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Electronic structure of mixed-valence semiconductors in the LSDA¿U approximation.
I. Sm monochalcogenides

V. N. Antonov* and B. N. Harmon
Ames Laboratory, Iowa State University, Ames, Iowa 50011

A. N. Yaresko
Max Planck Institute CPFS, No¨thnitzer Str. 40, D-01187 Dresden, Germany

~Received 12 November 2001; revised manuscript received 14 March 2002; published 8 October 2002!

The electronic structure and optical spectra of Sm monochalcogenides are investigated theoretically from
first principles, using the fully relativistic Dirac LMTO band structure method. The electronic structure is
obtained with the local spin-density approximation~LSDA!, as well as with the so-called LSDA1U approach.
In contrast to LSDA, where the stable solution in SmS is a metal, the LSDA1U gave an insulating ground
state. The energy band structure of samarium monochalcogenides describes well their measured x-ray photo-
emission spectra~XPS! as well as their optical spectra. The electronic structure of SmS high-pressure golden
phase calculated in the LSDA1U approximation is characterized by five fully occupied 4f levels situated
around 6 eV below the Fermi level and a sixth 4f level partly occupied due to pinning at the Fermi level. The
occupation number is equal to 0.45~valence 2.551!.

DOI: 10.1103/PhysRevB.66.165208 PACS number~s!: 71.28.1d, 75.30.Mb
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I. INTRODUCTION

Mixed valence~MV ! phenomena occurring in rare ear
compounds attracted a great deal of interest in the 1970s
early 1980s.~The history is well reviewed by Wachter.1!
Such effects are expected to arise in systems where two
tron configurations corresponding to 4f occupation numbers
n andn21 have nearly degenerate energies. So the gro
state of a mixed valence compound is a quantum mechan
mixture of both the 4f n and the 4f n21d configuration on
each rare earth ion. Among MV compounds, there are a
cases where a narrow-gap behavior is known to exist at
temperature: SmS~high pressure golden phase!, TmSe,
SmB6, YbB12, UNiSn, Ce3Bi4Pt3, etc. Although the burst o
activity dealing with MV materials in the 1970s has be
superseded by the subsequent shift of interest toward o
strongly correlated electron systems~heavy fermions, high-
temperature superconductors, etc.! some very fundamenta
questions were left unsettled. In recent years these ques
are being revisited as a result of the insight gained in stu
ing related systems, or simply because better samples o
proved experimental techniques have become available.2,3

In the case of mixed valence semiconductors one of
most important questions is the microscopic mechanism
the band gap formation. Several mechanisms of gap for
tion in such systems have been proposed during the last
decades. Mott4 and later Martin and Allen5 argued that a
narrow insulating gap, only a few meV wide, can occur
the electronic density of states~DOS! at the Fermi energy a
a result of the strongon-sitehybridization between the nar
row 4f band and the broad conduction band. On the ot
hand, Kasuya and his group6 introduced the concept of wea
Wigner crystallization of thef electrons in the low carrie
limit. Kikoin with co-workers calculated the electronic spe
trum of SmS and SmB6 using a model which considers MV
semiconductors as excitonic insulators.7 They describe the
0163-1829/2002/66~16!/165208~10!/$20.00 66 1652
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MV state in SmB6 as a mixture of singlet states of divale
Sm(f 6) and the bound electron–hole pairsf 5b, whereb is
the state of an electron promoted from thef shell top orbitals
spread over neighboring boron sites but having the sa
symmetry as thef electron in a central site. We should als
mention the anisotropic hybridization model with
pseudogap proposed by Hanzawa.8 A gap structure contain-
ing intrinsic states was also found from studies of the
tended Falicov-Kimball model.9

The electronic structure of SmS has attracted much at
tion during the last several decades because it shows an
structural first-order phase transition under pressure.1 The
transition is accompanied by dramatic changes in the e
tronic system, manifesting itself in a spectacular co
change from black to golden, and also in the lattice dyna
ics. For SmS under normal conditions~i.e., in the black
phase!, as well as for SmSe and SmTe, there is no doubt
these materials are semiconducting and that the sama
ions have valence 21, or at most a very small deviation.1 For
the golden phase, the situation is not as clear. At press
just above the phase transition, SmS is mixed valent, wit
samarium valency of about 2.6 determined from spec
scopic methods and susceptibility measurements10–12 and
about 2.8 from the Vegards-law analysis of lattice const
measurements.12 With further increasing pressure one grad
ally closes the hybridization gap in SmS and the tempera
dependence of the resistivity turns to metallic behavior
low temperatures above 19.5 kbar with the valency incre
ing toward 31.13–15

