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The first-order semiconductor–metal isostructural
phase transition that occurs at room temperature in
SmS under the pressure 0.65 GPa [1] continues to
attract close attention of researchers. Under normal
pressure, SmS is a nonmagnetic semiconductor with
the lattice of the NaCl type. In a semiconductor,
“black,” phase, the valence of Sm is 2+. However, as the
pressure increases and, correspondingly, the volume of
the unit cell decreases, the 4

 

f

 

 level overlaps with the 5

 

d

 

band, the bandgap becomes zero, and the transition to a
metal, “gold,” phase occurs. In this case, because the 4

 

f

 

electrons are partially delocalized, the degree of occu-
pation of the 4

 

f 

 

level becomes noninteger, and samar-
ium passes to a mixed-valence state.

A similar effect in SmS can also be achieved by
chemical compression that is created upon replacement
of samarium ions by other smaller radius rare-earth or
transition-metal ions (Y

 

3+

 

, Yb

 

3+

 

, Gd

 

3+

 

, etc.). At the
same time, the above-described phase transition cannot
be initiated by introducing divalent ions, such as, e.g.,
Ca

 

2+

 

 [2]. It is likely that, due to electron doping of the
5

 

d

 

 band, the rearrangement of the electronic structure
caused by the replacement of Sm

 

2+

 

 with trivalent ions is
more complex than that produced by the external pres-
sure. To elucidate the nature of the mixed-valence state
and to clarify the effects of doping, dopant concentra-
tion, and temperature on the particular features of the
local electronic and local crystal structures of
Sm

 

1 

 

−

 

 

 

x

 

Y

 

x

 

S, as well as to determine the interrelation
between the valence of the samarium ion and the
parameters of its local environment, we applied the
X-ray absorption near-edge structure (XANES) tech-
nique in combination with the extended X-ray absorp-

tion fine structure (EXAFS) method. The XANES tech-
nique is sensitive to the electronic configuration of an
absorbing ion and makes it possible to determine its
valence, while the EXAFS method yields information
on the local atomic structure near an absorbing ion.

The samples with the yttrium content 

 

x

 

 = 0.17 and
0.33 were prepared at the Ioffe Physicotechnical Insti-
tute, Russian Academy of Sciences (St. Petersburg,
Russia), while the samples with 

 

x

 

 = 0.25 and 0.45 were
prepared at Tohoku University (Sendai, Japan).

The X-ray absorption spectra of Sm

 

1 – 

 

x

 

Y

 

x

 

S were
measured over the temperature range 20–300 K above
the Sm 

 

L

 

III

 

 and Y 

 

K

 

 absorption edges at the beamlines
E4 and A1 of the HASYLAB synchrotron center
(DESY, Germany). The spectra were processed in the
VIPER software environment [3].

Figure 1 presents the EXAFS function 

 

χ

 

(

 

k

 

)

 

k

 

2

 

obtained from the EXAFS spectrum of a sample of
Sm

 

1 – 

 

x

 

Y

 

x

 

S with 

 

x

 

 = 0.33 measured at 

 

T

 

 = 20 K above
the 

 

L

 

III

 

 absorption edge of Sm and the modulus of the
Fourier transform of this function. To extract the struc-
tural information from the spectra obtained, the ranges
corresponding to the first (here, Sm–S) and second
(Sm–Sm) coordination spheres were selected using a
Hanning window. Then, applying an inverse Fourier
transform, experimental EXAFS functions correspond-
ing to these coordination spheres in the momentum
space were determined. As a result of simulation of
these functions, the parameters of the local environ-
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ment were extracted. The EXAFS spectra were simu-
lated according to the standard formula

(1)

where 

 

χ

 

(

 

k

 

) is the EXAFS function; 

 

N

 

n

 

 is the coordina-
tion number; 

 

R

 

n

 

 is the average radius of the 

 

n

 

th coordi-

nation sphere; and  is the standard deviation of the
interatomic distance from its average value, termed the

Debye–Waller factor. The scaling factor  takes into
account many-electron effects. The plus and minus
signs pertain to the processing of the 

 

L

 

III

 

 absorption
edge of Sm and 

 

K

 

 absorption edge of Y, respectively.
The amplitudes 

 

|

 

f

 

n

 

(

 

π

 

, 

 

k

 

)

 

|

 

 and the phases 2

 

δ

 

1

 

(

 

k

 

) + 

 

φ

 

n

 

(

 

π

 

, 

 

k

 

)
of backward scattering were calculated using the FEFF
8.20 program [4]. Figure 2 shows the experimentally
determined and simulated EXAFS functions corre-
sponding to the Sm–S and Sm–Sm spheres of the sam-
ple with 

 

x

 

 = 0.33. As a result of simulation, we deter-
mined the coordination numbers and found the temper-
ature dependences of the radii and of the Debye–Waller
factors for the nearest coordination spheres Sm–S and
Sm–Sm(Y), as well as for the spheres Y–S and
Y

 

−

 

Sm(Y) (upon measurements above the

 

 K

 

 absorption
edge of Y).

