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The electronic structure of the mixed-valence Sm and Eu pnictides R4X3 �R=Sm, Eu; X=As, Sb, Bi� and
samarium and europium chalcogenides Sm3X4 �X=S, Se, Te�, Eu3S4 were investigated theoretically from first
principles, using the fully relativistic Dirac LMTO band structure method. The electronic structure is obtained
with the rotationally invariant LSDA+U method. We find in Sm4Bi3 as a generic feature a very rigid pinning
of the energy of Sm 4f hole states close to the top of the pnictide p band and the Fermi level pinned to those
hole states. Eu4Bi3 was found to be a semimetal with low density of states at the Fermi level. The main trends
in the electronic structure of the sequence of Sm4X3 and Eu4X3 compounds �X=As, Sb, or Bi� are discussed.
A detailed comparison of the electronic and magnetic structures of Sm3S4 and Eu3S4 compounds is also
presented.
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I. INTRODUCTION

In rare earth compounds, where 4f levels are relatively
close to the Fermi energy, various anomalous phenomena
frequently appear. Most of them can be attributed to the hy-
bridization between the 4f states and conduction bands. A
mixed-valence �MV� state is one of these phenomena. The
MV phenomenon has attracted a great deal of interest during
the last several decades in connection with valence
fluctuations.1–5

In the gas phase most rare earths are divalent, but in the
solid state most are trivalent, due to the large cohesive en-
ergy gained by promoting a 4f electron into an extended
bonding state. The rare earth compounds based on Sm, Eu,
Tm, and Yb ions frequently exhibit a mixed-valence state
consisting of divalent and trivalent valences. In the mixed-
valence compounds, therefore, one must also consider the
charge degrees of freedom of the 4f ions in addition to the
spin and orbital degrees of freedom.

To specify this process it is necessary to distinguish be-
tween homogeneously mixed-valence compounds and inho-
mogeneously mixed-valence compounds. In the former, all
the rare earth ions occupy crystallographically equivalent
sites and therefore, this is essentially a single ion property
where the magnetic ion hybridizes with the sea of the con-
duction electrons, causing an exchange of the inner 4f elec-
tron with the conduction band at the Fermi level. Such ef-
fects are expected to arise in systems where two electron
configurations corresponding to 4f occupation numbers n
and n−1 have nearly degenerate energies. So the ground
state of a homogeneously mixed valence compound is a
quantum mechanical mixture of both the 4fn and the 4fn−1d
configuration on each rare earth ion. Typical compounds
exhibiting homogeneously mixed-valence phenomena are
rare earth materials TmSe, SmS �high pressure golden
phase�, SmB6, YbB12, and YbInCu4. The electronic structure
of these compounds have been reported in detail in Refs.
6–9, respectively.

In the case of inhomogeneously or static mixed-valence
compounds rare earth ions with different valency occupy

clearly different sites. However, at high temperatures they
become homogeneously mixed-valence semimetals or
valence-fluctuating insulators. Their 4f electrons are strongly
correlated and close to localization, i.e., having a low effec-
tive kinetic energy. The 4f electrons can hop between the
magnetic ions with different valence due to thermal activa-
tion �a thermal valence fluctuating state�. If the intersite Cou-
lomb repulsion is large enough it may dominate the kinetic
energy and, once the charge-disorder entropy due to hopping
is low enough, lead to a charge-ordered transition at a critical
temperature Tco below which the valence fluctuation are sup-
pressed. The resulting inhomogeneously mixed-valence state
consists of two species of ions with the 4fn and the 4fn−1d
configurations. This transition may be compared to a Wigner
crystallization on a lattice,10 and its earliest example is the
Verwey transition in magnetite Fe3O4,11 although this picture
turned out to be too simplified for this compound.12,13

There are several charge-fluctuating inhomogeneous
mixed-valence compounds containing rare earth ions. They
are the rare earth pnictides Yb4As3, Sm4Bi3 and Eu4As3 with
the cubic anti-Th3P4 structure and rare earth chalcogenides
Sm3X4 �X=S, Se or Te� and Eu3S4 with the Th3P4 structure.

Cubic Sm4Bi3 with the anti-Th3P4 structure undergoes a
first-order transition into a trigonal R3c phase at about 260
K. This change has been ascribed to a charge-ordering tran-
sition from the thermal valence fluctuating state into a static
mixture of di- and trivalent sites as one of the diagonals of
the cube shrinks by approximately 1.4%.14–17 In charge or-
dered Sm4Bi3, smaller Sm3+ ions occupy the short chains.17

Similar to Yb4As3, each magnetic Sm3+ chain is isolated
from other Sm3+ chains by Sm2+ ions for which the total
angular momentum �J� equals zero. However Sm4Bi3 shows
a three-dimensional antiferromagnetic order at 2.7 K �Ref.
18� as opposed to Yb4As3, where a one-dimensional antifer-
romagnetic coupling at low temperatures has been
predicted19 and later discovered.20 At this point, it is of great
interest to characterize the nature of the phase transition oc-
curring in Sm4Bi3, because the physical properties of its dis-
torted phase have been found to differ from those of Yb4As3.
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In particular, no maximum occurs in the temperature depen-
dence of the electrical resistivity, nor is there any appreciable
linear term in its electronic specific heat.

Contrary to Sm4Bi3, two other samarium pnictides
Sm4As3 and Sm4Sb3 show no evidence of charge ordering in
a wide temperature range.15 The change of the character of
charge ordering in Sm4Bi3 due to pressure has been studied
in Refs. 15 and 21. With increasing pressure the resistivity
anomaly at the charge ordering transition moves to lower
temperatures, becomes weaker, and completely disappears at
2.8 GPa. Above that pressure the crystal undergoes a first-
order, isostructural phase transition characterized by an
abrupt decrease of the resistance by a factor of 3 and a vol-
ume by about 10%. The behavior of the electrical resistivity
in the high pressure phase �at 3 GPa� of Sm4Bi3 is similar to
that of Sm4As3 and Sm4Sb3.15 The effect of high pressure
can be reproduced by substitution of Bi atoms by smaller Sb
atoms. Such an investigation has been reported in Ref. 22. It
was found that with increasing Sb content in the
Sm4�Bi1−xSbx�3 system, the carrier concentration decreases
and the charge ordering temperature slightly increases, while
by applying pressure the ordering temperature decreases.
This relationship between the substitution and pressure effect
in Sm4Bi3 is very similar to that in Yb4As3. So, it was sug-
gested that Sm4Bi3 is a semimetal in the same way as
Yb4As3. Although the substitution effect may be different
from the pressure effect both effects finally lead to enhance-
ment of the Sm3+ state relative to Sm2+ state. The electronic
states of Sm4As3 and Sm4Bi3 were studied with photoemis-
sion spectroscopy in Refs. 23 and 24.