Standard band-structure calculations16–19 in the local spin
density approximation yield a spin–orbit splitting of abo
0.6 eV between the 4f 5/2 and the 4f 7/2 states. At normal
volume, these two sets of bands are crossed by the lowesd
band resulting in a metallic behavior. The LSDA calculatio
provide an inadequate description of the 4f electrons in SmS
due to improper treatment of correlation effects. In particu
©2002 The American Physical Society08-1



re
re
as
D

nd
ay
at
-
a
-
he
e
re

th
ie
w
he
n

-

ta

i
te

-

-
h
c

l
w
i

c-
c

n
fo

he
fir
ca
tio
v
o

-
at
Sm

,

f-

c-

-

-

e
o-
ll
ion
ra.
de-
o-
ted
ties
ll as
the

i-
ure-
uc-
ts

ys-

ea-
,

in
s-
lcu-
ity

d-

von
s
trix
en
uc-
e
he

ron
ith

n.
-

in

bet-

V. N. ANTONOV, B. N. HARMON, AND A. N. YARESKO PHYSICAL REVIEW B66, 165208 ~2002!
total energy versus volume LSDA calculations19 underesti-
mate the equilibrium lattice constant of SmS. Furthermo
these calculations showed that the bulk modulus ag
much better with the experimental value of the normal ph
if the 4f states are treated as core states. Besides, LS
calculations cannot account for the splitting of filled a
empty f bands, which is expected to be 6–7 eV from x-r
photoemission spectroscopy20 and bremsstrahlung isohrom
spectra~BIS! measurements.21 Attempts at a description be
yond LSDA have been published, where the common ide
to distinguish occupied and unoccupied 4f states. One pos
sibility is to approximate the self-energy by introducing t
Coulomb repulsionU as an additional parameter to the on
particle~LSDA! equations for a quasiparticle band structu
as performed by Lo´pes-Aguilar and Costa-Quintana.22 Con-
sequently, they found a semiconducting state due to
Hubbard-type splitting between the occupied and unoccup
bands. Since the underlying uncorrelated band structure
calculated without taking into account relativistic effects, t
results may have only qualitative significance. In a differe
approach, Schumannet al.23 took into account the self
interaction correction~SIC! for the six relativistic states with
total angular momentumJ55/2. Although the SIC-LSDA
calculations produce the correct semiconductor ground s
of SmS, the splitting between the occupied 4f 5/2 and the
unoccupied 4f 7/2 states amounts to about 10 eV. This value
larger than the on-site Coulomb correlation energy estima
from XPS spectraU;6 eV.20 The SIC-LSDA calculations
place the occupied 4f levels below S 3p states producing an
energy gap between S 3p and Sm 5d states, however spec
troscopic observations place the 4f 5/2 states just below the
Fermi energy and a gap occurs between Sm 4f 5/2 and Sm 5d
states.1 Recently Lehneret al.24 calculated the spectral den
sity of SmS using a multiband periodic Anderson model. T
s,p, andd states were treated as band states within the lo
spin-density approximation and the 4f shell treated as loca
many-electron states. The calculated spectral density
found to be in fair agreement with the measured photoem
sion and inverse photoemission spectra.

The aim of this work is to theoretically study the ele
tronic structure and optical spectra of the mixed valen
semiconductors SmX (X5S, Se, and Te!, SmB6, and
YbB12. The discussion above indicates there are still ma
questions concerning details of the electronic structure
the Sm compounds, and to the best of our knowledge t
optical properties have not yet been calculated using
principles calculations. The results of such calculations
be compared to experimental spectra to provide informa
about occupied and unoccupied states near the Fermi le
We also report investigations of the electronic structure
Sm0.5La0.5S, Sm0.5Th0.5S, and LuB12 systems. We have di
vided the work into two parts, with this, paper I, concentr
ing on the electronic structure and optical properties of
monochalcogenides and related compounds, such
Sm0.5La0.5S and Sm0.5Th0.5S. Paper II deals with SmB6,
YbB12 compounds and LuB12 as a reference material.

To better account for the on-sitef-electron correlations
we have adopted as a suitable model the LSDA1U
approach.25 The LSDA1U method has proven to be an e
16520
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ficient and reliable tool for calculating the electronic stru
ture of systems where the Coulomb interaction is strong~for
a review, see Ref. 26!. The LSDA1U approach was success
fully applied to the heavy-fermion compounds YbPtBi~Ref.
27! and Yb4X3 (X5P, As, Sb, and Bi!,28 metal–insulator
transition compound Fe3O4,29 and mixed valence semicon
ductor UNiSn.30 In our previous paper31 we applied the
LSDA1U method to the theoretical investigation of th
electronic structure of mixed valent thulium monochalc
genides TmX (X5S, Se, and Te!. The method describes we
their measured BIS, x-ray, and ultraviolet photoemiss
spectra as well as the optical and magneto-optical spect

This paper is organized as follows: Sec. II presents a
scription of the crystal structure of the Sm monochalc
genides and the computational details. Section III is devo
to describing the electronic structure and optical proper
of the Sm monochalcogenides at normal pressure as we
for the high pressure golden phase of SmS calculated in
LSDA and LSDA1U approximations. The theoretical opt
cal calculations are compared to the experimental meas
ments. We also investigate theoretically the electronic str
ture of Th41 and La31 substituted SmS. Finally, the resul
are summarized in Sec. IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

