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Electronic structure of mixed-valence semiconductors in the LSDA¿U approximation.
II. SmB6 and YbB12
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The electronic structure and optical spectra of SmB6 and YbB12 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. The
energy band structures of SmB6 and YbB12 are related to their measured XPS and UPS spectra as well as
optical spectra. The LSDA1U band structure calculations produce a small hybridization energy gap in SmB6

and YbB12 for samarium and ytterbium ions in the divalent state.
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I. INTRODUCTION

SmB6 and YbB12 are classical mixed valence~MV ! nar-
row gap semiconductors. This class of materials is charac
ized by their electronic properties, which at high tempe
tures are associated with a set of independent localized~f!
moments interacting with a sea of conduction electro
while at low temperature the electronic properties resem
those of a narrow gap semiconductor. SmB6 is the first com-
pound in which the phenomena of MV was detected direc
by x-ray absorption.1 Despite more than 35 years of expe
mental and theoretical effort, many fundamental aspect
the microscopic description of the MV ground state and
nature of valence fluctuations is still under discussion.2–4

The main problem is the origin of the MV ground stat
which seems intimately connected with the gap formati
One question is whether Kondo insulating materials actu
are true insulators at low temperatures or whether an intri
small conduction-electron carrier concentration is prese5

Infrared absorption,6 inelastic neutron scattering,7 optical
conductivity,8 electron tunneling,9 and electrical transport10

measurements all detect a small electronic gap,D
53 –20 meV. However, the low-temperature transport pr
erties of SmB6 are manifestly metallic, having a large b
finite resistivity below;4 K.10 There is considerable con
troversy whether these in-gap states are intrinsic and pre
in pristine SmB6,7,11,12 or extrinsic and dictated entirely b
sample quality.10,13The size of the energy gap determined
different methods varies considerably. For example,
value of the gap in SmB6 is equal to 2.7 meV by tunneling
spectroscopy,9 5 meV from the temperature dependence
the electrical resistivity,10 and 16 meV by point-contac
spectroscopy.14 Direct measurements of the low-temperatu
dynamical conductivity and dielectric permitivity of sing
crystalline SmB6 give evidence for a 19 meV energy gap a
an additional narrow donor-type band lying only 3 meV b
low the bottom of the upper conduction band.15

The average valence of Sm in the hexaboride was es
lished to be 2.56 at room temperature, and to vary sligh
0163-1829/2002/66~16!/165209~9!/$20.00 66 1652
r-
-

s,
le

y

of
e

,
.

ly
ic
t.

-

nt

e

f

-

b-
y

with temperature by measurements of x-ray absorption1,16

lattice constant,17 x-ray photoemission,18 and Mössbauer iso-
mer shift.19

YbB12 is thought to be the only known Kondo insulato
among Yb compounds with a valence instability. Its physi
properties observed near room temperature~metallic conduc-
tivity, localized magnetic moments! dramatically change
whenT decreases. At approximately 75 K, the paramagn
susceptibility goes through a maximum, then decreases
idly at lower temperatures.20–23A steep increase in the elec
trical resistivity is observed in the same temperatu
range.20–22 This, together with the Schottky anomaly in th
low-temperature electronic specific heat,21,23 provides strong
support to the opening of a gap in the electronic excitat
spectrum.24 Recent direct optical reflectivity measuremen
on single crystals of YbB12 also show the opening of a
energy gap upon cooling below 70 K.25 The gap develop-
ment is coincident with a rapid decrease in the magn
susceptibility, which shows that the gap opening has a
nificant influence on magnetic properties of YbB12. The en-
ergy of the gap, determined by different methods, also va
considerably. Tunneling measurements indicate an en
gap of 200–300 meV,26 the transport gap is much smalle
D;10 meV,20–22 while photoemission measurements reve
gaps of two energy scales:27,28a narrow gap;10 meV and a
larger pseudogap of;100 meV. Optical measurements giv
an energy gap of;25 meV at 20 K.25 It is not yet clear
whether the insulating ground state in YbB12 should be as-
cribed to a ‘‘hybridization gap’’ as predicted in MV models
or reflects the formation of a Kondo singlet on each Yb31

ion. More generally, the influence of the degree of valen
mixing on the formation of the Kondo insulator state is n
well documented. The Yb valency estimated from the Cu
constant below room temperature yields values of ab
2.75–2.8 for polycrystals,20,21and 2.95 for a single crystal.22

From the photoemission measurements,27 the valence was
estimated to bev52.8660.06. X-ray photoelectron spec
troscopy~XPS! measurements29 yieldedv52.9, whereas the
Yb L3 edge x-ray absorption spectrum measured in Ref.
©2002 The American Physical Society09-1
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was simply denoted ‘‘trivalent.’’ Recent x-ray absorption a
inelastic neutron scattering experiments24 indicate that the
Yb valence is close to 31. On the other hand, the analysis
the magnetic susceptibility together with the Knight shift
YbB12, provided by Wachter,2 shows that the susceptibilit
is zero forT→0, in the absence of defects. This might
caused by a nonmagnetic ground state such as Yb21 4 f 14 or
by a Kondo singlet.

