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Electronic structure of mixed-valence semiconductors in the LSDA-U approximation.
I.  Sm monochalcogenides
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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 approximati®u$DA), as well as with the so-called LSDAU approach.

In contrast to LSDA, where the stable solution in SmS is a metal, the LEDAgave an insulating ground

state. The energy band structure of samarium monochalcogenides describes well their measured x-ray photo-
emission spectréXPS) as well as their optical spectra. The electronic structure of SmS high-pressure golden
phase calculated in the LSDAU approximation is characterized by five fully occupietl kvels situated

around 6 eV below the Fermi level and a sixthlével partly occupied due to pinning at the Fermi level. The
occupation number is equal to 0.4%lence 2.55).
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. INTRODUCTION MV state in SmB as a mixture of singlet states of divalent
Sm(f®) and the bound electron—hole pairth, whereb is
Mixed valence(MV) phenomena occurring in rare earth the state of an electron promoted from frehell top orbitals
compounds attracted a great deal of interest in the 1970s arghread over neighboring boron sites but having the same
early 1980s.(The history is well reviewed by Wachtér. symmetry as thé electron in a central site. We should also
Such effects are expected to arise in systems where two elefrention the anisotropic hybridization model with a
tron configurations corresponding td 4ccupation numbers pseudogap proposed by Hanzawa.gap structure contain-
nandn—1 have nearly degenerate energies. So the grounig intrinsic states was also found from studies of the ex-
state of a mixed valence compound is a quantum mechanicginded Falicov-Kimball modél.
mixture of both the 4" and the 4"~*d configuration on The electronic structure of SmS has attracted much atten-
each rare earth ion. Among MV compounds, there are a fewion during the last several decades because it shows an iso-
cases where a narrow-gap behavior is known to exist at lowtructural first-order phase transition under presSufae
temperature: SmShigh pressure golden phaseTmSe, transition is accompanied by dramatic changes in the elec-
SmB;, YbB;,, UNiSn, CgBi,Pt, etc. Although the burst of  tronic system, manifesting itself in a spectacular color
activity dealing with MV materials in the 1970s has beenchange from black to golden, and also in the lattice dynam-
superseded by the subsequent shift of interest toward oth@ts. For SmS under normal conditiorise., in the black
strongly correlated electron systertieavy fermions, high- phasg, as well as for SmSe and SmTe, there is no doubt that
temperature superconductors, etsome very fundamental these materials are semiconducting and that the samarium
questions were left unsettled. In recent years these questioisns have valence2, or at most a very small deviatidri-or
are being revisited as a result of the insight gained in studythe golden phase, the situation is not as clear. At pressures
ing related systems, or simply because better samples or injust above the phase transition, SmS is mixed valent, with a
proved experimental techniques have become avaifable. samarium valency of about 2.6 determined from spectro-
In the case of mixed valence semiconductors one of thecopic methods and susceptibility measurenmt&nt$ and
most important questions is the microscopic mechanism foabout 2.8 from the Vegards-law analysis of lattice constant
the band gap formation. Several mechanisms of gap formaneasurement€.With further increasing pressure one gradu-
tion in such systems have been proposed during the last twally closes the hybridization gap in SmS and the temperature
decades. Mottand later Martin and Allehargued that a dependence of the resistivity turns to metallic behavior at
narrow insulating gap, only a few meV wide, can occur inlow temperatures above 19.5 kbar with the valency increas-
the electronic density of staté®OS) at the Fermi energy as ing toward 3+.13-15
a result of the strongn-sitehybridization between the nar-  Standard band-structure calculati#hs®in the local spin
row 4f band and the broad conduction band. On the othedensity approximation yield a spin—orbit splitting of about
hand, Kasuya and his grotimtroduced the concept of weak 0.6 eV between the %, and the 4, states. At normal
Wigner crystallization of the electrons in the low carrier volume, these two sets of bands are crossed by the lowdest 5
limit. Kikoin with co-workers calculated the electronic spec- band resulting in a metallic behavior. The LSDA calculations
trum of SmS and SmBusing a model which considers MV provide an inadequate description of thieelectrons in SmS
semiconductors as excitonic insulatér¥hey describe the due to improper treatment of correlation effects. In particular,

0163-1829/2002/68.6)/16520810)/$20.00 66 165208-1 ©2002 The American Physical Society