Sm monochalcogenides crystallize in the NaCl type cr
tal structure, and the space group isFm3̄m ~No. 225!. In our
band structure calculations we used the experimentally m
sured constantsa55.972, 6.202, and 6.595 Å for SmS
SmSe, and SmTe, respectively.32

The details of the computational method are described
our previous paper,31 and here we only mention several a
pects. The electronic structure of the compounds was ca
lated self-consistently using the local spin dens
approximation33 and the fully relativistic spin-polarized
LMTO method in the atomic-sphere approximation, inclu
ing the combined correction~ASA1CC!.34–38 For the ex-
change and correlation potential the parametrization of
Barth and Hedin was used.39 The combined correction term
have been included also in calculation of the optical ma
elements.40 The Kramers-Kronig transformation has be
used to calculate the dispersive parts of the optical cond
tivity from the absorptive parts. To improve the potential w
include additional empty spheres in the 8c positions. T
basis consisted of the Sms, p, d, f, and g; S, Se, and Tes, p,
and d, and empty spheres, and p LMTO’s. The k-space
integrations were performed with the improved tetrahed
method41 and charge self-consistently was obtained w
1305, 969, and 904 irreduciblek-points in SmS, SmB6, and
YbB12, respectively.

We have adopted the LSDA1U method25 as a different
level of approximation to treat electron–electron correlatio
The Hubbard-typeUeff can be calculated from atomic Dirac
Hartree-Fock~DHF! ~Ref. 42! or from Green-function impu-
rity calculations,43 and from band structure calculations
the super-cell approximation.44 The calculated value ofUeff
can depend on theoretical approximations and it may be
8-2



o
p

a

ra

i
th

s

ib
V
nc

e
la

if-
-

a
m

re
w

y

.
s
th
t

ed

o
-
of
d

v

va

sti-

of
r
six

id-
en
e,
val-

r-

,

-
the

er-

gy
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ter to regard the value ofUeff as a parameter and try t
specify it from comparison of the calculated physical pro
erties with experiments. We estimatedUeff from the best
agreement in relative position of the centroids of the Sm31

and Sm21 theoretically calculated and experimentally me
sured x-ray photoemission spectra. This yieldsUeff
56.0 eV in SmX~X5 S, Se, and Te!, 7.0 eV in SmB6, and
8.0 eV in YbB12. We found, however, that the optical spect
are rather insensitive to the precise value ofUe f f . The
LSDA1U band structure calculations withUe f f varying by
61 eV provide optical spectra in reasonable agreement w
the experimental data. On the other hand, the value of
energy gap strongly depends on the value ofUe f f . Ue f f
56.0 eV provides energy gaps in Sm monochalcogenide
a good agreement with the experimental data.

III. RESULTS AND DISCUSSION

A. Sm monochalcogenides

The Sm monochalcogenides offer the interesting poss
ity to study the transition from semiconductor to the M
state as a function of pressure. First, it is of great importa
to characterize the semiconducting state.

In our band structure calculations we have perform
three independent fully relativistic spin-polarized calcu
tions. We consider the 4f electrons as~1! itinerant electrons
using the local spin-density approximation;~2! fully local-
ized, putting them in the core; and~3! partly localized using
the LSDA1U approximation. We note that an important d
ference with respect to treating the 4f electrons as core elec
trons is that in the LSDA1U calculation all optical transi-
tions from and to the 4f states are taken into account.

Figure 1 shows the energy band structure of SmS for
three approximations. The energy band structure of S
with the 4f electrons in the core can be subdivided into th
regions separated by energy gaps. The bands in the lo
region around211 eV have mostly Ss character with some
amount of Smsp character mixed in. The next six energ
bands are Sp bands separated from thes bands by an energy
gap of about 7 eV. The width of the Sp band is about 3.2 eV
The unoccupied electronic states can be characterized a
5d bands. The sharp peaks in the DOS calculated in
LSDA just below and above the Fermi energy are due
4 f 5/2 and 4f 7/2 states, respectively~Fig. 1!.

In our LSDA1U band structure calculations we start
from a 4f 6 configuration for the Sm21 ion with six on-site
4 f levels shifted downward byUeff/2 and eight levels shifted
upwards by this amount. The energies of occupied 4f 5/2 and
unoccupied 4f 7/2 levels are separated by approximatelyUeff .
The LSDA1U energy bands and total density of states
SmS forUeff56 eV are shown in Fig. 1. The Coulomb re
pulsion Ueff strongly influences the electronic structure
SmS. For Sm21 ions six 4f 5/2 bands are fully occupied an
situated in the gap between Sp and Sm 5d states while the
4 f 7/2 hole levels are completely unoccupied and well abo
the Fermi level hybridized with Sm 5d states which results
in a nonmagnetic ground state with the Sm ion in the di
lent state. The theoretically calculated energy gapDE
16520
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50.18 eV which is formed between Sm 4f 5/2 and Sm 5d
states is in good agreement with the experimentally e
mated 0.15 eV derived from the activation energy.1

