

The mechanism of formation of an SmS-based solid
solution in models 2 and 3 can be schematically con-
ceived in the following way. Let us consider a sealed
container housing an SmS crystal and a quantity of
samarium. As the temperature is increased, sulfur
atoms escape from the crystal surface with the forma-
tion of surface vacancies. After this, sulfur diffuses
toward the surface and the vacancies move into the bulk
of the crystal. As for the samarium vapors in the con-
tainer, part of them react with the sulfur, diffusing out
onto the surface to form new unit cells, while the
remainder diffuse into the bulk. Curve 2 in Fig. 1 was
drawn under the assumption that the number of sulfur
vacancies is equal to that of the incorporated samarium
atoms. This solid solution will have the following crys-
tallochemical formula:

(3)

where p = x/(2 + x) is the number of sulfur vacancies (V)
and x is the samarium excess in the formula Sm1 + xS.
By expressing p through x, we obtain

(4)

The density calculated within model 2 can be writ-
ten as

(5)

where Z = 4 is the number of samarium and sulfur
atoms in the SmS unit cell of stoichiometric composi-
tion; N is Avogadro’s number; MSm and MS are the
atomic masses of samarium and sulfur, respectively;

1
1 p–
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SmS xSm+
2 x+

2
------------=
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and a = 5.97 Å is the SmS unit-cell parameter. As seen
from Fig. 1, the density calculated from this expression
fits well (within the error of density determination) the
experimental results for low samarium concentrations,
~50.0–50.5 at. % Sm.

The densities determined experimentally for the
compositions ~50.5–54.0 at. % Sm lie below the values
calculated using Eq. (5). This presupposes an increase
in the fraction of vacancies in the real solid solution. We
made an assumption that the number of vacancies is
proportional not to the atomic fraction of sulfur, 1/(2 +
x), but rather to that of samarium, (1 + x)/(2 + x). The
crystallochemical formula for this model takes on the
form

(6)

and the density can be calculated from the expression

(7)

As seen from curve 3 in Fig. 1, the calculated den-
sity agrees well with the experimental results through-
out the solid-solution concentration region covered.
Continuing the calculation with Eq. (7) beyond the
homogeneity range, we find a maximum at a composi-
tion of 55.3 at. % Sm. Beyond this samarium concen-
tration, the density of the solid solution decreases. The
number of vacancies grows so rapidly that the solid-
solution phase becomes unstable.

Thus, according to this model, excess samarium
ions with a concentration Ni = (4/a3)x/(1 + x) (curve 1
in Fig. 2) occupy vacancies on the sulfur sublattice. As
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2 x+

2 x2–
-------------=

× Sm
1 x+( ) 2 x

2–( )/ 2 x+( )
S

2 x
2–( )/ 2 x+( )

V x 1 x+( )/ 2 x+( )[ ] ,

dcalc
Z

Na3
--------- MSm 1 x+( )2 x2–

2 x+
------------- MS

2 x2–
2 x+
-------------+ .=

6.0

5.9

5.8

50 51 52 53 54 55 56 57 58

1 2
3

d, g cm–3

at. % Sm

Fig. 1. Density of SmS samples with excess samarium vs.
their composition. Points are experiment and curves 1–3 are
calculations using models 1–3, respectively.
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seen from the ratio NV/Ni, where NV = (4/a3)x2/(2 + x)
(curve 2 in Fig. 2), part of the vacancies remain
unfilled.

3. THE ENERGY STATE OF DEFECT 
SAMARIUM IONS IN SmS

The excess samarium ions are responsible for the
carrier activation energy Ei derived from the tempera-
ture dependences of the electrical conductivity of SmS
samples of various compositions measured in the
homogeneity range at temperatures from 100 to 500 K.
The activation energy Ei decreases from ~0.1 eV to 0
with increasing number of excess ions [6, 8, 10]. The
value Ei = 0 is reached in the composition with 50.5 at. %
Sm, which corresponds to Ni ~ 4 × 1020 cm–3 (Fig. 2),
and remains unchanged in all compositions with higher
samarium contents [6].
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Fig. 2. Concentrations of (1) impurity (excess) samarium
ions and (2) vacancies on the sulfur sublattice in SmS within
the homogeneity range vs. deviation from stoichiometry.
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Fig. 3. Conduction electron concentration vs. composition
plot in the SmS homogeneity range. Points are experiment,
and curves are calculations (the area of calculated values of
n0 for 0.03 < Ei < 0.06 eV is hatched).
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Stoichiometric SmS samples did not exhibit any fea-
tures in the behavior of Ei. However, as follows from an
earlier study by Zhuze et al. [11], the value of Ei in SmS
varies in the 0.04- to 0.07-eV interval. It was shown
later [4] that Ei in SmS can vary from sample to sample
and is 0.045 ± 0.015 eV.

Let us use the concentration model developed by us
for the piezoresistivity of SmS based on the solution to
the charge neutrality equation [12]. Using the values of
Ni from Fig. 2 and taking into account the above reason-
ing on the magnitude of Ei (Ei = 0.03–0.06 eV for Ni <
4 × 1020 cm–3 and Ei = 0 for Ni > 4 × 1020 cm–3), we cal-
culate the behavior of the conduction electron concen-
tration n0 for SmS samples in the homogeneity range.
The curve obtained (Fig. 3) satisfactorily describes the
experimental data of [8]. Thus, our values of Ni and Ei

are realistic.