V. N. ANTONOQV, B. N. HARMON, AND A. N. YARESKO PHYSICAL REVIEW B66, 165208 (2002

total energy versus volume LSDA calculatibhsinderesti- ficient and reliable tool for calculating the electronic struc-
mate the equilibrium lattice constant of SmS. Furthermoreture of systems where the Coulomb interaction is strdag
these calculations showed that the bulk modulus agreesreview, see Ref. 26The LSDA+ U approach was success-
much better with the experimental value of the normal phaséully applied to the heavy-fermion compounds YbPtRief.
if the 4f states are treated as core states. Besides, LSD2&7) and YhX3; (X=P, As, Sh, and Bj?® metal—insulator
calculations cannot account for the splitting of filled andtransition compound R®,,%° and mixed valence semicon-
empty f bands, which is expected to be 6—7 eV from x-rayductor UNiSn®® In our previous papét we applied the
photoemission spectroscayand bremsstrahlung isohromat LSDA+U method to the theoretical investigation of the
spectra(BIS) measurements. Attempts at a description be- electronic structure of mixed valent thulium monochalco-
yond LSDA have been published, where the common idea igenides TriX (X=S, Se, and Te The method describes well
to distinguish occupied and unoccupiefl gtates. One pos- their measured BIS, x-ray, and ultraviolet photoemission
sibility is to approximate the self-energy by introducing the spectra as well as the optical and magneto-optical spectra.
Coulomb repulsiory as an additional parameter to the one-  This paper is organized as follows: Sec. Il presents a de-
particle (LSDA) equations for a quasiparticle band structure,scription of the crystal structure of the Sm monochalco-
as performed by Lpes-Aguilar and Costa-QuintafaCon-  genides and the computational details. Section Ill is devoted
sequently, they found a semiconducting state due to th&o describing the electronic structure and optical properties
Hubbard-type splitting between the occupied and unoccupiedf the Sm monochalcogenides at normal pressure as well as
bands. Since the underlying uncorrelated band structure wder the high pressure golden phase of SmS calculated in the
calculated without taking into account relativistic effects, theLSDA and LSDA+U approximations. The theoretical opti-
results may have only qualitative significance. In a differentcal calculations are compared to the experimental measure-
approach, Schumanet al?® took into account the self- ments. We also investigate theoretically the electronic struc-
interaction correctioriSIC) for the six relativistic states with ture of TH" and L&" substituted SmS. Finally, the results
total angular momentund=>5/2. Although the SIC-LSDA are summarized in Sec. IV.
calculations produce the correct semiconductor ground state
of SmS,.the splitting between the occupiedl;4 a_nd the _ Il. CRYSTAL STRUCTURE AND COMPUTATIONAL
unoccupied 4, states amounts to about 10 eV. This value is DETAILS
larger than the on-site Coulomb correlation energy estimated
from XPS spectrdJ~6 eV.?° The SIC-LSDA calculations Sm monochalcogenides crystallize in the NaCl type crys-
place the occupiedfdlevels below S states producing an tal structure, and the space groug-imi3m (No. 225. In our
energy gap between $3and Sm % states, however spec- band structure calculations we used the experimentally mea-
troscopic observations place thdg4 states just below the sured constant®=5.972, 6.202, and 6.595 A for SmS,
Fermi energy and a gap occurs between Sgpand Sms  SmSe, and SmTe, respectivéy.
states: Recently Lehneet al?* calculated the spectral den-  The details of the computational method are described in
sity of SmS using a multiband periodic Anderson model. Theour previous papet: and here we only mention several as-
s,p, andd states were treated as band states within the locgdects. The electronic structure of the compounds was calcu-
spin-density approximation and thé 4hell treated as local lated self-consistently using the local spin density
many-electron states. The calculated spectral density waspproximatiori® and the fully relativistic spin-polarized
found to be in fair agreement with the measured photoemistMTO method in the atomic-sphere approximation, includ-
sion and inverse photoemission spectra. ing the combined correctiofASA+CC).>*~38 For the ex-

The aim of this work is to theoretically study the elec- change and correlation potential the parametrization of von
tronic structure and optical spectra of the mixed valenceBarth and Hedin was usedThe combined correction terms
semiconductors Sk (X=S, Se, and Te SmB;, and have been included also in calculation of the optical matrix
YbB,,. The discussion above indicates there are still manelement$® The Kramers-Kronig transformation has been
guestions concerning details of the electronic structure foused to calculate the dispersive parts of the optical conduc-
the Sm compounds, and to the best of our knowledge thetiivity from the absorptive parts. To improve the potential we
optical properties have not yet been calculated using firsinclude additional empty spheres in the 8c positions. The
principles calculations. The results of such calculations camasis consisted of the Senp, d, f, and g; S, Se, and T& p,
be compared to experimental spectra to provide informatiomnd d, and empty sphers, and p LMTO’s. The k-space
about occupied and unoccupied states near the Fermi levehtegrations were performed with the improved tetrahedron
We also report investigations of the electronic structure ofnethod' and charge self-consistently was obtained with
SmyslagsS, SmysThysS, and LuB, systems. We have di- 1305, 969, and 904 irreduciblepoints in SmS, Sm§ and
vided the work into two parts, with this, paper I, concentrat-YbB;,, respectively.
ing on the electronic structure and optical properties of Sm We have adopted the LSDAU method® as a different
monochalcogenides and related compounds, such dsvel of approximation to treat electron—electron correlation.
SmyslagsS and SrgsThysS. Paper 1l deals with SmB  The Hubbard-typéJ) .« can be calculated from atomic Dirac-
YbB;, compounds and LuB as a reference material. Hartree-FockKDHF) (Ref. 42 or from Green-function impu-