The LSDA1U energy bands and total density of states
SmSe and SmTe forUeff56 eV are shown in Fig. 2. Thei
electronic structures are very similar to the SmS one with
Sm 4f 5/2 bands fully occupied and the 4f 7/2 hole bands com-
pletely unoccupied and well above the Fermi level hybr
ized with Sm 5d states. Theory gives energy gaps betwe
Sm 4f 5/2 and 5d bands equal to 0.47, and 0.67 eV in SmS
and SmTe, respectively. The corresponding experimental
ues are equal to 0.45 and 0.65 eV.1

Photoemission experiments, both x-ray~XPS! and ultra-
violet ~UPS!, have been of central importance for unde
standing mixed-valence materials~see the review of the early
work by Campagnaet al.45!. In rare-earth photoemission
when the photon ejects an electron from the 4f n shell it
leaves behind a 4f n21 configuration, hence the kinetic en
ergy distribution curve of the emitted electron measures
spectra of the final-state hole. The final state 4f n21 has a
characteristic multiplet splitting which serves as a fing

FIG. 1. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!!# calculated
for SmS treating the 4f states as~1! fully localized (4f in core!; ~2!
itinerant ~LSDA!; and ~3! partly localized (LSDA1U).
8-3
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print, and these are accurately resolved and calculable
rare-earth photoemission. By identification of the final-st
hole the initial state can be inferred.

The partial 4f DOS of the occupied part of the SmS ca
culated in LSDA and LSDA1U approximations is compare
with XPS measurements20 in Fig. 3. The calculated 4f DOS
has been broadened to account for lifetime effects and
experimental resolution. The Sm 4p states essentially do no
contribute to the XPS spectra because of the low ioniza
cross section compared with that of the Sm 4f states.46

Hence, the measurements only indicate thef excitation ener-
gies relative to the Fermi level. The theoretically calcula
4 f DOS cannot, of course, fully account for the multipl
splitting. Therefore we present in Fig. 3 the 4f DOS’s taking
into account the multiplet structure of the 4f 5 final state. We
used the final state multiplet structure presented in Ref.
This multiplet structure consists of three terms6H, 6F, and
6P. The relative intensities for the multiplet peaks were o
tained on the basis of Cox calculations47 using the fractional
parentage method.48 In this method the Hund’s rule groun
state is assumed forn 4 f electrons and then the coefficien
of fractional parentage~Racah’s! for then21 configurations
are calculated. The intensities for the various configurati
~multiplets! are just the square of the coefficients of fra
tional parentage. In Fig. 3 the XPS spectrum is modeled b
weighted sum of three 4f DOS curves. We aligned the cen
troid of the calculated occupied 4f DOS peak with the cen
troid of the atomic final state multiplet. Although, LSD
calculations produce almost the same picture as LSDA1U
calculations in the case of SmS, for SmSe and SmTe
LSDA calculations place the 4f 5/2 energy bands too close t
the Fermi level which leads to disagreement with measu
XPS spectra~Fig. 3!.

FIG. 2. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
SmSe and SmTe in the LSDA1U approximation.
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From the good agreement between theory and XPS m
surements we may conclude that the LSDA1U calculations
give an accurate position for the occupied 4f bands. The
principal question is the energy position of the emptyf
states, which is usually answered by optical or BIS measu
ments. Although optical measurements give more precise
formation on the band positions in comparison with XP
measurements due to much better resolution, they invo
complex functions containing information of both the initi
and final states simultaneously~joint density of states! and
are strongly influenced by the optical transition matrix e
ments.

In Fig. 4 we show the experimental49 real and imaginary
parts of the dielectric function,«1xx(v) and «2xx(v), the
optical reflectivity and optical conductivitys1xx(v) spectra,
as well as the spectra calculated with LSDA, LSDA1U and
with the 4f electrons in the core. We mention, furthermor
that we have convoluted the calculated spectra with a Lor
zian whose width is 0.4 eV to approximate lifetime broade
ing. This picture clearly demonstrates that the better desc
tion is unambiguously given by the LSDA1U approach. As
was mentioned above, the LSDA theory produces a meta
solution and, therefore, gives the wrong asymptotic beha
for the optical reflectivity and the dispersive part of the d

FIG. 3. Comparison of the calculated 4f DOS in the LSDA and
LSDA1U approximations with the experimental XPS spectra fro
Ref. 20 taking into account the multiplet structure of the 4f 5 final
state~see explanations in the text!.
8-4
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ELECTRONIC STRUCTURE OF . . . I. . . . PHYSICAL REVIEW B 66, 165208 ~2002!
electric function«1xx asv→0. The most prominent discrep
ancy in the LSDA spectra is the extra peaks between 0
1.5 eV in the «1xx(v), «2xx(v) and optical conductivity
s1xx(v) caused by interband transitions involving the occ
pied 4f 5/2 and unoccupied 4f 7/2 hybridized states. In the
LSDA1U approach, the empty 4f 7/2 state energies ar
shifted upward due to the on-site Coulomb interactionUeff .
As a result, the transitions involving the unoccupied 4f 7/2

states do not take place at small photon energies, and
erroneous peak structures around 0–1.5 eV disappear
the optical spectra.