The energy band structures of SmB6 and YbB12 have been
calculated by Yanase and Harima30 using the self-consisten
LAPW method in the local spin density approximation i
cluding the spin–orbit interaction. The LSDA calculatio
yield a splitting of about 0.05 Ry between the 4f 5/2 and the
4 f 7/2 states in SmB6. These bands are crossed by the low
Sm 5d band. It was found that a small direct energy gap
around 14 meV exists at the Fermi energy along theD-axis.
LSDA calculations generally provide an inadequate desc
tion of the 4f electrons due to improper treatment of corr
lation effects. In particular, LSDA calculations cannot a
count for the splitting of filled and emptyf bands
~determined, for example, by photoemission and BIS exp
ments!, which is expected to be 7–8 eV in SmB6 and
YbB12.18

The previous paper31 is devoted to the theoretical invest
gation of the electronic structure and optical spectra of
marium monochalcogenides. The aim of this work is the t
oretical study of the electronic structure and optical spe
of the mixed valent semiconductors SmB6, and YbB12.
While there are difficulties in describing the MV states usi
the LSDA and LSDA1U methods, it is important to estab
lish how well these methods can describe features of
electronic structure, and which features will require mo
sophisticated many-body treatments. To help separate
effects, we also investigate theoretically the electronic str
ture and optical spectra of LuB12 as a reference compound
The description of the computational details have been
sented in the previous paper.31

This paper is organized as follows: Sec. II is devoted
the electronic structure and optical properties of the Sm6,
YbB12, and LuB12 calculated in the LSDA and LSDA1U
approximations. The theoretical calculations of XPS and
tical spectra are also compared to the experimental meas
ments. Finally, the results are summarized in Sec. III.

II. RESULTS AND DISCUSSION

A. SmB6

The compound SmB6 has the CaB6 type crystal structure
with space groupPn3m ~No. 221! and lattice constant equa
to 4.1333 Å.32 The structure of samarium hexaboride may
viewed as a CsCl-type lattice with the cesium replaced
samarium and the chlorine by a B6 octahedron. Figure 1
shows the energy band structure of SmB6 calculated within
the LSDA and the LSDA1U approximations. The energ
band structure of SmB6 with the LSDA approximation can
be subdivided into three regions separated by energy g
The bands in the lowest region around -14 to -16 eV~not
shown! have mostly B 2s character with some amount of S
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sp character mixed in. The next group of energy bands ar
2p bands separated from the 2s bands by an energy gap o
about 3 eV. The width of the B 2p band is about 8.8 eV. The
Sm 5d bands are partly occupied. They are also separa
from B 2p states by the energy gap of around 0.7 eV. T
sharp peaks in the DOS calculated in the LSDA just bel
and above the Fermi energy are due to 4f 5/2 and 4f 7/2 states,
respectively~Fig. 1!. They cross the Sm 5d bands and hy-
bridize with them. There is a small direct energy gap at
Fermi level of around 23 meV. Our LSDA band structure
SmB6 is in good agreement with previous calculations
Yanase and Harima.30

The LSDA1U energy bands and total density of stat
~DOS! of SmB6 for Ueff57 eV are shown in Fig. 1. The
Coulomb repulsionUeff strongly influences the electroni
structure of SmB6. For Sm31 ions five 4f 5/2 bands are fully
occupied and hybridized with the B 2p states. The 4f 7/2
unoccupied states are above the Fermi level at around 1
A single 4f 5/2 level is fully unoccupied and situated at abo
0.34 eV above the Fermi level.

In our LSDA1U band structure calculations we starte
from a 4f 6 configuration for the Sm21 ion with six on-site

FIG. 1. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
SmB6 with the LSDA and LSDA1U approximations.
9-2
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ELECTRONIC STRUCTURE OF . . . II. . . . . PHYSICAL REVIEW B 66, 165209 ~2002!
4 f energies shifted downward byUeff/2 and eight levels
shifted upwards by this amount. The energies of occup
4 f 5/2 and unoccupied 4f 7/2 levels are separated by approx
mately Ueff ~Fig. 1!. For Sm21 ions, eight 4f 7/2 hole levels
are completely unoccupied and well above the Fermi le
and hybridized with Sm 5d states. The 4f 5/2 bands are situ-
ated in close vicinity of the Fermi level. They cross the b
tom of the Sm 5d band. Figure 2 shows an expanded view
the LSDA1U energy band structure and total DOS f
SmB6 with Sm21 ions. There is a hybridization gap at th
Fermi levelDE527 meV. Although we used a starting co
figuration with fully occupied 4f 5/2 bands, in the process o
self-consistent relaxation one of the 4f 5/2 doubly degenerate
bands becomes partly unoccupied and situated above
Fermi level around theX symmetry point~Fig. 2! due to Sm
5d–4f hybridization. There is a small peak in the DO
above the Fermi level at around 0.03 eV with predominan
4 f character~to produce this fine structure we increased
number ofk points in the irreducible part of the Brillouin
zone up to 8125!. This peak contains 0.02 4f holes. In other
words, our LSDA1U calculations produce a semiconduc
ing ground state in SmB6 with a noninteger Sm valenc
equal to 2.021.