To better account for the on-sifeelectron correlations, rity calculations®® and from band structure calculations in
we have adopted as a suitable model the LSDA the super-cell approximatidl.The calculated value df o4
approact’ The LSDA+U method has proven to be an ef- can depend on theoretical approximations and it may be bet-
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ter to regard the value o as a parameter and try to SmS LSDA 4fin core DOS
s ) . _ 7 |

specify it from comparison of the calculated physical prop N \ ] Sim 54

erties with experiments. We estimatétl; from the best 5 <K /\< +

agreement in relative position of the centroids of theSm / N ]

and Sm* theoretically calculated and experimentally mea-
sured x-ray photoemission spectra. This vyield$.q
=6.0 eVin SmX(X= S, Se, and Tg 7.0 eV in SmB, and
8.0 eV in YbB,,. We found, however, that the optical spectra

RSN [

54 =+

Energy (e V)

are rather insensitive to the precise value Wf;;. The 11T 4T S 3s
LSDA+U band structure calculations withg¢; varying by r X WK r L WUX 0 3 0 15
+1 eV provide optical spectra in reasonable agreement witr

the experimental data. On the other hand, the value of the Sm$ LSDA DOS
energy gap strongly depends on the valuelfi;. Ugs 54

=6.0 eV provides energy gaps in Sm monochalcogenides ir
a good agreement with the experimental data.

-
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Ill. RESULTS AND DISCUSSION

Energy (e V)
=

A. Sm monochalcogenides ZEE:—:%\ L1
1 1 S3
The Sm monochalcogenides offer the interesting possibil- > o -~ " " p.

ity to study the transition from semiconductor to the MV r xXxwk I L WUX o0 5 10 |5
state as a function of pressure. First, it is of great importance
to characterize the semiconducting state.

In our band structure calculations we have performed ]
three independent fully relativistic spin-polarized calcula- 5+
tions. We consider thefdelectrons agl) itinerant electrons ]
using the local spin-density approximatiof) fully local-
ized, putting them in the core; ar{@) partly localized using
the LSDA+ U approximation. We note that an important dif- |
ference with respect to treating thé électrons as core elec- o= ]
trons is that in the LSDA U calculation all optical transi- 5+ -] .
tions from and to the # states are taken into account. r X WK r L WUX 0 20 40

Figure 1 shows the energy band structure of SmS for all

th.rt(ralethapﬁroi(lnlatlon.& t-rr]he energy t? andb?mgtlg? tOfthS m%and structure and total DO$ statesfunit cell eV))] calculated
wi € 41 eleclrons In the core can be subdivided Into INre&, . g, treating the #states a$l) fully localized (4f in core); (2)

regions separated by energy gaps. The bands in the loweiﬁF]erant(LSDA)' and (3) partly localized (LSDA- U).

region around-11 eV have mostly S character with some '

amount of Smsp character mixed in. The next six energy =0.18 eV which is formed between Snf<4, and Sm 5l
bands are $ bands separated from tisdands by an energy states is in good agreement with the experimentally esti-
gap of about 7 eV. The width of thefBband is about 3.2 V. mated 0.15 eV derived from the activation enefgy.

The unoccupied electronic states can be characterized as SmThe LSDA+ U energy bands and total density of states of
5d bands. The sharp peaks in the DOS calculated in thgmSe and SmTe fdd.4=6 eV are shown in Fig. 2. Their
LSDA just below and above the Fermi energy are due tQelectronic structures are very similar to the SmS one with six
4fs, and 4f 7, states, respectivelfFig. 1). Sm 4f«;, bands fully occupied and thef 4, hole bands com-

In our LSDA+U band structure calculations we started pletely unoccupied and well above the Fermi level hybrid-
from a 4f° configuration for the SAY ion with six on-site  ized with Sm 5 states. Theory gives energy gaps between
4f levels shifted downward by .«/2 and eight levels shifted Sm 4f., and & bands equal to 0.47, and 0.67 eV in SmSe,
upwards by this amount. The energies of occupiég,/and  and SmTe, respectively. The corresponding experimental val-
unoccupied 4, levels are separated by approximately; . ues are equal to 0.45 and 0.65 V.