FIG. 4. Calculated optical reflectivityR, real and imaginary
parts of the diagonal dielectric function,«1xx , «2xx , and diagonal
part of the optical conductivitys1xx of SmS treating 4f states as~1!
fully localized (4f in core! ~dotted line!, ~2! itinerant~dashed line!,
and ~3! partly localized (LSDA1U approximation! ~solid line!
compared with experimental data~open circles! ~Ref. 49!.
16520
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The calculations in which the 4f electrons are treated a
quasicore are able to reproduce correct asymptotic beha
for the optical reflectivity and the dispersive part of the d
electric function«1xx as v→ 0 similar to the LSDA1U
calculations, but, it fails in producing a peak at around 0
eV in the absorptive part of the dielectric function«2xx and
optical conductivity spectra. This peak is mostly determin
by the 4f→5d interband transitions.

The LSDA1U theory also gives good agreement b
tween calculated and measured optical spectra in the cas
SmSe~Fig. 5! and SmTe~not shown!.

FIG. 5. Calculated optical reflectivityR, real and imaginary part
of the diagonal dielectric function,«1xx , «2xx , and diagonal part of
the optical conductivitys1xx of SmSe treating 4f states as~1! itin-
erant~dashed line! and~2! partly localized (LSDA1U approxima-
tion! ~solid line! compared with experimental data~open circles!
~Ref. 49!.
8-5
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B. High pressure golden phase of SmS

The history of the Sm monochalcogenides as MV mat
als started at the beginning of the 1970s when Jayara
et al.50 and then Bucheret al.51 discovered a pressure
induced semiconductor–metal transition and suggested
the metallic state would be mixed valent. It was a surpr
that SmS showed this transition occurring at the incredi
low pressure of 6.5 kbar. Starting the pressure above
phase transition and decreasing, a large hysteresis is
served and the MV state snaps back to a semiconductor
at 1.5 kbar. For SmSe and SmTe the pressure-induced
lence transition is continuous and is completed at hig
pressures, about 45 and 60 kbar, respectively.1

By increasing external pressure and hence, decreasin
lattice constant, the widths of Sm 5d and 4f bands are in-
creased. In addition, the crystal-field splitting of the 5d states
eg–t2g in SmS is also increased. At a given pressure thed
band overlaps with the 4f 5/2 states and the energy gap b
comes zero~Fig. 6!. It happens at a lattice constant arou
5.70 Å.1 Starting from the overlap of 4f and 5d states, 4f
electrons will spill into the 5d band leaving a 4f 5 state be-
hind. The ionic radius of Sm31 is about 15% less than th
radius of Sm21, so that simultaneously with more electro
in the 5d conduction band the lattice will shrink, thus furth
increasing the crystal-field splitting of the 5d states, resulting
in an avalanche effect and a first-order valence transit
However, the valence transition does not go all the way
trivalency, but stops where the gain in electronic energy
compensated by an increase in lattice strain energy.1

The LSDA1U energy bands and total density of states
SmS for Sm31 are shown in Fig. 6. There are five 4f 5/2

FIG. 6. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
SmS with the LSDA1U approximation for divalent and trivalen
Sm atoms.
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bands fully occupied and hybridized with the bottom of the
p states. The 4f 7/2 unoccupied states are well above t
Fermi level. A 6th 4f 5/2 hole level is partly occupied and
pinned at the Fermi level. Although we used a starting c
figuration with zero occupation of the 6th 4f 5/2 level, in the
process of self-consistent relaxation the initially empty 6
4 f 5/2 level becomes partly occupied due to pinning at t
Fermi level with occupation number equal to 0.25~valence
2.751!. It is a typical situation for mixed-valent crystals. W
should mention here that partial occupation of the 6th 4f 5/2
hole level in SmS is due to the hybridization effect betwe
5d and 4f energy band states.

We can use two different representations in the constr
tion of the LSDA1U method, namely, (j ,mj ) and (l ,ml)
representations. Most of rare earths and their compou
have a rather large 4f spin magnetic moment, therefore it
natural to use the (l ,ml) representation in the calculations o
their electronic structure.27,28,31In this case one chooses th
projection of the orbital momentum onto the spin directi
ml for the occupied states. The SmS black phase as we
SmSe and SmTe have a nonmagnetic ground state, ther
we used in that case the (j ,mj ) representation. For fully oc-
cupied 4f 5/2 states thez projections of the total moment wer
equal tomj525/2, 23/2, 21/2, 1/2, 3/2, and 5/2.