The ground state of an intermediate valence compoun
a quantum mechanical mixture of both the 4f n and the
4 f n215d configuration on each rare earth ion. Such co
pounds need theoretical consideration beyond the mean
one-particle LSDA1U approximation due to possible con
figuration interaction between different 4f valence states. I
can lead to spontaneous interconfiguration fluctuations~ICF!,
introduced first by Hirst.33 As briefly discussed by Varma,34

at T50, ‘‘fluctuations’’ can be either static or dynamic. In th
static case the system is spatially ‘‘inhomogeneous’’ in
sense that at inequivalent sites different valence states
present. Examples among the rare earth compounds
Eu3S4 , Eu3O4,18 and the charge ordering heavy fermio
Yb4As3 compound.35 Such static charge ‘‘fluctuations’’ hav
been known for a long time in the 3d-series; Fe3O4, magne-
tite, being a typical example~see Ref. 36, and reference
therein!. In the dynamic case the system shows fast lo
fluctuations which give an intrinsic width to thef-levels. At
any given site 4f charge fluctuations between the two co
figurations occur on a time scalet ICF , the so calledintercon-
figuration fluctuation time.37 The system on time average
‘‘homogeneous,’’ i.e., all sites are equivalent. Experime

FIG. 2. Expanded view of the energy band structure and t
DOS @in states/~unit cell eV!# of SmB6 for Sm21 ions calculated in
the LSDA1U approximations.
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such as lattice constant and isomer shift measureme
which probe the sample on a time scale much longer t
t ICF, will see only one intermediate configuration, but e
periments such as XPS or UPS measurements which
place in a time much shorter thant ICF ~up to 106–107 times
shorter! will see the instantaneous picture of a mixture of t
ions in the two valence states.

The XPS spectra for SmB6 indicate a multiplet structure
which can be identified with both Sm21 and Sm31 configu-
rations being present. Figure 3 shows the SmB6 XPS
spectrum18 in comparison to the occupied part of the part
LSDA1U 4 f DOS calculated with a multiplet structure o
the final states taken into account in the same way as
SmS and Sm0.5Th0.5S in our previous paper31 ~i.e., we calcu-
lated atomic multiplet structures for Sm21 and Sm31 ions
and positioned their centroid with the centroid of th
LSDA1U occupied 4f DOS peaks calculated for the Sm21

and Sm31 configurations shown in Fig. 1!. We show in Fig.
3 the final state multiplet structure presented in Ref.
Sm21 (4 f 5 final state! has the multiplets6H, 6F, and 6P.
Sm31 (4 f 4 final state! has the multiplets5I, 5F, 5G, and
5D.18 It is clear that the structures between 0.0 and -5.5
binding energy should be assigned to the final-state multi
structure derived from six fully occupied 4f bands (Sm21)
and the structures between -5.5 and -13 eV are assoc
with the final state multiplet structure of the Sm31 ions. The
agreement with the positions of the multiplet peaks indica
that the LSDA1U is giving reasonably correct average p
sitions for the occupied 4f states.

Let us turn now to the optical properties of SmB6. Ex-
perimental investigation of the reflectivity spectra of Sm6

al

FIG. 3. Comparison of the calculated 4f DOS of SmB6 using
the LSDA1U approximation with the experimental XPS spect
from Ref. 18, taking into account the multiplet structure of the 4f 5

and 4f 4 final states~see explanations in the text!.
9-3
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was performed by Kierzek-Pecold38 in a narrow energy
range from 1 to 5.6 eV. After that, Travaglini and Wacht
measured the reflectivity spectrum of SmB6 in the energy
range from 1 meV to 12 eV at 300 K and 4 K for investiga-
tion of the energy gap.8 Kimura and co-workers measure
the optical spectra of all single crystal rare-earth hexabor
RB6 (R5La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Yb, an
Y! in the energy region from 1 meV to 40 eV at 300 K a
13 K.39–42

Figure 4 shows with a logarithmic scale the calcula
optical conductivity spectra of SmB6 compared with experi-
mental data measured at 13 K.41 Calculations were per
formed for both the divalent and trivalent phases of Sm6.
The experimentally measured optical conductivity spectr
has two strong peaks at 0.12 and 0.5 eV and a steep rise
eV ~Fig. 4!. As might be expected, the experimental optic
conductivity spectrum contains key features of both the
valent and trivalent theoretically calculated spectra. Ho
ever, the three major peaks have different origins in the
valent and trivalent phases. A steep increase of opt
conductivity starting at around 3 eV is mostly determined
B 2p→Sm 5d interband transitions around the X symmet
point in the divalent samarium compound. The same fea
in the trivalent phase can be described as a combinatio
the B 2p→Sm 5d and Sm 5d→Sm 4f interband transitions
These transitions also occur mostly around the X symm
point ~Fig. 1!. The low energy peak at 0.12 eV in the divale
phase can be explained as interband transitions betwee
cupied Smd–f mixed states and unoccupied Sm 5d states
near the X symmetry point. The same structure in the tri
lent Sm phase is due to interband transitions among hyb
ized Sm 5d bands alongG –X, G –M, X–M, and X–R sym-
metry directions. This peak is shifted at around 0.1
toward smaller energies in comparison with the experime
measurements. The peak at 0.5 eV in the divalent ph
arises from interband transitions between occupied Smd–f
mixed states and unoccupied Sm 5d states near the X sym
metry point andG –X and X–M symmetry directions. The
same structure in the trivalent samarium phase is due to

FIG. 4. Calculated diagonal part of the optical conductiv
s1xx(v) of SmB6 in the LSDA1U approximation compared with
the experimental measurements at 13 K~open circles! ~Ref. 41!.
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terband transitions between occupied Sm 5d states and the
empty 6th 4f hole band alongG –X, G –M, and X–M sym-
metry directions.