Recently experimental evidence for charge ordering
in Eu4As3 has been reported. A first following from this
result is the observation of trigonal distortion with
a=9.176 Å, �=90.855°, which would indicate a periodic ar-
rangement of the Eu2+ and Eu3+ ions.25 Important informa-
tion concerning the charge ordering of Eu4As3 was given by
Mössbauer spectroscopy measurements done by Wortman et
al.26 They found two absorption peaks separated clearly be-
low T=340 K corresponding to the di- and trivalent Eu ions.
Above 340 K, these two peaks suddenly unite and the line-
width narrows with increasing temperature. Therefore they
concluded that Eu4As3 is a thermal valence-fluctuating com-
pound which goes into a charge ordered state below 340 K.
Discontinuous changes corresponding to the structural tran-
sition are observed in the magnetic susceptibility, too.18

However, the change of the magnetic susceptibility of
Eu4As3 at the structural transition temperature is opposite to
that of Yb4As3, i.e., the magnetic susceptibility of Yb4As3 is
larger in the low temperature phase, while that of Eu4As3 is
smaller. The temperature dependence of the specific heat of
Eu4As3 shows that at the structural transition temperature, a
sharp �-like peak is observed.18 This indicates that the struc-
tural transition is of first order. Eu4As3 orders ferromagneti-
cally at T=18 K in contrast to Yb4As3 and Sm4Bi3 which
possess antiferromagnetic order at low temperatures. Anoma-
lies in the structural, transport, and thermal properties in
Eu4As3 associated with this transition are similar to those
found in Yb4As3 and Sm4Bi3.

The samarium chalcogenides Sm3X4 �X=S, Se or Te�
with the cubic Th3P4 structure are well known as typical

examples of valence-fluctuation compounds, where two dif-
ferent valence ions, Sm2+ and Sm3+, coexist.27 Such a possi-
bility was mentioned already in the early work of Picon et
al.28 He noted that the lattice constants of Sm3S4 and Eu3S4
are too large in comparison with those of the trivalent R3

3+S4
compounds, indicating that cations with two different va-
lence states 2+ and 3+ coexist in a ratio of 1:2.

Unlike most other Th3P4-type rare earth chalcogenides,
which are trivalent and metallic,29 the Sm3X4 compounds
behave as semiconductors, with a room-temperature
electrical resistivity already of the order of 1� cm. The
activation-type temperature dependence of the dc resistivity
�=�0 exp�E /kBT� has a unique value of the activation energy
E�0.14 eV for Sm3X4 �X=S, Se or Te�.30,31 The optical
measurements reveal a direct energy gap in Sm3S4 and Eu3S4
equal to 0.2 eV and 1.7 eV, respectively.32,33 The analysis for
the dielectric response confirmed that Sm3Se4 is a insulator,
that is, without free carriers at low temperature.34 But the gap
is so small that it is easily smeared by imperfections like in
La doped SmB6.15 From x-ray diffraction experiments,27

both types of Sm ion were found to occupy the same crys-
tallographic site. The magnetic susceptibility of Sm3X4 is
explained by a sum of the susceptibility of the Van Vleck
term for Sm2+ with J=0 �0 K� and J=1 �400 K�, and of the
Curie term for Sm3+ with J= 5

2 in the coexistence ratio 1:2.35

Assuming ideal stoichiometry, simple charge balance for the
nominal formula Sm2+�Sm3+�2�X2−�4 implies that no free car-
riers are available to populate the conduction band, which
explains the lack of metallic conduction observed experi-
mentally. Thermally activated electrical transport takes place,
however, through the hopping of electrons among the rare-
earth sites.36 Thus, near room temperature, the Sm ions fluc-
tuate rapidly between two configurations 4f5 and 4f6, giving
rise to the so-called “thermal valence fluctuations.” This
mechanism differs markedly from the “quantum valence
fluctuations” occurring in homogeneously mixed-valence
compounds.1–3,5 Here, the fluctuations slow down drastically
as T decreases, as evidenced by the upswing in the transverse
nuclear relaxation rate 1 /T2 on cooling below 160 K �Ref.
37� or the frequency-dependent stiffening of the elastic
constants,38 and an activation-type temperature dependence
of the relaxation time, �=�0 exp�E /kBT�. The relaxation time
corresponding to the hopping rate in the thermal motion of
the 4f electron from Sm2+ to neighboring Sm3+ ions in
Sm3X4 becomes longer and longer on lowering the tempera-
ture, however no sign of a phase transition to a charge-
ordered state has been found. In lowering the temperature,
the fluctuation of the 4f electrons freezes gradually into a
charge glass state, which is characterized by the random dis-
tribution of Sm2+ and Sm3+ ions in space. In fact, it has been
reported that the broad peaks of the magnetic susceptibility
and specific heat around Tsg=1.3 K in Sm3Te4 occur at the
transition into the spin-glass state because of the random
ordering of the magnetic moments of Sm2+ and Sm3+ ions.39

This result is in contrast with the low-temperature prop-
erties of the isomorphic Eu3S4 compound. This compound
possesses a first order phase transition near Tco=186 K.40

The transition exhibits the configurational entropy of an
order-disorder transition. The structural changes at the phase
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transition of Eu3S4 were found to be very small compared,
for example, to those of the second-order structural phase
transition in La3S4.40 The carrier concentration drops by
roughly 3 orders of magnitude in Eu3S4 upon cooling below
Tco.

41 Eu3S4 has also a phase transition to a ferromagnetic
state below Tc=3.8 K.42 A recent synchrotron x-ray diffrac-
tion study for single crystals of Eu3S4 has revealed that a

Th3P4-type I4̄3d structure transforms to a charge-ordered

I4̄2d one at Tco=188.5 K.43 In the I4̄2d crystal structure all
Eu2+ ions mix with half the Eu3+ in the 8d sites and the
remaining Eu3+ ions occupy the 4a sites.

No such effect has been observed in the Sm chalcogenides
down to temperatures of less than 1 K. This intriguing result
has raised interesting speculations as to the nature of the
low-temperature state in the Sm3X4 compounds.44 From the
ac conductivity, it has been suggested that, as thermal fluc-
tuations die out at low temperatures, tunneling of 4f elec-
trons between neighboring sites may become the dominant
transport mechanism. It is known that the tunnel motion of
the 4f electrons is relevant when the initial and final states
possess nearly equal energies.5 Various spectroscopic probes
�Mössbauer effect,45 NMR,37 �SR46� have been used to de-
termine the charge and magnetic response of these com-
pounds with different characteristic time scales. It now
seems most likely that, in Sm3X4, the Sm3+ moments freeze
at low temperature into a spin-glass state,37,39 possibly asso-
ciated with a static, or quasistatic, spatial disorder of the two
4f configurations. According to this interpretation, the huge
linear term, �=0.6 J K−2/mol and �=0.79 J K−2/mol, ob-
served in the low-temperature specific heat in Sm3Te4
and Sm3Se4, respectively,47 can be ascribed to magnetic
disorder rather than to heavy-fermion phenomena as
proposed initially.

Why does Sm3X4 favor the charge glass state and does not
exhibit charge ordering with the usual first-order transition
with symmetry-breaking character like Eu3S4 or Yb4As3? To
answer this question the microscopic details about the
4f-electron states and their degree of hybridization with con-
duction states are highly relevant.

The aim of the present study is to explore the electronic
structures of some mixed-valence Sm and Eu chalcogenides
and pnictides with Th3P4 and anti-Th3P4 structures, namely,
Eu3S4, Sm3X4 �X=S, Se, and Te� and R4X3 �R=Sm, Eu;
X=As, Sb, and Bi� compounds.