The situation is not clear for golden SmS. We used both
the representations for the calculation of the electronic str
ture of the golden high pressure phase of SmS. Figur
presents the energy band structure of golden SmS in
( j ,mj ) representation withmj521/2 for the hole state. Due
to the existence of a hole in the 4f 5/2 shell the LSDA1U
gives a so-called low magnetic moment ground state w
total magnetic moment equal to 0.240mB ~spin and orbital
moments have opposite directions with values equal
-0.305 and 0.545mB , respectively!. The (l ,ml) representa-
tion gives a high spin magnetic moment ground state in S
with total magnetic moment equal to 4.636mB at each Sm31

site ~spin and orbital moments have opposite directions w
values equal to 5.501 and -0.865mB , respectively!. We
should mention however, that although our LSDA1U band
structure calculations give always a nonzero samarium m
netic moment, in golden SmS all the efforts to find a ma
netic superstructure in high pressure SmS using neutron
periments have remained unsuccessful. However, one ca
exclude either a weak magnetic component below the li
of the experimental sensitivity~samples for high pressur
measurements are very tiny! or an incommensurate structur
giving peaks at positions not searched in the neut
experiments.52 The evaluation of the magnetic ground sta
of golden SmS from first principles requires furth
investigation.53–55

The pinning of a partly occupied 6th 4f level strongly
depends on the lattice constant. The increasing of the vale
with decreasing of the lattice constant which was found
our band structure calculations can be considered as qua
tive theoretical support of the conclusion derived from va
ous experimental measurements,1 that the application of
pressure enhances the Sm31 state relative to the Sm21 state
in SmS. The theoretically calculated samarium valency w
found to be equal to 2.551 and 2.861 for high and low spin
8-6
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solutions respectively. The experimentally estimated on
about 2.61 from spectroscopic methods and susceptibi
measurements10–12 and about 2.81 from the Vegards-low
analysis of lattice constant measurements.12

Some experimental results indicate that the golden ph
of SmS could be a narrow-gap semiconductor. Evidence
a gap comes from the activation behavior of the electr
resistivity and point contact measurements.1 The estimations
from the point-contact spectra shows a possible gap of a
6.4 meV.1 On the other hand some experiments indicate t
there may not be a gap but rather a pseudogap, and the
bridization does not occur over the whole Brillouin zon
Although the temperature dependence of the resistivity in
golden phase of SmS is semiconductor-like, the resistivit
increased only one order of magnitude with cooling fro
room temperature to several K’s, whereas, e.g., in SmB6 it is
5 orders of magnitude.1 Direct optical measurements of me
chanically polished~high pressure golden phase! SmS by
Travaglini and Wachter56 shows that, in contrast to SmB6,
the reflectivity does not tend to a constant value forv→0
but it seems to rise toward 100% as for a metal. Besid
there is a linear withT g term in the specific heat presumab
due to conduction electrons.57 Our LSDA1U band structure
calculations of golden SmS produce a pseudogap at
Fermi level with a peak just above and a shoulder below
Fermi level with predominantly off character~Fig. 7!. We
should mention that when the density of states atEF is small
compared to the giant density of states of thef peaks, the
resistivity may nevertheless appear activated over a ce
temperature range as experimentally observed, but for
lowest temperatures metallic conductivity should persist.56

C. La3¿ and Th4¿ substituted SmS

It is well established that change in SmS, normally
duced by pressure, can also be affected by the substitutio
trivalent rare-earth ions, notably Y31 or Gd31 in the SmS
lattice.58 In this so-calledchemical collapse, the SmS lattice
undergoes an abrupt decrease in the lattice parameter a
mospheric pressure, when a certain critical concentratio
the substitution is reached. This transition from semicond
tor to MV metal is isostructural. Since all the abov

FIG. 7. Expanded view of the total DOS@in states/~unit cell
eV!# of the high pressure golden phase of SmS in the LSDA1U
approximation for low spin solution anda55.826 Å.
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mentioned substituting ions are much smaller in size rela
to the Sm21, it appeared that the size of the ion was t
principal factor involved in promoting the valence chang
and that these smaller ions exert internal pressure on
lattice.59 However, this chemical substitution not only creat
lattice pressure but also introduces per trivalent ion one
carrier in the conduction band. There are also additional c
duction electrons due to the valence transition, resulting fr
hybridization of f and d states. In the past, electronic an
chemical pressure effects have not been separated an
chemical pressure effect alone was considered respon
for the valence transition.60

Later, Elmiger and Wachter61 showed that SmSe dope
with Ce in the absence of a lattice pressure~trivalent Ce ion
has larger ionic radius than divalent Sm! nevertheless show
lattice softening and a tendency to become mixed valen
was concluded that the valence transition is basically dri
electronically and pressure is only an additional effect. Sim
lar results were obtained in La doped SmS.62 Trivalent La
has almost the same ionic radius as divalent Sm. Never
less in spite of the missing lattice pressure the Sm0.75La0.25S
compound was found to be mixed valent at ambient press
Besides, the electrical resistivity as a function of temperat
shows a clear-cut metallic behavior down to low tempe
tures and up to 1 kbar in this compound.62 Finally Tsiok with
co-workers63 measured the volume change on SmSe a
SmTe under the pressure, and, via conductivity, the ene
gap. They clearly show that the energy gap was driven
zero before a softening of the lattice, therefore it is the c
centration of carriers which triggers the lattice-related pro
erties and not vice versa.1