As we mentioned above, the XPS measurements ca
distinguish between an inhomogeneously mixed or a hom
geneously mixed compound, i.e., whether Sm21 and Sm31

ions are integer valent and statically mixed or the cha
between them just fluctuates slower than the time resolu
of XPS. The experimental optical conductivity spectrum a
can be considered as a mixture of both the divalent and tr
lent spectra. From other experiments, SmB6 is known to be a
homogeneous mixed-valence semiconductor compound
a small energy gap.2 Mössbauer isomer shift vs temperatu
measurements for SmB6 by Cohenet al. clearly show that
above 700 K and down to 4.2 K, the degree of valence m
ing is a constant of around 2.56.19 Our LSDA1U band
structure calculations produce a metallic state with trival
samarium ions if we start our self-consistent procedure fr
Sm31. On the other hand, if we used as starting configu
tion with fully occupied 4f 5/2 levels (Sm21), we are able to
produce a correct semiconductor ground state for SmB6 with
a small hybridization energy gap, and a theoretically cal
lated valency 2.021. A comprehensive theory for the MV
state is needed to provide a quantitative measure of the m
ing between the two configurational states. Our calculati
are only able to provide specific details for the individu
configurational states.

B. YbB12

The compound YbB12 has the UB12 type crystal structure
with space groupFm3m ~No. 225! and lattice constant equa
to 7.464 Å.32 The crystal structure of YbB12 can be under-
stood as a fcc NaCl type with the sodium replaced by ytt
bium and the chlorine by 12 B atoms.

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. Figure 5 shows the energ
band structure of YbB12 for all three approximations. The
energy band structure of YbB12 with 4 f electrons in the core
can be subdivided into three regions. The bands in the low
region around -15.5 to -10 eV have mostly B 2s character
with some amount of Ybsp character mixed in. The nex
group of the energy bands are B 2p bands separated from th
2s bands by a small energy gap of about 0.4 eV. The wi
of the B 2p band is about 8 eV. The Yb 5d bands are partly
occupied and cross the Fermi energy. They slightly over
with B 2p states. The sharp peaks in the DOS calculated
the LSDA just below the Fermi energy are due to Yb 4f 5/2
and 4f 7/2 states~Fig. 5!. They cross Yb 5d bands and hy-
bridize with them. There is a small direct energy gap
about 65 meV at the Fermi level. Our LSDA band structu
of YbB12 is in good agreement with previous calculations
Yanase and Harima except that the latter authors fo
YbB12 to be a semimetal.30
9-4
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The LSDA1U energy bands and total density of states
YbB12 for Ueff58 eV are shown in Fig. 5. We start the se
consistent calculations from the 4f 14 configuration for the
Yb21 ion, where all 14 on-site 4f energies are shifted down
wards by Ueff/2, and from the 4f 13 configuration for the
Yb31 ion with 13 on-site 4f energies are shifted downward
by Ueff/2 and one level shifted upwards by this amount. T
energies of occupied and unoccupied Yb31 f bands are sepa
rated by approximatelyUeff .

For divalent Yb ions all 14 4f bands are fully occupied
and situated closely below the bottom of the Ybd band.

FIG. 5. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
YbB12 with the LSDA and LSDA1U approximations.
16520
f

e

They are split due to spin–orbit coupling byD«so

51.4 eV. There is a small hybridization gap at the Fer
level. In other words, the calculations indicate a nonmagn
semiconducting ground state in YbB12 for Yb atoms in the
divalent state. The theoretically calculated energy gap,DE
565 meV, is formed between Yb 4f 7/2 and Yb 5d states.
The experimentally estimated energy gap is about 10 m
from the activation energy,20–22 25 meV from optical
measurements28 and 200–300 meV from tunneling
experiments.25

For the trivalent Yb ion, thirteen 4f electron bands are
well below the Fermi energy and hybridized with the B 2p
states~Fig. 5!. The 14th 4f unoccupied hole level is abov
the Fermi level at around 1.5 eV. We should mention t
such an electronic structure is appropriate for the deve
ment of the Kondo scenario.43–45

The partial 4f DOS of the occupied part of YbB12 calcu-
lated in the LSDA1U approximation is compared with ul
traviolet photoelectron spectra~UPS! ~Refs. 26, 27! in Fig. 6.
The experimental spectra were measured using both si
crystalline26 and polycrystalline27 samples. The double pea
structure at 0.1 and 1.5 eV binding energy reflects the sp
orbit doublet of the Yb21 density of states. The correspon
ing spin–orbit doublet for the Yb31 DOS is situated at -6.0
and -7.6 eV@Fig. 6~a!#.