The paper is organized as follows. Section II presents a
description of Th3P4 and anti-Th3P4 crystal structures and the
computational details. Section III is devoted to the electronic
structure of Sm and Eu pnictides R4X3 �R=Sm, Eu; X=As
Sb, Bi�. Section IV is devoted to the electronic structure of
Sm3X4 �X=S, Se, and Te� and Eu3S4 compounds calculated
in the LSDA+U approximation. Finally, the results are sum-
marized in Sec. V.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The high-temperature phases of R4X3 �R=Sm, Eu;
X=As Sb, Bi� compounds have the cubic anti-Th3P4 struc-

ture with space group I4̄3d �No. 220�. The R ions occupy the
P-sites with Wyckoff positions 16c �x=y=z=u�, and the X
ions occupy the Th sites with special Wyckoff positions 12a
�x=3/8, y=0, z=1/4�.48 All R atoms are aligned on four
families of chains oriented along the four diagonals of the
cubic unit cell.49

The high-temperature phases of Eu3S4 and Sm3X4 �X=S,
Se or Te� compounds have the bcc Th3P4 structure with
space group I4̄3d �No. 220�. Conventional unit cell of Eu3S4
includes four formula units. Both ions Eu2+ and Eu3+ in
Eu3S4 occupy crystallographically equivalent 12a sites
�x=3/8, y=0, z=1/8� with S4 symmetry. S occupies the 16c
sites �x=y=z=u�. Only the x coordinate of sulfur �u param-
eter� is a variable among positional parameters. We used the
experimentally determined values of u=0.0721, 0.0722,
0.0724, 0.0724 for Eu3S4, Sm3S4, Sm3Se4, and Sm3Te4,
respectively.48 It gives a slight deviation from an ideal Th3P4
structure �u=1/12=0.0833�. A Eu ion is coordinated by
eight sulfur ions in a distorted cube while a sulfur ion is
coordinated by six Eu ions.

A recent synchrotron x-ray diffraction study for single
crystals of Eu3S4 has revealed that a low temperature charge-
ordered structure with tetrahedral symmetry and a

space group of I4̄2d �No. 122�. The cell dimensions
are a=8.508 Å and c=8.514 Å.43 Eu ions occupy crystallo-
graphically two nonequivalent positions, namely,
4a �x=y=z=0� and 8d �x=3/8, y=1/4, z=1/8� sites. S ions
occupy the 16e sites �x=0.572, y=0.823, z=0.449�.43 Both
Eu sites are coordinated by eight sulfur ions. The 4a sites are
distributed as in the diamond structure. The mean Eu-S dis-
tance for the 8d sites is about 0.3% larger than for the 4a
sites.

The details of the computational method are described in
our previous papers,6–8 and here we only mention several
aspects. The calculations were performed for the experimen-
tally observed lattice constants a=8.822, 9.308, 9.815 Å for
Sm4X3 and a=9.192, 9.654, 10.00 Å for Eu4X3 �X=As, Sb,
and Bi�, respectively; a=8.523 Å for Sm3S4, 8.877 Å for
Sm3Se4 9.511 Å for Sm3Te4, and 8.527Å for Eu3S4. We used
the spin-polarized fully relativistic linear-muffin-tin-orbital
�SPR LMTO� method50,51 in the atomic sphere approxima-
tion �ASA� with the combined correction term taken into
account. The LSDA part of the calculations was based on the
spin-density functional with the von Barth-Hedin
parametrization52 of the exchange-correlation potential. Bril-
louin zone �BZ� integrations were performed using the im-
proved tetrahedron method53 and charge self-consistency
was obtained on a grid of 262 irreducible k points for Sm
and Eu chalcogenides and 252 and 924 k points of the cubic
and the trigonal Sm and Eu pnictides, respectively. To im-
prove the potential we include an additional empty sphere in
the �1/4, −1/8, 0� position for the Sm and Eu pnictides, the
corresponding empty spheres in rare earth chalcogenides
have been placed in the �1/4, 1 /8, −1/2� and �0, 1 /4, −1/8�
positions. The basis consisted of rare earth s, p, d, and f;
chalcogenide and pnictide s, p, d, and empty sphere s and p
LMTO’s.

We also neglect the small trigonal distortion in Sm pnic-
tides for simplicity and determined all positions in such a
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way that there is no ion displacement at all in the cubic to
trigonal transformation, rather the rare earth f-charges are
redistributed by fixing which rare earth site is 3+ and which
is 2+. We checked that this neglect of ion displacements
makes very little differences in our results. It should be men-
tioned that if we neglect the trigonal distortion, the LSDA
�without U� band structure calculations should give exactly
the same results as for the cubic structure.

We have adopted the LSDA+U method54 as a more ap-
propriate approximation to treat the electron-electron corre-
lation. We used the “relativistic” generalization of the
LSDA+U method which takes into account spin-orbit cou-
pling so that the occupation matrix of localized electrons
becomes nondiagonal in spin indexes. This method is de-
scribed in detail in our previous paper55 including the proce-
dure to calculate the screened Coulomb U and exchange J
integrals, as well as the Slater integrals F2, F4, and F6.

Screened Coulomb U and exchange J integrals enter the
LSDA+U energy functional as external parameters and have
to be determined independently. Their values can be obtained
from LSDA calculations using Slater’s transition-state ap-
proach as described in Ref. 56. For Sm4X3 compounds such
calculations give the values of U=7.2, 7.14, and 7.0 eV for
X=As, Sb and Bi, respectively. For Eu4X3 compounds we
obtain the values of U=7.47, 7.35, and 7.25 eV for X=As,
Sb, and Bi, respectively. For Sm3X4 compounds U=8.2,
8.2, and 8.5 eV for X=S, Se, and Te, respectively. For
Eu3S4U=8.3. The exchange parameter is taken as
J=0.62 eV for Sm4As3 and 0.65 eV for all other rare earth
pnictides. For Sm chalcogenides J=0.65 eV and 0.67 eV for
Eu3S4.

III. SAMARIUM AND EUROPIUM PNICTIDES

A. Sm4Bi3

It is well known that the application of plain LSDA cal-
culations to 4f-electron systems is often inappropriate, be-
cause of the correlated nature of the 4f shell.4 The position of
the LSDA 4f states close to the Fermi energy is in contra-
diction to the findings of XPS and UPS experiments.3,4 To
account better for the on-site f-electron correlations, we have
adopted as a suitable model the LSDA+U approach.55

The LSDA+U partial DOS’s of antiferromagnetic �AF�
Sm4Bi3 are shown in Fig. 1. In order to imitate the nonmag-
netic �J=0� ground state of Sm2+ ion the exchange-
correlation potential is taken to be the same for both spin
states within the corresponding atomic spheres. For three di-
valent nonmagnetic Sm ions six 4f5/2 energy bands per ion
are fully occupied and hybridize with Bi p states at around
−2.0 eV below Fermi energy. The other eight 4f7/2 divalent
Sm energy bands are situated far above the Fermi level at 6.5
eV and hybridize with Sm 5d states. Both, the occupied and
empty Sm2+4f states are very narrow which indicates that
their hybridization with Bi p and Sm d states is rather weak.
For the trivalent Sm ion, seven spin-down 4f electron bands
per ion are well above the Fermi level and hybridize with Sm
5d states. Five spin-up Sm3+4f states are below the Fermi
level situated right in the energy gap between Bi s and p
states �not shown�. The other two spin-up 4f energy bands

for the trivalent Sm ion, doubly degenerate due to AF order-
ing, appear just below the top of the Bi p band. One of them
is completely empty and above the Fermi energy at around
0.15 eV, but the other one is pinned to the Fermi level. The
sixth and seventh 4f spin-up energy bands have different
orbital character, mj =−5/2 and mj − =7/2, respectively, and
their splitting is mainly caused by the nonspherical part of
the Coulomb interaction.