To determine the valence of samarium, we analyzed
the fine structure of the spectrum near the 

 

L

 

III

 

 absorp-
tion edge of the samarium atom. For all the composi-

χ k( ) S0
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tions investigated, the absorption edge was split into
two maxima shifted relative to each other by about
7 eV. This indicates that samarium is in a mixed-
valence state, with the average valence of this state
being determined by the amplitude ratio of these max-
ima [5, 6].

The results of the analysis of the XANES spectra are
presented in Fig. 3a. It is seen that, at room tempera-
ture, the valence of samarium monotonically increases
with increasing yttrium content. However, at low tem-
peratures, this monotonicity is violated, and the valence
of samarium in the sample with 

 

x

 

 = 0.33 proves to be
lower than in the sample with 

 

x

 

 = 0.25. At the same
time, the EXAFS data show that the interatomic dis-
tances Sm–S and Sm–Sm monotonically decrease with
increasing both temperature and yttrium content (see
Fig. 3b). This indicates that the Vegard law (the linear
dependence of the valence on the lattice parameter) is
violated, and, as a consequence, that it is impossible to
determine the valence of samarium based only on the
measurements of the lattice constant of Sm

 

1 – 

 

x

 

Y

 

x

 

S [6].
Most clearly, this violation can be seen on the general-
ized diagram of the dependence of the interatomic dis-
tance Sm–Sm (the lattice constant) on the valence of
samarium plotted for the series of temperature mea-
surements from 20 to 300 K performed for all the four
compositions (Fig. 4a). Figure 4a demonstrates that the
dependence of the lattice parameter on the valence is
not only far from linear, but also that it is two-valued:
two different values of the lattice parameter in the sam-
ples with 

 

x

 

 = 0.33 and 0.25 correspond to one and the
same value of the samarium valence. A similar anomaly
is also observed in the dependence of the interatomic
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Fig. 1. (a) Experimental EXAFS function χ(k)k2 measured for a sample with x = 0.33 at T = 20 K above the LIII absorption edge of

samarium and (b) modulus of its Fourier transform |FT(χ(k)k2)|. The rectangles indicate the ranges corresponding to the first (Sm–
S) and the second (Sm–Sm) coordination spheres.
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distance Sm–S on the valence of samarium (Fig. 4b).
Since the ionic radius of sulfur remains unchanged, the
dependence of the interatomic distance Sm–S describes
the relation between the ionic radius and the valence of
samarium, whereas the two-valuedness observed
means that the ionic radius of samarium ions can
acquire different values in different local environments.

The violation of the Vegard law was also observed
upon applying pressure to the parent samarium sulfide
[7]. According to Varma [8], this effect can be
explained by the fact that sulfur ions (cations) “contact”
samarium ions (anions) but do not “contact” each other;

therefore, anions are subjected to an additional internal
pressure. However, the two-valuedness mentioned
above has not been observed in undoped SmS. We
believe that it is a consequence of an additional electron
occupation of the 5d band and of the shift of the Fermi
level toward higher energies upon doping of SmS with
Y3+ ions. To illustrate this assumption, we plotted the
dependences of the distances Sm–Sm and Sm–S on the
total electron occupation of the 5d band, nd, formed by
the contributions made by partially delocalized 4f elec-
trons of samarium and by d electrons of yttrium. These
plots are presented in Fig. 5. The total electron occupa-
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Fig. 2. Experimental (solid curves) and simulated (dashed curves) EXAFS functions χ(k)k2 corresponding to the (a) first (Sm–S)
and (b) second (Sm–Sm) coordination spheres.
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Fig. 3. (a) Samarium valence and (b) Sm–Sm and Sm–S bond lengths measured at T = 20 K in relation to the yttrium content.
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tion of the 5d band was calculated by the formula nd =
x + (1 – x)(v – 2), where x is the yttrium content and v
is the samarium valence. As is seen from Fig. 5, the
two-valuedness indicated above vanishes; however, the
linearity of the dependence of the Sm–Sm and Sm–S
distances on the valence of samarium is not restored
even if the contribution of d electrons of yttrium is
taken into account. It is likely that the latter circum-
stance is connected not only with the internal pressure
effect according to the Varma suggestion [8], but also
with the local symmetry lowering of the lattice upon
doping. Indeed, EXAFS analysis showed that sulfur
ions are displaced from their average positions between
samarium and yttrium ions toward yttrium ions by dis-

tances from 0.13 (x = 0.17) to 0.06 Å (x = 0.45). This
should differently distort the local electronic structure
of the compound depending on the yttrium content.