Calculated 4f DOS cannot, of course, fully account fo
the multiplet splitting. Therefore we present in Fig. 6~b! the
4 f DOS’s taking into account the multiplet structure in th
same way as for SmB6. We used the theoretical final sta
multiplet structure presented in Ref. 37. Yb21 has the con-
figuration 4f 14. Then21 state 4f ~Ref. 13! has one hole in
the 4f shell and cannot reproduce the experimentally m
sured four peak structure in the XPS. One would expect o

FIG. 6. ~a! The calculated 4f DOS of YbB12 for Yb21 and
Yb31 configurations in comparison to the experimental UPS spe
from Ref. 26; ~b! the calculated 4f DOS of YbB12 taking into
account the multiplet structure of the 4f 13 and 4f 12 final states~see
explanation in the text! in comparison to the experimental UP
spectra from Ref. 26.
9-5
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V. N. ANTONOV, B. N. HARMON, AND A. N. YARESKO PHYSICAL REVIEW B66, 165209 ~2002!
the spin–orbit doublet, and the 4 peak structure is alm
certainly due to surface effects.46

After consideration of the band structure and UPS spe
of YbB12, we turn to the optical spectra. Recently optic
reflectivity experiments have been conducted by Okam
et al. on single crystals of YbB12.28 They found that upon
cooling below 70 K, a strong suppression of the optical c
ductivity s(v) was seen in the far-infrared region, reflectin
the opening of an energy gap of;25 meV. A narrow, asym-
metric peak was observed at;40 meV ins(v), which was
attributed to optical transitions between the Yb 4f -derived
states across the gap.28 They also measured the optical spe
tra of single crystalline LuB12 as a reference material.

Figure 7 shows with a logarithmic scale the calcula
optical reflectivityR(v) and diagonal part of optical conduc
tivity s1xx(v) spectra of LuB12 compared with the experi
mental data.28 We mention, furthermore, that we have co
voluted the calculated spectra with a Lorentzian whose w
is 0.2 eV to approximate lifetime broadening. To incorpor
the intraband contribution to the optical conductivity tens
we use the phenomenological Drude model45 with intraband
Drude relaxation timegD50.3 eV. A sharp onset is seen
the LuB12 reflectivity spectrumR(v) near 1.6 eV, which can
be identified as the plasma edge (vp) due to a metallic re-
sponse of free carriers. The peak structures abovevp are due
to interband transitions between electronic states far a
from EF . Figure 7 clearly shows the important role of intr
band transitions in the formation of the optical conductiv
spectrum in LuB12.

FIG. 7. Calculated optical reflectivityR(v) and diagonal part of
the optical conductivitys1xx(v), of LuB12 in the LSDA approxi-
mation: dashed line without and solid line with the Drude te
compared with the experimental data~open circles! ~Ref. 28!.
Above ;1 eV the dashed and solid lines coincide.
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Figure 8 shows the calculated optical reflectivity spec
of YbB12 compared with experimental data measured at 2
K.28 Calculations were performed for both the divalent a
trivalent phases of YbB12. We also included the intraban
optical transitions in Drude form with inverse intraban
Drude relaxation timegD50.1 eV.

The optical reflectivity spectrum of YbB12 measured at
290 K has a metallic character, very similar to LuB12 R(v)
with the same plasma edge at 1.6 eV. The two spectra
almost identical for the energy interval abovevp . Below
vp , in contrast, the spectra are strictly different for the tw
compounds. In LuB12, R(v) is nearly flat ands(v) shows a
sharp rise, which is typical of a good metal, while in YbB12
there is a broad dip inR(v) giving rise to a prominent peak
at 0.25 eV ins(v). As can be seen from Fig. 8 a broad dip
in R(v) comes from YbB12 with divalent Yb ions. Our
LSDA1U calculations produce the reflectivity spectrum
YbB12 with trivalent ytterbium ions very similar to the LuB12
spectrum. The experimentally measured optical reflectiv
spectrum of YbB12 can be considered as a mixture of tw
spectra coming from di- and trivalent ytterbium ions. Go
agreement between theory and experiment can be reach
one uses the sum of the optical reflectivity spectrum cons
ing of 20% ytterbium divalent and 80% ytterbium trivale
spectra~Fig. 8!.