The pinning of the sixth spin-up Sm3+4f state to the Fermi
level is a robust feature of the electronic structure of the
Sm4Bi3 compound. As an example, we present in Fig. 2 the
energy bands of Sm4Bi3 for different values of Coulomb pa-
rameter U. The sixth spin-up Sm3+4f state just slices near the
top of the Bi p band when U is varied from 3 to 10 eV. Only
for U	10.5 eV does the Sm 4f band become empty. Such
pinning of the 4f state to the Fermi level may be explained
by the charge balance between Sm 4f states of the Sm3+ ions
and pnictide p states. This feature in combination with the
small mass of the Bi p electrons close to the top of the p
band appears to be a key point for the physics of the Sm
pnictides.

In Fig. 2 for drawing of the 4f bands we used the so-
called fat-bands representation. The size of the circles indi-
cates the degree of the 4f orbital character in a band. Such a
representation can help to visualize also the hybridization
between Sm 4f and Bi p states. The largest Sm 4f-Bi p
hybridization was found to be near the 
 symmetry point in
the 
-P direction. Due to the very small phase space for
hybridization and the very small Sm 4f-Bip orbital overlap,
the DOS peak of the sixth hole spin-up 4f band pinned at the
Fermi level is as narrow as 0.01 eV.

This situation is similar to that found in the charge order-
ing of Yb4As3 �Ref. 57� where a very narrow marginally

FIG. 1. The partial density of states �in states/�atom eV�� of
Sm4Bi3 calculated in LSDA+U approximation �U=7.0 eV� for the
low temperature R3c phase.
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occupied Yb3+4f hole band is also pinned close to the very
top of the As p valence band via the charge balance between
Yb and As. One should mention, however, that there are also
some important differences. There are two 4f energy bands
crossing the top of the Bi p band in Sm4Bi3, but only a single
one in the Yb4As3 compound. The later case corresponds to
a ground state with a hole pocket around the 
 point
�k=0� holding 0.0058 As p holes per formula unit. In the
case of Sm4Bi3 a hole pocket around the 
-point contains
0.25 Bi p holes per formula unit. As a consequence the car-
rier concentration is relatively large in Sm4Bi3. However, the
most prominent difference in the electronic structure of the
Sm4Bi3 in comparison with the Yb4As3 compound is the
value of the spin moment of the corresponding magnetic
ions. The Yb3+ ions occupying short chains in Yb4As3 have
the 4f13 configuration with an effective spin of s=1/2. This
leads to appearance of one-dimensional spin 1/2 chains with
antiferromagnetic coupling at low temperatures.20 The triva-
lent Sm3+ ions with the 4f5 configuration have a spin mo-
ment s=5/2 and Sm4Bi3 possesses a three-dimensional anti-
ferromagnetic order.18 The Fermi surface of Sm4Bi3 consists
of two closed hole pockets of Bi p states centered at the 

point and two electron ellipsoids of Sm f states centered at P
and A symmetry points. The corresponding Fermi surface of
Yb4As3 consists of a hole pocket of As p states centered at
the 
 point and an electron ellipsoid of Yb f states centered
on the symmetry line 
-P.

The mobility of heavy 4f holes is assumed to be negli-
gible in comparison with the mobility of pnictide p electrons.
So the transport properties of Sm4Bi3 are mostly determined
by the number of pnictide p holes.

B. Sm4As3 and Sm4Sb3

The main trend in the electronic structure of the sequence
of Sm4X3 compounds �X=As, Sb, or Bi� results from the
characteristic trend in the pnictide p wave functions and
from the systematic change of the lattice parameters. The
counteraction of screening by inner atomic shells and of rela-
tivistic effects leads to the characteristic trend in the position
of the atomic p state and hence the center of gravity of the
pnictide p band decreases from As to Bi. The p bandwidth is
monotonically increasing from As to Bi due to the increasing
extension of the atomic wave function, although the lattice
constant increases too. The degree of pinning of Sm sixth 4f
spin-up energy band to the Fermi level in Sm4Sb3 and
Sm4As3 is similar to that obtained for the Sm4Bi3 compound.
An artificial shift via tuning U of the hole f level by chang-
ing U by 6 eV is completely compensated by a charge trans-
fer as small as 0.2 electron.

The most prominent difference in the electronic structure
of the Sm4Bi3 compound in comparison with the other two
samarium pnictides is in the position and occupation of the
sixth hole 4f spin-up energy level. Figure 3�a� shows the
expanded view of the total DOS of Sm4X3 �X=As, Sb, or Bi�
compounds. If one moves from Sm4Bi3 to Sm4As3 through
the series, the peak position of the sixth hole 4f spin-up level
shifts toward higher energy from the Fermi level. The occu-
pation of the sixth hole 4f spin-up level reduces from 0.25
electrons in Sm4Bi3 to 0.15 electrons in Sm4Sb3 and to 0.01
electrons in Sm4As3. Therefore the Sm3+ state is enhanced
relative to the Sm2+ one in the series. This is consistent with
the conclusion derived in Ref. 22 on the Sm4�Bi1−xSbx�3 sys-
tem. We should mention here that when we speak about par-
tial occupation of the sixth f hole level in Sm4X3 compounds
we imply that such an occupation is due to the hybridization
effect between pnictide p and Sm 4f energy states.

The Sm4X3 pnictides offer the unique opportunity to fol-
low the evolution of intermediate valence as a function of

FIG. 2. �Color online� The energy band structure of Sm4Bi3
calculated in LSDA+U approximation around the Fermi level for
various values of U.

FIG. 3. Expanded view of the DOS of �a� Sm4X3 �X=As, Sb,
Bi� and �b� Sm4Bi3 for the lattice constants a1=9.308 Å and
a2=9.561 Å.
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composition. The driving force is the change of lattice con-
stant upon exchanging the anion. In order to separate the
influence of the lattice constant from the influence of the
ionic potential of the pnictide component on the electronic
structure of Sm4X3 �X=As, Sb, and Bi�, we present in Fig.
3�b� the DOS of Sm4Bi3 evaluated with the lattice constant
of Sm4Sb3 �a=9.308 Å� and for a=9.561 Å. The peak posi-
tions of the sixth hole 4f spin-up level of Sm4Bi3 with lattice
parameter equal to that of the Sm4Sb3 compound and real
samarium antimonide are almost the same indicating the ma-
jor role played by the lattice constant in this case. On the
other hand, the occupation number of the sixth hole 4f
spin-up level in the compressed Sm4Bi3 is 1.5 times larger
than in the Sm4Sb3 compound. The reason is the larger Sm
4f-pnictide p hybridization in the former case due to larger
extension of the atomic Bi 6p wave function in comparison
with the Sb 5p one. We can conclude that in the cases of the
Sm4X3 compounds the type of pnictide ion potential plays an
essential role.

The results of the band structure calculations for Sm4As3
and Sm4Sb3 presented above were obtained with the assump-
tion that the compounds contain three Sm2+ and one Sm3+

ions in the unit cell similar to Sm4Bi3. In this case it is still
not clear why Sm4As3 and Sm4Sb3 show no trace of charge
ordering at low temperatures. On the other hand, in earlier
work Ochiai et al.15 suggested that Sm4As3 and Sm4Sb3 are
typical dense Kondo systems with all four Sm ions being in
the trivalent state. From the volume collapse in the high pres-
sure phase of Sm4Bi3 it was deduced that all Sm ions must
be close to trivalency in this phase.14,21

The electronic structure of Sm4As3 with trivalent Sm ions
�not shown� differs significantly from the band structure with
only one Sm ion in the trivalent state. In the former case As
4p states are completely occupied and are far below the
Fermi level. On the other hand, the previously empty Sm 5d
states become occupied due to 4f →5d charge transfer. A
similar band structure was found also in Sm4Sb3 with triva-
lent Sm ions.