Based on the analysis of the EXAFS spectra, the
temperature dependences of the Debye–Waller factors
of the bonds Sm–S, Sm–Sm(Y), Y–Sm(Y), and Y–S
were also found, which made it possible to determine
the Einstein temperatures of these bonds. In X-ray
absorption spectroscopy, the Debye–Waller factor of an
interatomic distance, equal to the standard deviation of
this distance from its average value, is determined by
the temperature-independent contribution σ2, which is
caused by the static disorder of atoms, and by the
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Fig. 4. (a) Sm–Sm and (b) Sm–S bond lengths as functions of the samarium valence measured in the temperature range 20–300 K
for samples with different yttrium contents.
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Fig. 5. (a) Sm–Sm and (b) Sm–S bond lengths as functions of the degree of electron occupation of the 5d band measured in the
temperature range 20–300 K for samples with different yttrium contents.
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dynamic contribution , which characterizes changes
in the interatomic distance due to thermal vibrations:

σ2 =  + . The temperature dependence of the
dynamic contribution can be calculated within the
framework of the Einstein model [9],

(2)

where ω is the frequency of the stretching vibrations of
the bond, µ is the reduced mass of the atomic pair; and
ΘE = �ω/kB is the Einstein temperature.

The experimental results along with the simulated
curves are presented in Fig. 6. It can be seen that the
rigidity of the Sm–S bond, which is characterized by
the Einstein temperature, monotonically increases with
yttrium content, which is consistent with the decrease
in the length of this bond mentioned above. Simulta-
neously, it was found that the composition with x = 0.33
has minimal local static distortions in the crystal lattice,
which are characterized by the minimal value of the
static Debye–Waller factor of the Sm–S bond (Fig. 6,
inset). This circumstance indicates that the degree of
ordering in the lattice of Sm1 – xYxS with the yttrium
content x = 0.33 is the greatest. It should also be noted

σd
2

σs
2 σd

2

σd
2 �

2ωµ
-----------

ΘE

2T
-------,coth=

that, upon an increase in the temperature from 20 to
300 K, the change in the samarium valence for this
composition is the largest (Fig. 3a).

Based on the experimental results obtained, we pro-
posed a model that describes the relation between the
valence state of samarium and the local features of the
Sm1 – xYxS lattice and thus determines the main charac-
teristics of the mixed-valence state. Because the
valence of samarium depends on the degree of overlap
of 4f states with free states near the Fermi level, it
should depend on both the depth and the width of the 4f
level. In the most ordered lattice with x = 0.33, the
broadening of the 4f level is homogeneous and is
described by the Lorentz function, whereas, for the
samples with other concentrations, the broadening of
this level is inhomogeneous and is described by the
Gauss function (Fig. 7). As a result, as the temperature
increases from 20 to 300 K, the same smearing kBT of
the Fermi level EF causes a different change in the
degree of overlap of this level with the 4f level and,
therefore, in the valence of samarium depending on the
depth ∆E = EF – E0 and the halfwidth γ of the 4f level.

Based on the proposed model and on the experimen-
tally determined temperature dependences of the
valence of samarium, we estimated such important
characteristics of the mixed-valence state as the depth
∆E = EF – E0 and the halfwidth γ of the 4f level (see
table). The obtained widths of the 4f level are of the
same order of magnitude as that of the estimate 10–2 ≤
Γf ≤ 10–1 eV of the width of the hybridized f band
reported in review [8], as well as of more recent theo-
retical estimates (see, e.g., [10]).

Our investigations showed that the effect of doping
on the mixed-valence state in Sm1 – xYxS cannot be
reduced to the effect of chemical pressure alone. A
change in the parameters of the local environment of
the samarium ion causes an appreciable rearrangement
of its electronic structure. The replacement of samar-
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ium ions with yttrium, on the one hand, violates the
local symmetry of the lattice of SmS and, on the other
hand, affects the valence of samarium, driving it into a
mixed-valence state, which additionally contributes to
the local deformation of the lattice. The electron doping
caused by the replacement of divalent samarium ions
with trivalent yttrium ions shifts the Fermi level toward
higher energies. This results in a violation of the Vegard
law and leads to a two-valuedness in the dependences
of the Sm–Sm and Sm–S distances on the valence. The
temperature dependence of the valence of samarium is
responsible for the anomalous decrease in the lengths
of interatomic bonds with temperature, eventually
causing a negative coefficient of thermal expansion. A
combination of the XANES and EXAFS methods,
which provides an opportunity to simultaneously ana-
lyze temperature changes in the valence and in local
structural distortions, makes it possible to estimate such
important parameters of the mixed-valence state as the
energy width of the 4f level and its position with respect
to the Fermi level.
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Energy depth ∆E = EF – E0 and halfwidth γ of the 4f level of
Sm in Sm1 – xYxS at T = 20 K estimated for samples with dif-
ferent yttrium contents

x 0.17 0.25 0.33 0.45

γ, eV 0.37 0.21 0.08 0.13

∆E, eV 0.12 0.05 0.02 –0.01
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