The experimental investigations of the temperature dep
dence of the optical spectra of YbB12 presented in Ref. 28
show that as the temperature is lowered from 290 K to 78
there is no drastic change in the optical conductivity sp
trum. The IR peak becomes slightly enhanced and bl
shifted. At 78 K the spectra are still metallic. However, at
K the spectral weight below;40 meV ins(v) is strongly
depleted and the spectrum becomes typical of a semicon
tor with an energy gap of around 25 meV. The reflectiv
spectrum at 20 K is also typical of a semiconductor hav
the asymptotic value atv→0 of 0.83. The gap developmen
coincides with the rapid decrease of the magnetic susce
bility in exactly the same temperature range.28

FIG. 8. The experimental optical reflectivity spectrumR(v) of
YbB12 ~open circles! measured at 290 K~Ref. 28! in comparison
with theoretical calculations in the LSDA1U approximation: dot-
ted line for Yb31, dashed line for Yb21 ions, and solid line for R
50.2*R2110.8*R31.
9-6
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Figure 9 shows the calculated diagonal part of opti
conductivity s1xx(v) spectra of YbB12 compared with ex-
perimental data.28 Calculations were performed for both th
divalent and trivalent phases of YbB12. The experimentally
measured optical conductivity spectrum in the 0–0.6 eV
ergy interval has two peaks at 0.05 and 0.25 eV~Fig. 9!. The
experimental optical conductivity spectrum of YbB12 con-
tains key features of both the divalent and trivalent theor
cally calculated spectra. The low energy peak at 0.05 eV
the optical conductivity spectrum originates from the triv
lent phase and can be explained as interband transitions
tween occupied and unoccupied Sm 5d states alongG –X
and X–W symmetry directions~Fig. 5!. The prominent peak
in s1xx(v) spectrum at around 0.4 eV~the corresponding
experimental peak situated at 0.25 eV! is mostly derived
from the interband transitions between occupied Ybf
bands and empty Yb 5d bands of divalent phase in the v
cinity of the W symmetry point as well as along the X–
symmetry direction~Fig. 5!. The theoretically calculated
s1xx(v) spectrum in the divalent phase is shifted towa
higher energies due to the larger theoretically calculated
ergy gap~65 meV! in comparison to the experimental on
~25 meV!.

III. SUMMARY

Classical mixed valence narrow gap semiconduct
SmB6 and YbB12 constitute very interesting systems exhi
iting behavior due to strongly correlated electrons. T
LSDA calculations provide an inadequate description of
4 f electrons in SmB6 and YbB12 due to improper treatmen
of the correlation effects.

The Coulomb repulsionUeff strongly influences the elec
tronic structure of SmB6. For Sm21 ions eight 4f 7/2 hole
levels are completely unoccupied and well above the Fe
level hybridized with Sm 5d states. The 4f 5/2 bands are situ-
ated in close vicinity of the Fermi level. One of the 4f 5/2
levels is slightly unoccupied and extends just above
Fermi level around theX symmetry point, producing a non
integer Sm valency equal to 2.021. There is a small hybrid-
ization gap at the Fermi level,DE527 meV. The theoreti-

FIG. 9. Calculated diagonal part of the optical conductiv
s1xx , of YbB12 in the LSDA1U approximation for the Yb21 ion
~full line! and Yb31 ion ~dashed line! compared with the experi
mental data~open circles! ~Ref. 28!.
16520
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cally calculated energy gap is larger than the experiment
estimated one of around 3.6–5.2 meV, determined from
activation energy and optical measurements. For Sm31 five
4 f bands are fully occupied and situated at around 6
below the Fermi level. A 6th 4f hole level is fully unoccu-
pied and situated at about 0.34 eV above the Fermi level.
average positions of the occupied 4f states in Sm21 and
Sm31 calculations are in agreement with XPS measu
ments.

In the LSDA1U energy band structure calculations of th
electronic structure of YbB12 with divalent Yb ions all 14 4f
bands are fully occupied and situated closely below the b
tom of the Yb 5d band. They are split due to spin–orb
coupling by D«so51.4 eV. There is a small hybridizatio
gap at the Fermi level. The theoretically calculated ene
gap, DE565 meV between Yb 4f 7/2 and Yb 5d states, is
somewhat larger than the gap estimated from the activa
energy and optical measurements and smaller than obse
in tunneling experiments. For the trivalent Yb ion, thirte
4 f electron bands are well below the Fermi level and hybr
ized with the B 2p states. They are separated from a 4f hole
state by the correlation energyUeff . The 14th 4f unoccupied
hole level is well above the Fermi level at around 1.5 eV

The optical spectra of YbB12 can be considered as a mix
ture of two spectra coming from di- and trivalent ytterbiu
ions. Good agreement between theory and high tempera
optical reflectivity spectrum can be reached if one uses
sum of the optical reflectivity spectrum consisting of 20
ytterbium divalent and 80% ytterbium trivalent spectra. Lo
temperature measurements show that below 20 K there
gap development in the optical conductivity and reflectiv
spectra of YbB12. The low energy peak at 0.05 eV in th
optical conductivity spectrum originates from the trivale
phase and can be explained as interband transitions betw
occupied and unoccupied Sm 5d states alongG –X and
X–W symmetry directions. The prominent peak in th
s1xx(v) spectrum at around 0.4 eV is mostly derived fro
interband transitions between occupied Yb 4f bands and
empty Yb 5d bands of the divalent phase in the vicinity o
the W symmetry point as well as along the X–W symme
direction.