Independently of the number of trivalent Sm ions the
sixth 4f hole level is always pinned at the Fermi energy. It
makes the usual Kondo lattice scenario inappropriate for
Sm4As3 and Sm4Sb3 because for a Kondo resonance to de-
velop, both the occupied and empty 4f states must be suffi-
ciently far away from the Fermi level.

In conclusion we note that the question how many Sm
ions are in the trivalent state in Sm4As3 and Sm4Sb3 com-
pounds as well as in the high pressure phase of Sm4Bi3
�above 2.8 GPa� is still open. Analysis of the lattice constants
suggests all four Sm ions are probably in the trivalent
state.14,15 On the other hand, the magnetic susceptibility at
room temperature in Sm4As3 is definitely larger than the the-
oretical value for Sm3+, which can be explained by over 10%
mixing of Sm2+.15 Moreover, high resolution 4d-4f reso-
nance photoemission spectra of Sm4As3 have quite intensive
components at 0 to 4 eV binding energy,3,4 which indicates a
significant amount of Sm2+ ions in the compound.

The principal question about the degree of Sm valency
might be answered also by optical measurements. In Fig. 4
we show the optical reflectivity and conductivity spectra of
Sm4As3 calculated in the LSDA+U approximation for dif-

ferent Sm valencies. The most prominent difference in the
spectra is the extra peak between 0 and 1 eV in the optical
conductivity with all four Sm ions in the trivalent state
caused by interband transitions involving the occupied 5d
hybridized states. In Sm4As3 with only one Sm ion being in
the trivalent state Sm 5d states are completely empty. As a
result, the transitions involving the occupied 5d states do not
take place at small photon energies, and the erroneous peak
structures around 0 to 1 eV disappear from the optical spec-
tra. A small peak at around 0.15 eV presented in the optical
conductivity spectrum with one Sm ion in the trivalent state
is mostly determined by the interband transitions involving
occupied states with predominantly As p character to unoc-
cupied states with predominantly Sm 4f character situated in
close vicinity of the Fermi level. Experimental measure-
ments of the optical spectra in Sm4As3 and Sm4Sb3 are
highly desired.

We should mention that the experimental situation in
Sm4X3 differs from that, for example, in Yb4As3 or Eu4As3
in the sense that in the later systems a generation of samples
of much better quality became available during recent years,
and more reliable data about transport properties, optical and
photoemission spectra were obtained. In Sm4X3 we still use
old experimental data and it is difficult to ascertain the full
validity of measured properties based on the experiments of
the early 1980s. The physical nature of the mixed valence
state in Sm4As3 and Sm4Sb3 compounds as well as in the
high pressure phase of Sm4Bi3 requires further investigation
theoretically as well as experimentally.

C. Eu4X3 (X=As, Sb, and Bi)

Figure 5 shows the energy band structure and total density
of states near the Fermi level for Eu4As3, Eu4Sb3, and Eu4Bi3
calculated in the LSDA+U approximation. For divalent fer-
romagnetic Eu ions seven 4f spin-up energy bands per ion

FIG. 4. Calculated optical reflectivity R��� and conductivity
���� in Sm4As3 with one �dashed line� and all four Sm ions in the
trivalent state �full line�.
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are fully occupied and hybridize with the bottom of the pnic-
tide p states �not shown�. The other seven 4f spin-down di-
valent Eu energy bands are situated far above the Fermi level
at 7 to 7.5 eV and are hybridized with Eu 5d states. The six
4f5/2Eu3+ bands are fully occupied and situated in the gap
between the pnictide s and p states while eight 4f7/2 hole
levels are completely unoccupied and cross the top of pnic-
tide p band and bottom of the Eu 5d band. There is a hybrid-
ization energy gap of 
E=0.05 eV in Eu4Bi3 which is
formed between Bi p and Eu3+4f7/2 states.

The Fermi surface of Eu4Bi3 consists of small closed hole
pockets of Bi p states centered at the 
 point and an electron
ellipsoid of Eu 5d states centered at the Z-b symmetry direc-
tion. There are no 4f states at the Fermi level.

As in the case of Sm4X3 the main trend in the electronic
structure of the sequence of Eu4X3 compounds �X=As, Sb,
or Bi� results in a monotonic increase of the p bandwidth
going from As to Bi due to an increasing extension of the
atomic wave function. Therefore, as one moves from Eu4Bi3
to Eu4As3 through the series, the unoccupied 4f7/2 levels for
nonmagnetic Eu3+ move from below toward the very top of
the pnictide p band. If Eu4Bi3 is a semimetal, Eu4As3 and
Eu4Sb3 are both semiconductors. The direct gap is equal to
0.41 eV and 0.12 eV and the indirect gap −0.26 eV and 0.02
eV in Eu4As3 and Eu4Sb3, respectively. These gaps are be-
tween pnictide p and Eu 5d bands.

The temperature dependence of the Hall coefficient single
crystal Eu4As3 is presented in Ref. 18. Large values of the

Hall coefficient indicate a very low carrier concentration of
this system. The same holds true for the electrical resistivity,
which is, for instance, estimated as about 0.005 carriers/Eu
ion at 200 K, assuming a one band model. Its positive sign
suggests dominant hole conductivity in a wide temperature
range. On the other hand, from our band structure calcula-
tions Eu4As3 is a semiconductor. Although the calculated in-
direct gap is rather small in this system and any crystal im-
perfections or small doping can easily close the gap.

We should mention that among Eu4X3 �X=As, Sb, and Bi�
compounds only Eu4As3 reveals the charge ordering cubic-
to-trigonal structural transformation. There is no information
on the charge ordering for the other two compounds in the
literature.58

IV. SAMARIUM AND EUROPIUM CHALCOGENIDES

A. Density of states

�a� Eu3S4: The analysis on the site preference of Eu2+ and
Eu3+ ions presented in Ref. 43 shows that Eu2+ ions do not
occupy the 4a sites within the error estimates. The ionic radii
of Eu2+ and Eu3+ ions are 1.25 and 1.07 Å.59 Larger Eu2+

ions prefer the slightly larger 8d sites, although both sites are
surrounded by eight sulfur atoms in the coordination of a
distorted cube. The ordering scheme is that the Eu3+ ions
occupy the 4a sites, while both Eu2+ and Eu3+ ions occupy
the 8d sites in the ratio of 1:1. The chemical formula involv-
ing the information on the valence is given as
�Eu3+�4a�Eu2+Eu3+�8d�S2−�4. Two isomer shift peaks of Möss-
bauer spectra of Eu3S4 supports the separation of Eu2+ and
Eu3+ ions below T=228 K.60 Since the observation tempera-
ture is higher than Tco=188.5 K, the gradual freezing of elec-
tron hopping occurs independently of the crystal-structural
change, where the crystal still maintains the Th3P4-type
structure. The frequency of hopping can be described as a
relaxation time � to exchange the electrons in the observation
of the Mössbauer spectra. Exponential temperature depen-
dence of � was reported with a continuous change through
the phase transition. The � values are 1.0−7, 3.5−8, 8.5−10,
3.5−11 s at T=83, 200, 250, and 325 K, respectively.60 It
should be noted that the hopping of electrons still exists at
T=83 K even below the phase-transition temperature of
Tco=188.5 K. Similar gradual freezing of electron hopping
was observed in the neutron and x-ray Huang scattering of
magnetite.61,62

Although the distribution of Eu2+ and Eu3+ ions at 8d sites
is random below Tco=188.5 K, the energy barrier to enable
the electron hopping is relatively small even in the low-
temperature phase so far examined. Therefore a charge or-
dering between Eu2+ and Eu3+ ions may exist for Eu3S4.43

Figure 6 shows the partial density of states of Eu3S4 for

the low temperature I4̄2d phase calculated in the LSDA+U
approximation for Ueff=U−J=7.63 eV. In our LSDA+U
band structure calculations of Eu3S4 we assumed an addi-
tional charge ordering of the Eu2+ and Eu3+ ions in 8d sub-
lattice �see Fig. 7� in a way which has been done in the case
of the low-temperature charge-ordered magnetite Fe3O4 in B
sublattice for Fe2+ and Fe3+ ions.12 In contrast to LSDA,

FIG. 5. �Color online� The energy band structure and total DOS
�in states/�cell eV�� of Eu4As3, Eu4Sb3, and Eu4Bi3 calculated in
LSDA+U approximation �U=7.47, 7.35, and 7.25 eV,
respectively�.
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where the stable solution for Eu3S4 is metallic, the LSDA
+U method gave an insulator consistent with the experimen-
tal situation described in the introduction.