The LSDA+U energy bands and total density of states of Photoemission experiments, both x-ré&§PS) and ultra-
SmS forUq4=6 eV are shown in Fig. 1. The Coulomb re- violet (UPS, have been of central importance for under-
pulsion U strongly influences the electronic structure of standing mixed-valence materidtee the review of the early
SmS. For Sf" ions six 4fs, bands are fully occupied and work by Campagnaet al®®. In rare-earth photoemission,
situated in the gap betweenpSand Sm 5l states while the when the photon ejects an electron from thg" 4hell it
4f,,, hole levels are completely unoccupied and well abovedeaves behind a #~ ! configuration, hence the kinetic en-
the Fermi level hybridized with Smdbstates which results ergy distribution curve of the emitted electron measures the
in a nonmagnetic ground state with the Sm ion in the divaspectra of the final-state hole. The final staté'4" has a
lent state. The theoretically calculated energy gap characteristic multiplet splitting which serves as a finger-
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FIG. 1. Self-consistent fully relativistic, spin-polarized energy
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FIG. 2. Self-consistent fully relativistic, spin-polarized energy
band structure and total DA® statesfunit cell eV)] calculated for
SmSe and SmTe in the LSDAU approximation.

print, and these are accurately resolved and calculable for
rare-earth photoemission. By identification of the final-state
hole the initial state can be inferred.

The partial 4 DOS of the occupied part of the SmS cal- Energy (eV)
culated in LSDA and LSDA-U approximations is compared
with XPS measuremerftsin Fig. 3. The calculated ¥DOS
has b.een broadene(_j to account for lifetime ef_‘fects and foIgeef. 20 taking into account the multiplet structure of tHe final
experimental resolution. The Snp4tates essentially do not : .

. .~ state(see explanations in the text
contribute to the XPS spectra because of the low ionization
cross section compared with that of the Srh dtates’® From the good agreement between theory and XPS mea-
Hence, the measurements only indicatefte&citation ener- surements we may conclude that the LSP@ calculations
gies relative to the Fermi level. The theoretically calculatedgive an accurate position for the occupiefl Bands. The
4f DOS cannot, of course, fully account for the multiplet principal question is the energy position of the empty 4
splitting. Therefore we present in Fig. 3 thé BOS's taking  states, which is usually answered by optical or BIS measure-
into account the multiplet structure of théfinal state. We ments. Although optical measurements give more precise in-
used the final state multiplet structure presented in Ref. 2Gormation on the band positions in comparison with XPS
This multiplet structure consists of three terfftd, °F, and measurements due to much better resolution, they involve
®P. The relative intensities for the multiplet peaks were ob-complex functions containing information of both the initial
tained on the basis of Cox calculati8hsising the fractional and final states simultaneous(ipint density of statgsand
parentage methdt.In this method the Hund’s rule ground are strongly influenced by the optical transition matrix ele-
state is assumed far 4f electrons and then the coefficients ments.
of fractional parentagéRacah’s for then—1 configurations In Fig. 4 we show the experimentareal and imaginary
are calculated. The intensities for the various configurationparts of the dielectric functiong () and eo4,(w), the
(multiplets are just the square of the coefficients of frac- optical reflectivity and optical conductivity,,(w) spectra,
tional parentage. In Fig. 3 the XPS spectrum is modeled by as well as the spectra calculated with LSDA, LSBA and
weighted sum of three f4ADOS curves. We aligned the cen- with the 4f electrons in the core. We mention, furthermore,
troid of the calculated occupiedfDOS peak with the cen- that we have convoluted the calculated spectra with a Lorent-
troid of the atomic final state multiplet. Although, LSDA zian whose width is 0.4 eV to approximate lifetime broaden-
calculations produce almost the same picture as LSDA  ing. This picture clearly demonstrates that the better descrip-
calculations in the case of SmS, for SmSe and SmTe thgon is unambiguously given by the LSDAU approach. As
LSDA calculations place thef4,, energy bands too close to was mentioned above, the LSDA theory produces a metallic
the Fermi level which leads to disagreement with measuredolution and, therefore, gives the wrong asymptotic behavior
XPS spectrgFig. 3. for the optical reflectivity and the dispersive part of the di-

FIG. 3. Comparison of the calculated HOS in the LSDA and
| SDA-+U approximations with the experimental XPS spectra from
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FIG. 4. Calculated optical reflectivityr, real and imaginary FIG. 5. Calculated optical reflectivity, real and imaginary part
parts of the diagonal dielectric functiony,,, €,«, and diagonal  of the diagonal dielectric functiom,; ., €4, and diagonal part of
part of the optical conductivity ;,, of SmS treating 4 states a§l)  the optical conductivityr;,, of SmSe treating # states ag1) itin-
fully localized (4f in core) (dotted ling, (2) itinerant(dashed ling  erant(dashed lingand(2) partly localized (LSDA-U approxima-
and (3) partly localized (LSDA-U approximation (solid line)  tion) (solid line) compared with experimental datapen circley
compared with experimental dafapen circleg (Ref. 49. (Ref. 49.