We should mention that the situation in YbB12 is still
vague both experimentally and theoretically, and that m
experimental data may help clarify the picture. If ytterbiu
in this compound is practically trivalent, as claimed based
recent measurements of x-ray absorption and inela
neutron-scattering by Alekseevet al.,24 then the gap in the
tunneling and other experiments could be ascribed only
Kondo insulator~KI ! state. However, it is difficult to under
stand this. The necessary precondition for the KI state
nearly half-filled single conduction band, but the LSD
1U band structure calculations with Yb31 ions produce sev-
eral sheets of Fermi surface~see the lowest panel of Fig. 5!.
The influence of the degree of valence mixing on the form
tion of the Kondo insulator state in YbB12 will require fur-
ther theoretical and experimental investigations.

In conclusion, we would like to point out that the LSD
1U method which combines LSDA with a basically stati
9-7
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i.e., Hartree-Fock-type, mean-field approximation for
multiband Anderson lattice model does not contain t
many-body physics. However, this method can be consid
as the first step towards a better description of strongly
related electron systems. The LSDA1U method gives a cor
rect insulating ground state solution for Sm monochal
genides at ambient pressure. This method provides
correct energy positions of 4f energy bands and gives a re
sonable description of the optical properties in SmXX
5S, Se, Te!, SmB6, and YbB12. However, the paramagnet
phase of the high pressure SmS golden phase as well a
formation of the MV state in SmB6 and YbB12 clearly
requires a treatment that goes beyond a static mean-
s
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approximation and includes dynamical effects,e.g., the fre-
quency dependence of the self-energy.
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Hüfner ~North–Holland, Amsterdam, 1994!, Vol. 19, p. 177.

3P. S. Riseborough, Adv. Phys.49, 257 ~2000!.
4L. Degiorgi, Rev. Mod. Phys.71, 687 ~1999!.
5Z. Fisk, J. L. Sarrao, S. L. Cooper, P. Nyhus, G. S. Boehinger

Passner, and P. C. Canfield, Physica B223-224, 409 ~1996!.
6S. von Molnar, T. Theis, A. Benoit, A. Briggs, J. Floquet,

Ravex, and Z. Fisk, inValence Instabilities, edited by P. Wachter
and H. Boppart~North–Holland, Amsterdam,1982!, p. 389; T.
Nanba, H. Ohta, M. Motokawa, S. Kimura, S. Kunil, and
Kasuya, Physica B186-188, 440 ~1993!.

7P. A. Alekseev, V. A. Lazukov, R. Osborn, B. D. Rainford, I.
Sadikov, E. S. Konovalova, and Yu. B. Paderno, Europhys. L
23, 347 ~1993!; J.-M. Mignot, P. A. Alekseev, J. Rossat-Migno
V. N. Lazukov, and I. P. Sadikov, Physica B199-200, 430
~1994!; P. A. Alekseev, J.-M. Mignot, J. Rossat-Mignot, V. N
Lazukov, I. P. Sadikov, E. S. Konovalova, and Yu. B. Paderno
Phys.: Condens. Matter7, 289 ~1995!; J.-M. Mignot and P. A.
Alekseev, Physica B215, 99 ~1995!.

8G. Travaglini and P. Wachter, Phys. Rev. B29, 893 ~1984!.
9B. Battlog, P. H. Schmidt, and J. M. Rowwel, inValence Fluc-

tuations in Solids, edited by L. M. Falikov, W. Hunke, and M. B
Maple ~North–Holland, Amsterdam, 1981!, p. 357; L.
Frankowski and P. Wachter, Solid State Commun.41, 577
~1982!.

10A. Menth, E. Buetler, and T. H. Geballe, Phys. Rev. Lett.22, 295
~1969!; J. C. Nickerson, R. M. White, K. N. Lee, R. Bachman
T. H. Geballe, and G. W. Hull, Phys. Rev. B3, 2030~1971!; J.
W. Allen, B. Batlogg, and P. Wachter,ibid. 20, 4807~1979!.

11J. C. Cooley, M. C. Aronson, Z. Fisk, and P. C. Canfield, Ph
Rev. Lett.74, 1629~1995!.

12T. Kasuya, K. Takegahara, T. Fujita, T. Tanaka, and E. Banna
Phys. Colloq.40, C5-308~1979!.

13J. Morillo, G. Bordier, C. H. de Novion, J. P. Senateur, and J. J
J. Magn. Magn. Mater.47-48, 465 ~1985!; T. H. Geballe, A.
Menth, E. Buehler, and G. W. Hall, J. Appl. Phys.41, 904
~1979!.

14S. Koni, J. Magn. Magn. Mater.63-64, 673 ~1987!.
15B. Gorshunov, N. Sluchanko, A. Volkov, M. Dressel, G. Kreb
kii

s.

e
.

A.

.

.

.
tt.

,

.
J.

,

s.

, J.

n,

l,

A. Loidl, and S. Konii Phys. Rev. B59, 1808~1999!.
16J. M. Taraskon, Y. Ishikawa, B. Chevalier, J. Etourneau, P. Hag

muller, and M. Kasuya, J. Phys.~Paris! 41, 1141~1980!.
17T. Kasuya, M. Kasaya, K. Takegahara, T. Fujita, T. Goto, A. T

maki, M. Takigawa, and H. Yasuoka, J. Magn. Magn. Mat
31-34, 447 ~1983!.