For divalent magnetic Eu8d
2+ ions seven 4f spin-down en-

ergy bands per ion are situated at the top of Eu 5d states at
10 to 11 eV above Fermi level. The 4f spin-up energy bands
per ion are fully occupied and hybridized with about a half of
the S p band. There is a quasienergy gap between hybridized

and nonhybridized parts of S p bands at −2.1 to −2.4 eV
�Fig. 6�. Six 4f5/2Eu3+ nonmagnetic bands for both the 4a
and 8d sites are fully occupied and situated in the gap be-
tween S s and p states, while eight 4f7/2 hole levels are
completely unoccupied and cross the very bottom of the Sm
5d states at around 2 eV above the Fermi level �Fig. 6�. Both
the occupied and empty 4f Eu4a

3+ states are shifted downward
at around 0.1 eV in comparison with the position of the
4f Eu8d

3+ states due to slightly different chemical bonding.
�b� Sm3S4: The inhomogeneous mixed-valence state on

the Sm sublattice was modeled by lowering the crystal sym-
metry in such a way that 12a sites split into two groups
consisting of four and eight equivalent sites. The former
were occupied by Sm2+ and the latter by Sm3+ ions.

In contrast to LSDA, where the charge-inhomogeneous
solution for Sm3S4 is metallic, the LSDA+U method gave an
insulator. Sm2+ nonmagnetic 4f5/2 bands are fully occupied
and situated at the very top of S p energy band �Fig. 8�. The
4f7/2 hole levels are completely empty and well above the
Fermi level hybridized with Sm 5d states at around 9 eV
�Fig. 8�. For trivalent Sm ions seven 4f spin-down energy
bands per ion are situated above Fermi level at 2.2 to 4.0 eV
hybridized with Sm 5d states. Five 4f spin-up energy bands
per ion are fully occupied and situated in the gap between S
s and p energy bands �not shown�. The other two empty 4f
spin-up energy bands are situated just above the Fermi level
in the gap between occupied nonmagnetic 4f5/2Sm2+ bands
and empty Sm 5d bands �Fig. 8�.

FIG. 6. The partial density of states �DOS� �in states/�atom eV��
of Eu3S4 in I4̄2d phase calculated in LSDA+U approximation.

FIG. 7. �Color online� Crystal structure of a low temperature
phase of Eu3S4. Small white balls, Eu3+ ions in the 4a crystallo-
graphic positions. Large gray balls, Eu2+ ions in the 4a positions;
small dark balls, Eu3+ ions in the 4a positions. Large black balls, S
ions.

FIG. 8. The partial density of states �DOS� �in states/�atom eV��
of Sm3S4 calculated in LSDA+U approximation.
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B. XPS spectra

Photoemission experiments, both x-ray �XPS� and ultra-
violet, are of central importance for understanding mixed-
valence materials �see the review of the early work by Cam-
pagna et al.63�. In rare-earth photoemission, when the photon
ejects an electron from the 4fn shell it leaves behind a 4fn−1

configuration, hence the kinetic energy distribution curve of
the emitted electron measures the spectra of the final-state
hole. The final state 4fn−1 has a characteristic multiplet split-
ting which serves as a fingerprint, and these are accurately
resolved and calculable for rare-earth photoemission. By
identifying the final-state hole the initial state can be in-
ferred.

The partial 4f DOS of the occupied part of the Sm3S4
calculated in the LSDA+U approximations is compared with
XPS measurements64 in the top panel of Fig. 9. The calcu-
lated 4f DOS has been broadened to account for lifetime
effects and for experimental resolution. The S 3p states es-
sentially do not contribute to the XPS spectra because of the
low ionization cross section compared with that of the Sm 4f
states.65 Hence, the measurements only indicate the f excita-
tion energies relative to the Fermi level.

The theoretical 4f DOS calculated using one electron ap-
proximations cannot, of course, fully account for the multi-
plet splitting. Therefore we present in two other panels of
Fig. 9 the 4f DOS’s taking into account the multiplet struc-
ture of Sm2+ and Sm3+ ions. We used the final state multiplet
structure presented in Ref. 66. The multiplet structure for
Sm2+ ion �4f5 final state� consists of three terms 6H, 6F, and
6P. The Sm3+ ion �4f4 final state� has the multiplets 5I, 5F,
5G, and 5D. The relative intensities for the multiplet peaks
were obtained on the basis of Cox calculations67 using the

fractional parentage method.68 In this method the Hund’s
rule ground state is assumed for n 4f electrons and then the
coefficients of fractional parentage �Racah’s� for the n−1
configurations are calculated. The intensities for the various
configurations �multiplets� are just the square of the coeffi-
cients of fractional parentage. In Fig. 9 the XPS spectrum is
modeled by a weighted sum of 4f DOS curves. We aligned
the centroid of the calculated occupied 4f DOS peak with the
centroid of the atomic final state multiplet and summed up
the spectra scaling them according to the relative intensities
of the multiplets. The agreement between LSDA+U theory
and the XPS measurements is reasonably good. The dis-
agreement in the intensity of some peaks might be explained
by the influence of transition matrix elements which have not
been included in the theoretical calculations. It is clear that
the structures between −4.5 and −16 eV binding energy
should be assigned to the final-state multiplet structure de-
rived from five fully occupied Sm3+4f spin-up bands and the
structures between 0.0 and −4.5 eV are associated with the
final-state multiplet structure of the divalent Sm2+4f DOS.
The LSDA calculations place 4f energy bands in close vicin-
ity of the the Fermi level for both the Sm2+ and Sm3+ ions
and hence are not able to produce the structures of the XPS
spectrum in the −4.5 to −16 eV eV energy interval.

C. Optical spectra

From the good agreement between theory and XPS mea-
surements we may conclude that the LSDA+U calculations
give an accurate position for the occupied 4f bands. The
principal question is the energy position of the empty 4f
states, which is usually answered by optical or BIS measure-
ments. Although optical measurements give more precise in-
formation on the band positions in comparison with XPS
measurements due to much better resolution, they involve
complex functions containing information of both the initial
and final states simultaneously �joint density of states� and
are strongly influenced by the optical transition matrix ele-
ments.