4. CALCULATION OF THE CRITICAL EMF 
GENERATION PARAMETERS FOR SmS 

SAMPLES OF STOICHIOMETRIC COMPOSITION

Determination of the temperature interval within
which emf generation can take place and, primarily, of
the lowest possible values of Tb is an important prob-
lem. It appears natural that these values should be
reached in samples with the minimum Ei and maximum
n0. Figure 4 presents the dependence of the conduction
electron concentration in SmS on the concentration of
defect samarium ions (curve 1). This dependence was
calculated within the concentration model [12] for the
following parameters: m* = m0, Ei = 0.03 eV, and the
samarium 4f level depth Ef = 0.23 eV and density Nf =
1.8 × 1022 cm–3. As shown by a large number of our
measurements of the Hall concentration of carriers in
SmS single crystals of stoichiometric composition, n0

at T = 300 K cannot exceed 3.5 × 1019 cm–3. Therefore,
as follows from Fig. 4, the maximum value of Ni at Ei =
0.03 eV can be ~5 × 1020 cm–3.

As shown in [3], as the temperature increases, emf
generation sets in when the effective Bohr radius of the
impurity aB becomes equal to the Debye screening
radius aD of the impurity electric potential by the con-
duction electrons,

where ε0 = 18 is the static dielectric permittivity of SmS

[13], F1/2(µ) = , f0(x, µ) = [1 +

exp(x – µ)]–1 is the Fermi integral, and µ is the reduced
chemical potential. Using the condition aB = aD with
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the above values of m*, Ei, and Ni, we numerically cal-
culated the temperatures T at which electrons are delo-
calized from the Ei levels in the case of arbitrary degen-
eracy for various values of Ni. The functions Tb(Ni) are
presented in Fig. 4 for Ei = 0.03 and 0.06 eV (curves 2,
3, respectively). Recalling that Ni = 5 × 1020 cm–3, we
obtain from curve 2 the minimum value of Tb ≈ 440 K.
The maximum possible temperatures of the onset of
generation Tb ~ 640 K, which can be derived from
curves 2 and 3, correspond to the minimum values of Ni

and do not depend on Ei. Thus, our calculations show
that the temperature Tb for SmS single crystals can
range from 440 to 640 K in various samples. This con-
clusion is in accord with the experimentally observed
values 435–455 [14], 375–405 [1], 455 [3], 390–670
[2], and 530 K [15].

Figure 4 also displays calculated critical concentra-
tions nb for Ei = 0.03 and 0.06 eV (curves 4, 5, respec-
tively). As follows from these data, in SmS of stoichio-
metric composition, nb can assume values in the inter-
val (6.0–8.5) × 1019 cm–3.

The calculated values of nb can be compared with
experiment. Delocalization of electrons from the impu-
rity levels Ei not only accounts for the emf generation
in SmS but plays, as it were, the role of a trigger for the
semiconductor–metal phase transition driven in SmS
by hydrostatic pressure. The latter was shown in [16]. It
follows that the values of nb should be equal to the crit-
ical concentrations of the conduction electrons nc at
which this phase transition occurs. The values of nc

were measured by us earlier [17]. Figure 5 shows
experimental values of nc (taken from [17]) together
with the calculated nb curves. Taking into account the
error of ~15% with which the values of nc were mea-
sured, the calculations can be considered to be in satis-
factory agreement with experiment. This provides sup-
port for our model of the emf generation and for its inti-
mate relation with the model of the semiconductor–
metal phase transition in SmS, an observation that has
already been pointed out [1, 14].

5. DISCUSSION AND CONCLUSIONS

The above analysis of the electrophysical properties
and of the structural features of SmS shows the pres-
ence of excess samarium ions to play a decisive role in
the emf generation in SmS samples under heating in the
absence of external temperature gradients. The genera-
tion onset temperature depends on the samarium ion
concentration, and the emf amplitude depends on the
gradient of this concentration. As follows from Eq. (2),

(8)

The coefficient K depends in a complicated way on T,
m*, ε0, Ni, and Ei, as well as on the actual conduction
electron scattering mechanism, and, hence, requires

E KgradNi.=
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empirical determination. The quantity gradNi can be
chosen by properly doping stoichiometric SmS by
excess samarium atoms. As seen from Fig. 3, the mag-
nitude of the effect under study (E) can be efficiently
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increased by doping only to a level of 50.5 at. % Sm.
When doped to higher concentrations, the excess Sm
ions will play only a passive part under heating,
because in this case Ei = 0. The latter is apparently due
to the fact that aD < aB already at room temperature and
that the conduction electron concentration is above the
critical level needed for the emf generation to set in.
Thus, Eq. (8) is valid for stoichiometric SmS and com-
positions deviating from stoichiometry by up to
~0.5 at. % toward samarium excess.

Our analysis of the above model of emf generation
in SmS suggests that similar effects can also be
observed in other semiconducting compounds. The
condition necessary for this effect to occur is the pres-
ence of a donor impurity distributed nonuniformly over
the bulk of the sample at a concentration high enough
for the equality aD = aB to set in under the action of an
external factor (temperature, pressure, etc.). Indeed, we
observed emf generation under uniform heating of
Sm0.99Gd0.01S and SmTexS1 – x with x = 0.02 and 0.05.
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