18M. Campagna, G. K. Wertheim, and E. Bucher,Structure and
Bonding~Springer, Berlin, 1976!, Vol. 30, p. 99.

19R. L. Cohen, M. Eibschutz, K. W. West, and E. Buller, J. App
Phys.41, 898 ~1970!.

20M. Kasuya, F. Iga, K. Negishi, S. Nakai, and T. Kasuya, J. Mag
Magn. Mater.31-34, 437 ~1983!.

21M. Kasuya, F. Iga, M. Takigawa, and T. Kasuya, J. Magn. Mag
Mater.47-48, 429 ~1985!.

22F. Iga, N. Shimizu, and T. Takabatake, J. Magn. Magn. Ma
177-181, 337 ~1998!.

23F. Iga, S. Hura, J. Kljin, N. Shimizu, T. Takabatake, M. Ito, Y
Matsumoto, F. Masaki, T. Suzuki, and T. Fujita, Physica B259-
261, 312 ~1999!.

24P. A. Alekseev, E. V. Nefeodova, U. Straub, J.-M. Mignot, V. N
Lazukov, I. P. Sadikov, L. Soderholm, S. R. Wassermann, Yu.
Paderno, N. Yu. Shitsevalova, and A. Murani, Phys. Rev. B63,
064 411~2001!.

25T. Ekino, H. Umeda, F. Iga, N. Shizu, T. Tahabatake, and H. Fu
Physica B259-261, 315 ~1999!.

26T. Susaki, Y. Takeda, M. Arita, K. Mamiya, A. Fujimori, K. Shi
mada, H. Namatame, M. Taniguchi, N. Shimizu, F. Iga, and
Takabatake, Phys. Rev. Lett.82, 992 ~1999!.

27T. Susaki, A. Sekiyama, K. Kobayashi, T. Mizokawa, A. Fujimo
M. Tsunekawa, T. Muro, T. Matsushita, S. Suga, H. Ishii,
Hanyu, H. Namatame, M. Taniguchi, J. Miyahara, F. Iga, M
Kasaya, and H. Harima, Phys. Rev. Lett.77, 4269~1996!.

28H. Okamura, S. Kimura, H. Shinozaki, T. Nanba, F. Iga,
Shimizu, and T. Takabatake, Phys. Rev. B58, R7496~1998!.

29F. Iga, Y. Takakuwa, T. Takahashi, M. Kasuya, T. Kasuya, and
Sagawa, Solid State Commun.50, 903 ~1984!.

30A. Yanase and H. Harima, Prog. Theor. Phys. Suppl.108, 19
~1992!.

31V. N. Antonov, B. N. Harmon, and A. N. Yaresko, Phys. Rev.
66, 125208~2002!.

32P. Villars and L. D. Calvert,Pearson’s Handbook of Crystallo-
graphic Data for Intermetallic Phases~ASM International, Ma-
terials Park, 1991!.

33L. L. Hirst, Phys. Kondens. Mater.11, 255 ~1970!.
9-8



P.

d

p

ys

T.

PS
nt

saki,
ster
ed

ra
fects

ELECTRONIC STRUCTURE OF . . . II. . . . . PHYSICAL REVIEW B 66, 165209 ~2002!
34C. M. Varma, Rev. Mod. Phys.48, 219 ~1976!.
35V. N. Antonov, A. N. Yaresko, A. Ya. Perlov, P. Thalmeier,

Fulde, P. M. Oppeneer, and H. Eschrig, Phys. Rev. B58, 5043
~1998!.

36V. N. Antonov, B. N. Harmon, V. P. Antropov, A. Ya. Perlov, an
A. N. Yaresko, Phys. Rev. B64, 134410~2001!.

37F. Gerken, J. Phys. F: Met. Phys.13, 703 ~1983!.
38E. Kierzek-Pecold, Phys. Status Solidi33, 523 ~1969!.
39S. Kimura, T. Nanba, S. Kunii, and T. Kasuya, J. Phys. Soc. J

59, 3388~1990!.
40S. Kimura, T. Nanba, T. Tomikawa S. Kunii, and T. Kasuya, Ph

Rev. B46, 12 196~1992!.
41T. Nanba, H. Ohta, M. Motokawa, S. Kimura, S. Kunii, and

Kasuya, Physica B188, 440 ~1993!.
42S. Kimura, T. Nanba, S. Kunii, and T. Kasuya, Phys. Rev. B50,
16520
n.

.

1406 ~1994!.
43S. Curnoe and K. A. Kikoin, Phys. Rev. B61, 15 714~2000!.
44T. 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!.

45H. S. Bennet and E. A. Stern, Phys. Rev.137, A448 ~1965!.
46Additional support of the idea that the 4 peak structure of the X

in YbB12 is due to surface effects can be found from rece
measurements by S. Suga, A. Sekiyama, S. Imada, A. Yama
F. Iga, T. Takabatake, T. Ebihara, Y. Onuki, and Y. Saitoh, Po
II-98 in The International Conference on Strongly Correlat
Electron Systems, August 6–10, Ann Arbor, 2001~unpublished!.
They show that YbB12 high resolution photoemission spect
have a tendency toward 2 peaks structure when surface de
decreased.
9-9