In Fig. 10 we show the experimental32 real refractive in-
dex n���, extinction coefficient k��� and optical reflectivity
R��� spectra of Sm3S4, as well as the spectra calculated with
LSDA, LSDA+U and with the 4f electrons in the core. We
mention, furthermore, that we have convoluted the calculated
spectra with a Lorentzian whose width is 0.4 eV to approxi-
mate lifetime broadening. This picture clearly demonstrates
that the best description is unambiguously given by the
LSDA+U approach. As was mentioned above, the LSDA
theory produces a metallic solution and, therefore, gives the
wrong asymptotic behavior for the optical reflectivity and the
extinction coefficient k��� as �→0. The most prominent
discrepancy in the LSDA spectra is the extra peaks between
0 and 1.5 eV in the extinction coefficient k��� caused by
interband transitions involving the occupied 4f5/2 and unoc-
cupied 4f7/2 hybridized states. In the LSDA+U approach, the
empty 4f7/2 state energies are shifted upward due to the on-
site Coulomb interaction Ueff. As a result, the transitions in-
volving the unoccupied 4f7/2 states do not take place at small
photon energies, and the erroneous peak structures around 0
to 1.5 eV disappear from the optical spectra.

FIG. 9. Comparison of the calculated 4f DOS of Sm3S4 in the
LSDA+U approximations with the experimental XPS spectrum
from Ref. 3 taking into account the multiplet structure of the 4f5

final state �see explanations in the text�.
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The calculations in which the 4f electrons are treated as
quasicore are able to reproduce correct asymptotic behavior
for the optical reflectivity and the refractive index n��� as
�→0 similar to the LSDA+U calculations, but, they fail in
producing a peak at around 0.6 eV in the refractive index
n��� and the extinction coefficient k���. This peak is mostly
determined by the interband transitions between occupied
4f5/2 states hybridized with S p states and two empty 4fspin-up
bands situated in close vicinity of the Fermi level.

D. Comparison between Sm3S4 and Eu3S4

Samarium chalcogenides Sm3X4 �X=S, Se, Te� do not ex-
hibit any evidence of charge ordering at low temperature and
show a charge glass state due to the random distribution of
Sm2+ and Sm3+ ions.38 This glass transition of Sm3X4 is in
strong contrast with the charge ordering of the isomorphic
compound Eu3S4. In the latter compound, a first-order
charge-ordering transition occurs at about 188.5 K, below
which the distribution of di- and trivalent cations is no longer
random.43 A microscopic description of the charge ordering
and the charge glass states in rare earth chalcogenides is
completely lacking. Any detailed model calculations of these
phenomena must be based on the knowledge of their elec-
tronic and magnetic structures. In this section we compare
Sm3S4 and Eu3S4 compounds in several aspects, namely,
their band and magnetic structures, as well as the hybridiza-
tion effects between the 4f and S 3p electrons.

One should mention that the magnetism of the Eu2+ �con-
figuration 4f7� and Eu3+ �configuration 4f6� ions is the re-
verse of that of the Sm2+ �4f6� and Sm3+ �4f5� ions, i.e., the
trivalent Eu ion has the same magnetic ground state of J=0
as that of the divalent Sm ion. The magnetic ground state of
the Eu2+ ions is J=7/2 no orbital moment.

Table I lists the calculated spin Ms, orbital Ml, and total
Mt magnetic moments �in �B� of Sm3S4 and Eu3S4. The spin
and orbital moments are almost equal in Sm3S4 and have
opposite signs which gives a very small total magnetic mo-
ment of 0.5�B per ion. Due to its f7 atomic configuration,
Eu2+ has no orbital moment.

Figure 11 shows the expanded view of the band structures
and total DOS’s of Sm3S4 and Eu3S4 compounds. Both the
compounds are semiconductors with an energy gap of 0.25
and 1.70 eV, respectively. The theoretically calculated energy
gaps are in complete agreement with the optical
measurements.32,33 The energy gap in Eu4S3 is formed by the
4f states at the 8d sublattice positioned between occupied
Eu8d

2+ states which are strongly hybridized with S 3p states
and empty Eu8d

3+ states which cut the very bottom of Eu 5d
band. The quite small energy gap in Sm4S3 also separates the
4f bands which belong to divalent and trivalent Sm ions,

FIG. 10. Calculated optical reflectivity R, real refractive index n
and extinction coefficient k of Sm3S4 treating 4f states as �1� fully
localized �4f in core� �dashed line�, �2� itinerant �dotted line�, and
�3� partly localized �LSDA+U approximation� �solid line� com-
pared with experimental data �open circles� �Ref. 32�.

TABLE I. The calculated spin Ms, orbital Ml, and total Mt mag-
netic moments at the rare earth site �in �B� of Sm3S4 and Eu3S4

�low temperature charge-ordered I4̄2d phase�.

Ion Moment Sm3S4 Eu3S4

R3+

Ms 4.89 0

Ml −4.39 0

Mt 0.50 0

R2+

Ms 0 6.76

Ml 0 0.00

Mt 0 6.82

FIG. 11. �Color online� The energy band structure and total
DOS �in states/�cell eV�� calculated for Sm3S4 and Eu3S4 calculated
in the LSDA+U approximation.
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respectively. In both cases the gap depends on the position of
the f states and the choice of U can strongly affect its value,
however, we should mention that in our calculations we did
not consider the value of U as an adjustable parameter but
calculated it using the constrained LSDA approach.56

Goto and Lüthi argue5 that the difference between the
charge glass state in Sm3X4 �X=S, Se, or Te� and the charge
ordering in Eu3S4 could be the different hybridization effect
of the 4f electrons with 3p electrons of the chalcogenides.

From the comparison of band structures presented in Fig.
11 we can conclude that the 4f-3p hybridization effect is
really quite different in Eu3S4 and Sm3S4 compounds. The S
3p electrons hybridize with magnetic Eu2+ 4f electrons in
Eu3S4 and nonmagentic Sm2+ 4f electrons in Sm3S4. Due to
Zeeman splitting the magnetic Eu2+ 4f states occupy quite a
large energy interval inside of the S 3p band, strongly hy-
bridized with S 3p states. Nonmagnetic Sm2+ 4f states in
Sm3S4 cross the very top of S 3p band, therefore the 4f-3p
hybridization is expected to be smaller in comparison with
the Eu3S4 compound.

On the other hand, in Sm3Se4 and Sm3Te4, nonmagnetic
Sm2+ 4f states are shifted downward from the top of chalco-
gen 3p band. Taking into account that the extension of chal-
cogen 3p valence wave function increases going from the top
to the bottom of the band and also going from S to Te one
would expect that the 4f-3p hybridization is increased going
from Sm3S4 to Sm3Te4 through the series. It manifests itself
in a width of the Sm2+ 4f states in these compounds. In
Sm3S4 Sm2+ 4f valence states are narrow with a high density
of states. There is a hybrization energy gap of about 0.2 eV
between Sm2+ 4f and S 3p states. In the case of Sm3Se4 and
Sm3Te4 the Sm2+ 4f DOS’s can hardly be distinguished from
chalcogen 3p DOS’s and the 4f-p hybridization in these
compounds �not shown� is rather similar to the correspond-
ing hybridization in Eu3S4 than in Sm3S4. Nevertheless,
Sm3Se4 as well as Sm3Te4 show no sign of a phase transition
to charge ordering at low temperatures. In lowering the tem-
perature the fluctuations of their 4f electrons freeze gradually
into a charge glass state similar to Sm3S4. Therefore, al-
though the 4f-3p hybridization effect is quite different in
Eu3S4 and Sm3S4 compounds, it is probably not a main rea-
son for the difference in their ground states.