In this work we calculated the electronic structure of La31

and Th41 doped SmS. The LSDA1U energy bands and tota
density of states of Sm0.5La0.5S for Sm21 and Sm31 are
shown in Fig. 8. The electronic structure of Sm0.5La0.5S for
trivalent Sm ions is similar to the high pressure golden S
phase one~compare Figs. 6 and 8!. In both cases five 4f 5/2
bands are fully occupied and hybridized with the bottom
the Sp states. The 4f 7/2 unoccupied states are well above t
Fermi level. A 6th 4f 5/2 hole level is partly occupied and
pinned at the Fermi level. The samarium occupation num
in Sm0.5La0.5S is equal to 0.15~valence 2.851!. This is a
typical situation for mixed-valent crystals. On the oth
hand, it is still not clear which mechanism is responsible
the 4f 6→4 f 55d transition. Looking at the band structure o
Sm0.5La0.5S with divalent samarium atoms~Fig. 8!, we see
that due to donation of an extra electron from trivalent La
Fermi level is shifted upward, while six 4f 5/2 Sm bands are
situated around 1 eV under the Fermi level hybridized w
the bottom of the Sm 5d states.

Figure 9 shows the electronic structure of Sm0.5Th0.5S for
Sm21 and Sm31. The main trend in the electronic structu
of the sequence of Th and La doped SmS compounds re
from the characteristic trend in the La 4f and Th 5f wave
functions and from relativistic effects. Due to larger exte
sion of the atomic 5f wave functions the empty Th 5f states
are much wider in comparison to La 4f ones, and the forme
states are situated in the energy interval from around 2
eV above the Fermi level well hybridized with Sm 5d and
8-7
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Th 6d states. Due to relativistic effects the Th 6d bandwidth
is increased and its center of gravity is decreased in comp
son to La 5d states. Besides, the Th ion has a valency of 41,
therefore, it donates one extra electron to the valence ban
comparison to La31. If one moves from La doped to Th

FIG. 8. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
Sm0.5La0.5S in the LSDA1U approximation.

FIG. 9. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
Sm0.5Th0.5S in the LSDA1U approximation for divalent and triva
lent Sm atoms.
16520
ri-

in

doped SmS with divalent Sm atoms, six occupied 4f 5/2 Sm
bands move from the bottom of thed band upward about 1
eV ~Fig. 9!. The electronic structure of Th doped SmS wi
trivalent Sm atoms is also similar to La doped SmS with fi
4 f 5/2 bands shifted down by the Coulomb repulsionUeff at
about 6 eV. The 6th 4f 5/2 hole level is partly occupied and
pinned at the Fermi level but with a much smaller occupat
number of 0.03~valence 2.971!. So the LSDA1U band
structure calculations produce an almost integer va
ground state for samarium ions in Sm0.5Th0.5S; divalent or
almost trivalent ground states are obtained if we start
self-consistent procedure from Sm21 or Sm31, respectively.
On the other hand, XPS measurements clearly show tha
substituted SmS is a mixed valent system.45

Figure 10 shows the XPS spectrum of the chemically c
lapsed MV Sm0.85Th0.15S together with the theoretically ca
culated 4f DOS with the LSDA1U approximation taking
into account the multiplet structure of the final states. T
final state multiplet structure presented is from Ref. 45.
we mentioned above, the multiplet structure of Sm21 (4 f 5

finale state! has three terms6H, 6F, and 6P. Sm31 for the
4 f 4 final state has the multiplets5I, 5F, 5G, and 5D.45 In
Fig. 10 the XPS spectrum is modeled by a weighted sum
three LSDA1U 4 f DOS curves for Sm21 and four for the
Sm21 ion. We aligned the centroid of the calculated occ
pied 4f DOS peak with the centroid of the atomic final sta
multiplet. The agreement between theory and the UPS m
surements is good. It is clear that the structures between
and24.5 eV binding energy should be assigned to the fin
state multiplet structure derived from six fully occupied 4f 5/2

FIG. 10. Comparison the calculated 4f DOS in Sm0.5Th0.5S us-
ing LSDA1U approximations with the experimental XPS spec
for Sm0.85Th0.15S compound from Ref. 45 taking into account th
multiplet structure of the 4f 4 and 4f 5 final states~see explanations
in the text!.
8-8
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bands (Sm21) and the structures between -4.5 and -13
are associated with the final-state multiplet structure of
Sm31 ions.