electric functione ;,, asw—0. The most prominent discrep-  The calculations in which thef4electrons are treated as
ancy in the LSDA spectra is the extra peaks between 0 anduasicore are able to reproduce correct asymptotic behavior
1.5 eV in thee(w), ex(w) and optical conductivity for the optical reflectivity and the dispersive part of the di-
o1xx(w) caused by interband transitions involving the occu-electric functioneq,, as w— 0 similar to the LSDA-U

pied 4fs, and unoccupied &, hybridized states. In the calculations, but, it fails in producing a peak at around 0.6
LSDA+U approach, the empty f4,, state energies are eV in the absorptive part of the dielectric functien,, and
shifted upward due to the on-site Coulomb interactiby . optical conductivity spectra. This peak is mostly determined
As a result, the transitions involving the unoccupiety;4 by the 4f—5d interband transitions.

states do not take place at small photon energies, and the The LSDA+U theory also gives good agreement be-
erroneous peak structures around 0-1.5 eV disappear frotween calculated and measured optical spectra in the cases of
the optical spectra. SmSe(Fig. 5 and SmTenot shown.
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Sm$ Sm2* bands fully occupied and hybridized with the bottom of the S
p states. The #;, unoccupied states are well above the
Fermi level. A 6th 45, hole level is partly occupied and
pinned at the Fermi level. Although we used a starting con-
figuration with zero occupation of the 6t 4, level, in the
process of self-consistent relaxation the initially empty 6th
4f5;, level becomes partly occupied due to pinning at the
] Fermi level with occupation number equal to 0.@&lence

= S 3p 2.75+). Itis a typical situation for mixed-valent crystals. We
should mention here that partial occupation of the 6tgA
hole level in SmS is due to the hybridization effect between
5d and 4f energy band states.

We can use two different representations in the construc-
tion of the LSDA+U method, namely, j;m;) and (,m;)
representations. Most of rare earths and their compounds
have a rather largefdspin magnetic moment, therefore it is
natural to use thel (m,) representation in the calculations of
their electronic structur#?®31|n this case one chooses the
-4 T N\ | L] % S 3p projection of the orbital momentum onto the spin direction

Sm 4f;

Energy (¢ V)

Energy (e V)

m, for the occupied states. The SmS black phase as well as

—_— SmSe and SmTe have a nonmagnetic ground state, therefore
rXwk I L WUX O 20 40 we used in that case th¢,(n;) representation. For fully oc-

FIG. 6. Self-consistent fully relativistic, spin-polarized energy CUPi€d 45, states the projections of the total moment were

band structure and total DO statesfunit cell eV)] calculated for  edual tom; = — 5{2, —3/2, —1/2, 1/2, 3/2, and 5/2.
SmS with the LSDA-U approximation for divalent and trivalent The situation is not clear for golden SmS. We used both of

Sm atoms. the representations for the calculation of the electronic struc-
ture of the golden high pressure phase of SmS. Figure 6
presents the energy band structure of golden SmS in the
(J,m;) representation witim;= —1/2 for the hole state. Due

The history of the Sm monochalcogenides as MV materito the existence of a hole in thef4, shell the LSDA+-U
als started at the beginning of the 1970s when Jayaramagives a so-called low magnetic moment ground state with
etal® and then Bucheret al® discovered a pressure- total magnetic moment equal to 0.24 (spin and orbital
induced semiconductor—metal transition and suggested thatoments have opposite directions with values equal to
the metallic state would be mixed valent. It was a surprise0.305 and 0.545.5, respectively. The (,m,) representa-
that SmS showed this transition occurring at the incrediblytion gives a high spin magnetic moment ground state in SmS
low pressure of 6.5 kbar. Starting the pressure above thith total magnetic moment equal to 4.634 at each St
phase transition and decreasing, a large hysteresis is obite (spin and orbital moments have opposite directions with
served and the MV state snaps back to a semiconductor stajalues equal to 5.501 and -0.8G5z, respectively. We
at 1.5 kbar. For SmSe and SmTe the pressure-induced vaghould mention however, that although our LSBA band
lence transition is continuous and is completed at highestructure calculations give always a nonzero samarium mag-
pressures, about 45 and 60 kbar, respectively. netic moment, in golden SmS all the efforts to find a mag-

