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Abstract—We analyze the experimental variation of the concentration of conduction electrons in semiconduct-
ing SmS single crystals with increasing temperature within a shallow-impurity model. It is shown that the
appearance of an electromotive force is due to accumulation of the critical concentration of free electrons,
which results in screening of the Coulomb potential of Sm2+ impurity ions that are responsible for the creation
of donor levels with an activation energy of 0.045 eV in the band gap of SmS single crystals. © 2001 MAIK
“Nauka/Interperiodica”.
The appearance of an electromotive force (EMF) on
heating of a semiconductor material without external
temperature gradients applied was discovered and
investigated in [1]. The experiments were performed on
single crystals of samarium sulfide (SmS). This effect
has been explained by us within a model describing the
mechanism of the semiconductor–metal phase transi-
tion which occurs in SmS under hydrostatic compres-
sion [2]. We suggested that, under heating, some criti-
cal concentration of electrons is reached in the conduc-
tion band, resulting in screening of the Coulomb
potential of the Sm2+ ions located at interstitial sites of
the SmS crystal lattice. These ions are responsible for
the existence of impurity donor levels separated by Ei ~
0.045 eV from the bottom of the conduction band. Due
to the screening, the electrons located at the levels Ei

are delocalized (Sm2+  Sm3+ + e–). Since the con-
centration of Sm2+ impurity interstitials is not uniform
over the sample, this collective effect does not occur
simultaneously everywhere in the sample. Because of
this, a gradient of the free-electron concentration
appears, which results in the EMF. However, it should
be noted that no direct investigations into the behavior
of the conduction electron concentration in the temper-
ature range of the EMF effect (from 375 to 500 K) were
performed in [1, 2]. The aim of the present work is to
make such an investigation and to improve the model
proposed in [1].

The temperature dependence of the concentration of
the conduction electrons n was obtained from measure-
ments of the Hall coefficient RH performed in the tem-
perature range from 290 to 475 K. The measurements
were performed on a single-crystal sample of SmS 6 ×
9 × 0.13 mm in size cleaved along the {100} cleavage
planes. At T = 290 K, the sample had electrical param-
eters typical of SmS: n = 1.0 × 1019 cm–3 and a resistiv-
ity of 0.03 Ω cm. As was shown in [3], with these
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parameters in SmS, the Hall factor differs from unity by
no more than 4% and, therefore, the drift mobility and
the actual concentration of the charge carriers are
approximately equal to their Hall values. The measure-
ments were done in the DC regime in a static magnetic
field of strength 1.3 × 106 A/m. In determining RH, cor-
rection was made for the relationship between the geo-
metric sizes of the sample.

In Fig. 1, the temperature dependence of RH is pre-
sented. For temperatures ranging from 290 to 400 K,
the dependence exhibits an Arrhenius character with an
activation energy of 0.046 eV, which agrees well with
that of the shallow impurity levels Ei. For T > 400 K, a
sharp decrease in RH is observed, which is caused by
the increase in n (Fig. 2). At the same temperatures, the
EMF is observed in SmS single crystals. In Fig. 2, the
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Fig. 1. Temperature dependence of the Hall coefficient of an
SmS single crystal. Line 1 corresponds to the conduction
electron activation energy 0.046 eV.
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data from our previous work [4] and the results of the
present work obtained by an analogous procedure are
presented. It seems likely that the temperature depen-
dence of the concentration of the conduction electrons
reflects the following situation. As the temperature is
increased from 290 to 400 K, the increase in n is mainly
due to activation of the electrons from the Ei levels. At
T ~ 400 K, the value of n becomes sufficiently large so
that, with further increase in T and n, full delocalization
of the electrons from the levels Ei can occur due to the
screening of the Coulomb potential of these impurities
in some regions of the sample. From the n values
attained at T > 400 K, one can estimate the sizes of the
regions of full delocalization of the electrons at the Ei

levels. According to [5], the concentration of these lev-
els is Ni = (2 ± 1) × 1020 cm–3. The maximum attained
value is n = 3.7 × 1019 cm–3. Therefore, the volume of
these regions could measure from 10 to 40% of the
sample volume in our experiment.

The experimental results obtained are consistent
with the calculated sample temperature at which the
delocalization of the electrons at the impurity levels Ei

must occur. This temperature corresponds to the situa-
tion when the Coulomb potential of some samarium
interstitial ions is screened by conduction electrons.

The characteristic size of the localization region of
a valence electron on a shallow donor level Ei is deter-
mined by the effective Bohr radius:

 (1)

where ε0 is the static dielectric permittivity of SmS,
which is equal to 18 [6]; m* ~ m0 is the effective mass
of an electron; and e is its charge. The energy of the
ground state of the impurity is derived to be Ei =

−e4m*/(2 "2) = –0.042 eV, which agrees well with
the experimental value. This suggests that the shallow-
impurity level approximation is applicable to our case
[7]. It should be noted that the actual radius of the local-
ization region of an impurity valence electron can be
slightly larger than the aB if there is a sufficiently large
number of electrons in the conduction band.

On the other hand, the Coulomb potential of an
impurity ion is subjected to electron screening by the
free carriers. The space region in which a valence elec-
tron experiences the impurity potential is determined
by the Debye screening length aD. The Debye screening
length enters into the expression for the impurity poten-
tial of type ϕ = eexp(–r/aD)/(ε0r) and, by analogy with
the case of electron scattering by a charged impurity in
a degenerate semiconductor, has the form [8]

 (2)
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where F1/2(µ) = –∂ f0/∂x)x1/2dx, f 0(x, µ) = [1 +

exp(x – µ)]–1 is the Fermi integral and µ is the reduced
chemical potential. To estimate aD at different temper-
atures, we took the values of the SmS parameters from
the concentration model of piezoresistance [5]: m* ≈
m0, Ei = 0.045 eV, the impurity concentration Ni = 2 ×
1020 cm–3, the depth of the 4f levels of Sm ions E f =
0.23 eV, and their concentration Nf = 1.8 × 1022 cm–3.

The aD temperature dependence calculated numeri-
cally from Eq. (2) is presented in Fig. 3. The aB value
calculated from Eq. (1) is also shown in Fig. 3. The val-
ues of aB and aD become equal at T ≈ 420 K. This means
that, at T ≥ 420 K, one might expect delocalization of
the electrons at the Ei levels and, therefore, generation
of the EMF. This result is in good agreement with the
experimental data presented in Figs. 1 and 2.
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Fig. 2. Temperature dependences of (1) the conduction elec-
tron concentration in an SmS single crystal and the EMF
appearing on heating SmS single crystals in accordance
with the results obtained (2) in the present work and (3) in
work [4].

Fig. 3. Comparison between (1) the Debye screening length
calculated for the Sm2+ impurity ions in SmS and (2) the
Bohr radius of these impurities at different temperatures.
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In conclusion, in the present work we showed that
the appearance of an EMF on heating of SmS single
crystals without temperature gradients is due to screen-
ing of the Coulomb potential of the Sm2+ interstitial
ions by conduction electrons.
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