IV. SUMMARY

The Sm monochalcogenides SmS, SmSe, and SmTe
stitute a very interesting system exhibiting behavior due
strongly correlated electrons. While the standard LSDA a
proach is unable to correctly describe the electronic struct
of these materials because of the strong on-site Coulo
repulsion,Ueff the LSDA1U approach is remarkably accu
rate in providing detailed agreement with experiment for
number of properties. In this section we summarize the
properties and the results of our work.

In contrast to LSDA, where the stable solution for S
monochalcogenides at ambient pressure is metallic,
LSDA1U method gave an insulator with energy gaps
0.15, 0.45, and 0.65 eV~the experimental gaps are 0.18
0.47, and 0.67 eV! for SmS, SmSe, and SmTe, respective
The Coulomb repulsionUeff strongly influences the elec
tronic structure of Sm monochalcogenides. For Sm21 ions
six 4f 5/2 bands are fully occupied and situated in the g
between chalcogen 3p and Sm 5d states. The 4f 7/2 hole
levels are completely unoccupied and well above the Fe
level hybridized with Sm 5d states. LSDA1U theory pre-
dicts that the samarium ion in these compounds is in
integer divalent state. It also shows a gradual decreasin
the energy gap with reduction of the lattice constant. T
LSDA1U theoretical calculations describe well the optic
spectra of Sm monochalcogenides.

When applying external pressure to SmS and hence,
creasing its lattice constant the widths of Sm 5d and 4f
bands are increased and the crystal-field splitting of thed
stateseg–t2g is also increased. At a given pressure the 5d
band overlaps with the 4f 5/2 states. This leads to a first-orde
valence Sm21→Sm31 phase transition. The gap in SmS
closed ata55.70 Å in good agreement with experiment
measurements of SmS transport properties under press
For SmS with Sm31 ions five 4f bands are fully occupied
and hybridize with chalcogenidep states. The initially empty
hole 6th 4f level in the process of self-consistent relaxatio
becomes partly occupied with the 4f DOS maximum situ-
ated in close vicinity of the Fermi level in the golden pha
sk
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of SmS. The occupation number of the 6th 4f hole level is
equal to 0.45~valence 2.551! in a good agreement with th
experimental estimates from spectroscopic methods and
ceptibility measurements.

In conclusion, we would like to point out that while th
LSDA1U approach does a very good job in the treatmen
correlation effects in SmS, SmSe, and SmTe at normal p
sure, it is still unclear how well it performs in describing th
mixed valence state in golden SmS in the pressure ra
from 6 to 20 kbar. On one hand, we found the pinning o
partly occupied 6th 4f level at the Fermi level, which is the
typical situation for mixed valence systems. On the ot
hand, LSDA1U calculations always produce a nonze
magnetic moment in the high pressure phase of SmS
though all attempts to find any sign of magnetic ordering
this system gave no positive results for the last 30 years.
more likely that our LSDA1U calculations describe well th
situation in the metallic phase of SmS at pressureP
>20 kbar with trivalent samarium ions~see Fig. 7!.

We should mention that the experimental situation
golden SmS differs from that in SmB6 in the sense that in the
later system a new generation of samples of much be
quality became available during recent years, and more
able data about transport properties and infrared spec
copy were obtained. In SmS we still use old experimen
data and it is difficult to ascertain the full validity of mea
sured gaps or pseudogaps as well as other properties b
on the experiments of the early 1970s. The physical natur
the mixed valence state in golden SmS requires further
vestigation theoretically as well as experimentally.

ACKNOWLEDGMENTS

This work was carried out at the Ames Laboratory, whi
is operated for the U.S.Department of Energy by Iowa S
University under Contract No. W-7405-82. This work w
supported by the Director for Energy Research, Office
Basic Energy Sciences of the U.S. Department of Ene
V.N. Antonov gratefully acknowledges the hospitality
Ames Laboratory during his stay. The authors are very gr
ful to Professor T. Suzuki for the suggestion to calculate
electronic structure of samarium monochalcogenides and
useful discussions. The authors are very grateful to Profe
K. Kikoin for reading the manuscript and for fruitful discus
sions.
v-

s.

te
*Permanent address: Institute of Metal Physics, 36 Vernad
Street, 252142 Kiev, Ukraine.

1P. Wachter,Handbook of the Physics and Chemistry of Ra
Earths, edited by K. A. Gschneidner, L. Eyring, and S. Hu¨fner
~North–Holland, Amsterdam, 1994!, Vol. 19, p. 177.

2P. S. Riseborough, Adv. Phys.49, 257 ~2000!.
3L. Degiorgi, Rev. Mod. Phys.71, 687 ~1999!.
4N. F. Mott, Philos. Mag.30, 403 ~1973!.
5R. M. Martin and J. M. Allen, J. Appl. Phys.50, 7561~1979!.
6T. Kasuya, J. Phys. Colloq.37, C4 ~1976!; T. Kasuya, K. Takega-

hara, and T. Fujita,ibid. 40, C5 ~1979!; 40, 308 ~1979!; T. Ka-
suya, Europhys. Lett.26, 277 ~1994!.
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