By increasing external pressure and hence, decreasing thetic superstructure in high pressure SmS using neutron ex-
lattice constant, the widths of Smd5and 4f bands are in- periments have remained unsuccessful. However, one cannot
creased. In addition, the crystal-field splitting of tnd $tates  exclude either a weak magnetic component below the limit
eg—tag i SMS is also increased. At a given pressure ttie 5 of the experimental sensitivitygsamples for high pressure
band overlaps with the 4, states and the energy gap be- measurements are very tingr an incommensurate structure
comes zerdFig. 6). It happens at a lattice constant aroundgiving peaks at positions not searched in the neutron
5.70 Al Starting from the overlap of 4and 5 states, 4  experimentS? The evaluation of the magnetic ground state
electrons will spill into the 8 band leaving a # state be- of golden SmS from first principles requires further
hind. The ionic radius of SA is about 15% less than the investigatiom>~>°
radius of SM™, so that simultaneously with more electrons  The pinning of a partly occupied 6thf4level strongly
in the 5d conduction band the lattice will shrink, thus further depends on the lattice constant. The increasing of the valency
increasing the crystal-field splitting of thelStates, resulting with decreasing of the lattice constant which was found in
in an avalanche effect and a first-order valence transitionour band structure calculations can be considered as qualita-
However, the valence transition does not go all the way tdive theoretical support of the conclusion derived from vari-
trivalency, but stops where the gain in electronic energy ious experimental measuremehtshat the application of
compensated by an increase in lattice strain energy. pressure enhances the Shrstate relative to the S state

The LSDA+U energy bands and total density of states ofin SmS. The theoretically calculated samarium valency was
SmS for SM* are shown in Fig. 6. There are fivef4, found to be equal to 2.55 and 2.86+ for high and low spin

B. High pressure golden phase of SmS
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SmS Sm3+ mentioned substituting ions are much smaller in size relative
= to the SM*, it appeared that the size of the ion was the
= principal factor involved in promoting the valence change,
g 80 and that these smaller ions exert internal pressure on the
B lattice >® However, this chemical substitution not only creates
3 lattice pressure but also introduces per trivalent ion one free
i 40 4 carrier in the conduction band. There are also additional con-
Q duction electrons due to the valence transition, resulting from
= hybridization off and d states. In the past, electronic and
g chemical pressure effects have not been separated and the

0_0.1 """"" oo 01 chemical pressure effect alone was considered responsible

for the valence transitiof?.
Later, Elmiger and Wacht®r showed that SmSe doped
FIG. 7. Expanded view of the total DOBn statesiunit cell ~ With Ce in the absence of a lattice press(ravalent Ce ion
eV)] of the high pressure golden phase of SmS in the LSMA  has larger ionic radius than divalent $revertheless shows
approximation for low spin solution ara=5.826 A. lattice softening and a tendency to become mixed valent. It
was concluded that the valence transition is basically driven

solutions respectively. The experimentally estimated one i§lectronically and pressure is only an additional effect. Simi-
about 2.6 from spectroscopic methods and susceptibilitylar results were obtained in La doped SfiSTrivalent La
measurement§ 2 and about 2.8 from the Vegards-low has almost the same ionic radius as divalent Sm. Neverthe-
analysis of lattice constant measureméfts. less in spite of the missing lattice pressure the, freg 255
Some experimental results indicate that the golden phaseompound was found to be mixed valent at ambient pressure.
of SmS could be a narrow-gap semiconductor. Evidence foBesides, the electrical resistivity as a function of temperature
a gap comes from the activation behavior of the electricafhows a clear-cut metallic behavior down to low tempera-
resistivity and point contact measuremehThe estimations  tures and up to 1 kbar in this compouffdFinally Tsiok with
from the point-contact spectra shows a possible gap of abo@0-workerS® measured the volume change on SmSe and
6.4 meV* On the other hand some experiments indicate thaPmTe under the pressure, and, via conductivity, the energy
there may not be a gap but rather a pseudogap, and the hgap. They clearly show that the energy gap was driven to
bridization does not occur over the whole Brillouin zone.Z€ero before a softening of the lattice, therefore it is the con-
Although the temperature dependence of the resistivity in théentration of carriers which triggers the lattice-related prop-
golden phase of SmS is semiconductor-like, the resistivity i€rties and not vice versa.
increased on|y one order of magnitude with Coo”ng from In this work we calculated the electronic structure O?T_a
room temperature to several K's, whereas, e.g., in SinB ~ and TH™ doped SmS. The LSDAU energy bands and total
5 orders of magnitudeDirect optical measurements of me- density of states of SgalagsS for Snf* and Smi* are
chanically polished(high pressure golden phas&mS by shown in Fig. 8. The electronic structure of §#hag sS for
Travaglini and Wachtéf shows that, in contrast to SrgB  trivalent Sm ions is similar to the high pressure golden SmS
the reflectivity does not tend to a constant value dor-0  Phase ondcompare Figs. 6 and)8In both cases five #,
but it seems to rise toward 100% as for a metal. Besided?ands are fully occupied and hybridized with the bottom of
there is a linear witfl y term in the specific heat presumably the Sp states. The #;,, unoccupied states are well above the
due to conduction electroisOur LSDA+ U band structure  Fermi level. A 6th 45, hole level is partly occupied and
calculations of golden SmS produce a pseudogap at theinned at the Fermi level. The samarium occupation number
Fermi level with a peak just above and a shoulder below thén SmysLagsS is equal to 0.15valence 2.85). This is a
Fermi level with predominantly of character(Fig. 7). We  typical situation for mixed-valent crystals. On the other
should mention that when the density of stateEats small hand, it is still not clear which mechanism is responsible for
compared to the giant density of states of fhgeaks, the the 45 4155d transition. Looking at the band structure of
resistivity may nevertheless appear activated over a certaiin s sS with divalent samarium atoniig. 8, we see
temperature range as experimentally observed, but for th#at due to donation of an extra electron from trivalent La the