Seeking the answer to the question why does Sm3X4 favor
the charge glass state and does not exhibit charge ordering
like Eu3S4 we performed two numerical experiments. In the
first one, by reducing the number of the symmetry operations
we make all the atoms in the unit cell nonequivalent and then
interchange the places of di- and trivalent Sm and Eu ions.
We found that the interchanging of Sm ions with different
valency in Sm3S4 costs smaller total energy than in the case
of interchanging Eu ions in Eu3S4. So Sm3S4 probably has a
larger tendency to charge disorder in comparison with Eu3S4.

In the second experiment we tried to check whether the
local easy magnetization axes for two nonequivalent pairs of
magnetic Sm3+ ions in Sm3S4 have the same orientation by
calculating the total energy as a function of their magnetic
moment direction. For simplicity we placed 4f electrons of
the nonmagnetic Sm2+ ion in the core. In order to minimize
the contribution of the exchange interaction into the total
energy we arranged Sm3+ ions in each pair antiferromagneti-

cally, thus, making the exchange energy independent of the
relative orientation of the magnetization of the pairs. We
found that the magnetic Sm3+ ions have different easy mag-
netization axes defined by the polar angles �=40°, �=90°
and �=40°, �=0°, for the first and the second Sm3+ pair,
respectively �� and � are defined with respect to the �001�
direction�. In order to verify these results we calculated the
dependence of the total energy on the magnetization direc-
tion for each Sm3+ pair independently. This was achieved by
setting the spin-orbit interaction strength at another pair of
Sm3+ ions to zero, which effectively decouples their mag-
netic moments from the lattice. The total energy minima
were again found for different magnetization directions,
close to those mentioned above. It should be pointed out that
strong magnetocrystalline anisotropy in Sm3S4 prevents col-
linear magnetic order and may favor the charge glass state in
this compound.

The chemical formula involving the information on the
valence in Eu3S4 is given as �Eu3+�4a�Eu2+Eu3+�8d�S2−�4.
There is only one type of magnetic Eu2+ ion in the unit cell
of Eu3S4 and two types of nonmagnetic Eu3+ ions. Eu2+ has
no orbital magnetic moment �Table I� and Eu3S4 possesses a
first order nonmagnetic phase transition near
Tco=188.5 K,40,43 as well as phase transition to a ferromag-
netic state below Tc=3.8 K.42 However, a large difference
between Tco and Tc indicate that the magnetic interactions
probably play a minor role for the charge ordering in Eu3S4.

The difference in the magnetic structures and the 4f-3p
hybridization effects in Eu3S4 and Sm3S4 play an important
role in determining their ground states properties. However,
it is still not clear why Sm3X4 favors the charge glass state
and does not exhibit charge ordering like Eu3S4. This ques-
tion needs additional theoretical investigation using more so-
phisticated many-body approaches.

V. SUMMARY

For Sm4Bi3, the LSDA+U band structure calculations
provide a two-band model of the electronic structure, �1� a
wide, nearly fully occupied Bi p valence band and �2� a very
narrow, marginally occupied Sm 4f band, weakly hybridized
with the Bi p band in a small k space region near the 
 point
of the BZ. The mobility of heavy 4f electrons is assumed to
be negligible in comparison with the mobility of pnictide p
electrons. So the transport properties of Sm4Bi3 are mostly
determined by the number of pnictide p holes. Pressure, dop-
ing, etc., may slightly change the relative position of these
two bands and hence strongly affect the low carrier density
and the transport properties. But the 4f shell of the Sm3+ ions
is little influenced as long as the charge order is maintained.

The most prominent difference in the electronic structure
of the Sm4Bi3 compound in comparison with the other two
samarium pnictides is in the position and occupation of the
sixth hole 4f spin-up energy level. The pinning of a partly
occupied sixth f spin-up level is different in these com-
pounds. If one moves from Sm4Bi3 to Sm4As3 the peak po-
sition of the sixth hole 4f spin-up level shifts toward higher
energy from the Fermi level. The partial occupation of the
sixth hole f level is thus decreasing going from Sm4Bi3 to
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Sm4As3 along with a decrease of the lattice constant. Our
results can be considered as qualitative theoretical support of
the conclusion derived in Ref. 15, that the Sm3+ state is en-
hanced relative to the Sm2+ state from the substitution of Bi
ions by Sb ones as well as from the application of pressure in
the Sm4Bi3.

As classical mixed valence compounds Eu3S4 and Sm3X4
�X=S, Se or Te� constitute very interesting systems exhibit-
ing unusual behavior due to strong electronic correlations. A
detailed comparison between Eu3S4 and Sm3S4 shows that
these two compounds have quite different electronic and
magnetic structures as well as different hybridization charac-
ter of the 4f electrons with S 3p electrons.

We found that the 4f-3p hybridization in Sm3S4 is ex-
pected to be smaller in comparison with the Eu3S4 com-
pound. On the other hand, the 4f-3p hybridization in Sm3Se4
and Sm3Te4 is closer rather to the corresponding hybridiza-
tion in Eu3S4 than in Sm3S4. Nevertheless, Sm3Se4 as well as
Sm3Te4 shows no sign of a phase transition to a charge or-
dered state at low temperatures. Therefore, the difference in
the hybridization in Eu3S4 and Sm3S4 is probably not a main
reason for the difference in their ground states.

Eu3S4 and Sm3S4 compounds have quite different mag-
netic structures. Eu2+ has no orbital moment. The orbital mo-
ment of magnetic Sm3+ ions in Sm3S4 is quite large and has
the opposite direction to the spin moment. We found that
easy magnetization axes are different for two nonequivalent
Sm3+ ions, and the strong local magnetocrystalline aniso-
tropy in Sm3S4 might prevent the appearance of the collinear
magnetic order in the compound.

In the view of the distribution of valence ions, the low-
temperature phase of Eu3S4 is similar to the room-
temperature phase of magnetite. Di- and trivalent ions are
randomly distributed in the B and 8d sublattices in Fe3O4
and Eu3S4, respectively. However, Fe3O4 undergoes at
TV=120 K a first-order phase transition �Verwey
transition�.11 This phase transition is accompanied by long
range charge ordering of Fe3+ and Fe2+ ions on B1 and B2
sites of the B sublattice. There are some indications that
similar transitions with charge ordering of Eu2+ and Eu3+ on
the 8d sublattice may occur also in Eu3S4 at low
temperatures.43 However, there are some serious technical

difficulties in determining the crystal structure of Eu3S4 be-
low T=3.8 K.43

In conclusion we would like to point out that the LSDA
+U method which combines LSDA with a basically static,
i.e., Hartree-Fock-type, mean-field approximation for a
multiband Anderson lattice model cannot fully describe such
complex phenomena as the charge ordering or the charge
glass states in rare earth chalcogenides. However, this
method can be considered as the first step toward a better
description of strongly correlated electron systems. The
LSDA+U method gave a correct insulating ground state so-
lution for Sm and Eu chalcogenides. This method provides
the correct energy positions of 4f energy bands and gives a
reasonable description of the optical properties and XPS
spectra in Sm3S4.

A detailed investigation of the electronic and magnetic
structures of rare earth chalcogenides presented in this paper
should be regarded as a step toward more sophisticated
model calculations of the charge ordering and the charge
glass state phenomena.

There are several computational methods which go be-
yond the LDA or LDA+U approach in the treatment of
ground states and excited states of correlated electron mate-
rials. These methods include the self-interaction correction
�SIC� approach, dynamical mean-field theory �DMFT�, and
the GW approximation. Although they are more computa-
tionally demanding, it would be of interest to investigate
their applicability to the materials and phenomena discussed
in this work.
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