lowest temperatures metallic conductivity should perSist. Fermi level is shifted upward, while sixf4, Sm bands are
situated around 1 eV under the Fermi level hybridized with

at at _ the bottom of the Sm & states.
C.La™ and Th™ substituted SmS Figure 9 shows the electronic structure of Sffh, sS for

It is well established that change in SmS, normally in-Sm?* and Smi*. The main trend in the electronic structure
duced by pressure, can also be affected by the substitution of the sequence of Th and La doped SmS compounds results
trivalent rare-earth ions, notably®Y or G* in the SmS from the characteristic trend in the L& 4nd Th § wave
lattice>® In this so-callecchemical collapsethe SmS lattice  functions and from relativistic effects. Due to larger exten-
undergoes an abrupt decrease in the lattice parameter at aton of the atomic § wave functions the empty ThfSstates
mospheric pressure, when a certain critical concentration cdre much wider in comparison to L& 4nes, and the former
the substitution is reached. This transition from semiconducstates are situated in the energy interval from around 2 to 5
tor to MV metal is isostructural. Since all the above- eV above the Fermi level well hybridized with Snd &nd

Energy (e V)
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FIG. 8. Self-consistent fully relativistic, spin-polarized energy .
band structure and total DA® statesfunit cell eV)] calculated for

Smyslag S in the LSDA+U approximation.

Th 6d states. Due to relativistic effects the Td 6andwidth
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FIG. 10. Comparison the calculated ®OS in Smy sThy sS us-
ing LSDA+U approximations with the experimental XPS spectra
for Smy gsThy 155 compound from Ref. 45 taking into account the
multiplet structure of the & and 4 final stateg'see explanations
in the tex}.

is increased and its center of gravity is decreased in compari- _ _ _ _
son to La 5 states. Besides, the Th ion has a valency-ef 4 doPed SmS with divalent Sm atoms, six occupidg/ASm

therefore, it donates one extra electron to the valence band

pands move from the bottom of tleband upward about 1

comparison to L3 . If one moves from La doped to Th eV (Fig. 9. The electronic structure of Th doped SmS with

Smy sThy 58 Sm2+
5 E Sm 47
~ Th 5f
S % ~
N 7T
5 o R I NS Smsd:Thed_
e = Sm 4.,
— e
L~ \/\‘

r z U wK T k
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trivalent Sm atoms is also similar to La doped SmS with five
4fg,, bands shifted down by the Coulomb repulsidg; at
about 6 eV. The 6th &, hole level is partly occupied and
pinned at the Fermi level but with a much smaller occupation
number of 0.03(valence 2.9%). So the LSDA-U band
structure calculations produce an almost integer valent
ground state for samarium ions in gihy sS; divalent or
almost trivalent ground states are obtained if we start our
self-consistent procedure from $mor S, respectively.

On the other hand, XPS measurements clearly show that Th
substituted SmS is a mixed valent syst&m.

Figure 10 shows the XPS spectrum of the chemically col-
lapsed MV S gsThg 15S together with the theoretically cal-
culated 4 DOS with the LSDA+U approximation taking
into account the multiplet structure of the final states. The
final state multiplet structure presented is from Ref. 45. As
we mentioned above, the multiplet structure of23n{4f°
finale statg has three term$8H, °F, and®P. Sni™ for the
4f* final state has the multipletd, °F, 5G, and°D.** In
Fig. 10 the XPS spectrum is modeled by a weighted sum of
three LSDA+U 4f DOS curves for SA™ and four for the
Sn?* ion. We aligned the centroid of the calculated occu-
pied 4f DOS peak with the centroid of the atomic final state

FIG. 9. Self-consistent fully relativistic, spin-polarized energy Multiplet. The agreement between theory and the UPS mea-

band structure and total DQ# statesfunit cell eV)] calculated for
SmysThy sS in the LSDA+U approximation for divalent and triva-

lent Sm atoms.

surements is good. It is clear that the structures between 0.0
and —4.5 eV binding energy should be assigned to the final-
state multiplet structure derived from six fully occupiefi4
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bands (Srh*) and the structures between -4.5 and -13 eVof SmS. The occupation number of the 6th Hole level is

are associated with the final-state multiplet structure of th@qual to 0.45valence 2.55) in a good agreement with the
St ions. experimental estimates from spectroscopic methods and sus-

ceptibility measurements.

In conclusion, we would like to point out that while the
LSDA+ U approach does a very good job in the treatment of

The Sm monochalcogenides SmS, SmSe, and SmTe cogorrelation effects in SmS, SmSe, and SmTe at normal pres-
stitute a very interesting system exhibiting behavior due téure, itis still unclear how well it performs in describing the
strongly correlated electrons. While the standard LSDA apMixed valence state in golden SmS in the pressure range
proach is unable to correctly describe the electronic structur§0m 6 to 20 kbar. On one hand, we found the pinning of a
of these materials because of the strong on-site CoulomBartly occupied 6th #level at the Fermi level, which is the
repulsion,U .4 the LSDA+U approach is remarkably accu- typical situation for mixed valence systems. On the other
rate in providing detailed agreement with experiment for ahand, LSDA+U calculations always produce a nonzero
number of properties. In this section we summarize thes@agnetic moment in the high pressure phase of SmsS, al-
properties and the results of our work. though all attempts to find any sign of magnetic ordering in

In contrast to LSDA, where the stable solution for Smthis system gave no positive results for the last 30 years. It is
monocha|cogenides at ambient pressure is meta”iC, thg-]ore ||ke|y that our LSDA*’U calculations describe well the
LSDA+U method gave an insulator with energy gaps ofSituation in the metallic phase of SmS at pressiite
0.15, 0.45, and 0.65 eVthe experimental gaps are 0.18, =20 kbar with trivalent samarium iorsee Fig. 7.

0.47, and 0.67 eVfor SmS, SmSe, and SmTe, respectively. We should mention that the experimental situation in
The Coulomb repulsiorU strongly influences the elec- golden Sms differs from that in Smglin the sense that in the
tronic structure of Sm monochalcogenides. For?Snpns ~ later system a new generation of samples of much better
six 4fs, bands are fully occupied and situated in the gapduality became available during recent years, and more reli-
between chalcogen@Band Sm %l states. The #,, hole able data about' transport properties and infrared spectros-
levels are completely unoccupied and well above the FernOPY were obtained. In SmS we still use old experimental
level hybridized with Sm 8 states. LSDA-U theory pre- data and it is difficult to ascertain the full validity of_mea-
dicts that the samarium ion in these compounds is in afured gaps or pseudogaps as well as other properties based
integer divalent state. It also shows a gradual decreasing &0 the experiments of the early 1970s. The physical nature of
the energy gap with reduction of the lattice constant. Théhe mixed valence state in golden SmS requires further in-
LSDA+U theoretical calculations describe well the optical Vestigation theoretically as well as experimentally.

spectra of Sm monochalcogenides.

When applying external pressure to SmS and hence, de-
creasing its lattice constant the widths of Srd &nd 4 This work was carried out at the Ames Laboratory, which
bands are increased and the crystal-field splitting of tie 5 is operated for the U.S.Department of Energy by lowa State
statesey—t,q is also increased. At a given pressure thie 5 University under Contract No. W-7405-82. This work was
band overlaps with thef4,, states. This leads to a first-order supported by the Director for Energy Research, Office of
valence Sri" —Sn?* phase transition. The gap in SmS is Basic Energy Sciences of the U.S. Department of Energy.
closed ata=5.70 A in good agreement with experimental V.N. Antonov gratefully acknowledges the hospitality at
measurements of SmS transport properties under pressusmes Laboratory during his stay. The authors are very grate-
For SmS with S ions five 4 bands are fully occupied ful to Professor T. Suzuki for the suggestion to calculate the
and hybridize with chalcogenidestates. The initially empty electronic structure of samarium monochalcogenides and for
hole 6th 4 level in the process of self-consistent relaxationuseful discussions. The authors are very grateful to Professor
becomes partly occupied with thef H0S maximum situ- K. Kikoin for reading the manuscript and for fruitful discus-
ated in close vicinity of the Fermi level in the golden phasesions.
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