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The electronic structure and optical spectra of gnald YbB,, 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 approximatigihSDA), as well as with the so-called LSDAU approach. The
energy band structures of SmBnd YbB,, are related to their measured XPS and UPS spectra as well as
optical spectra. The LSDAU band structure calculations produce a small hybridization energy gap i SmB
and YbB,, for samarium and ytterbium ions in the divalent state.
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I. INTRODUCTION with temperature by measurements of x-ray absorptién,
lattice constant! x-ray photoemissiof and Massbauer iso-
SmB; and YbB,, are classical mixed valend®V) nar-  mer shift!®
row gap semiconductors. This class of materials is character- YbB;, is thought to be the only known Kondo insulator
ized by their electronic properties, which at high tempera-among Yb compounds with a valence instability. Its physical
tures are associated with a set of independent localiled properties observed near room temperatoretallic conduc-
moments interacting with a sea of conduction electronstivity, localized magnetic momentsdramatically change
while at low temperature the electronic properties resemblevhenT decreases. At approximately 75 K, the paramagnetic
those of a narrow gap semiconductor. Smi8the first com-  susceptibility goes through a maximum, then decreases rap-
pound in which the phenomena of MV was detected directlyidly at lower temperature€-2°A steep increase in the elec-
by x-ray absorptiorf.Despite more than 35 years of experi- trical resistivity is observed in the same temperature
mental and theoretical effort, many fundamental aspects afange?°~?? This, together with the Schottky anomaly in the
the microscopic description of the MV ground state and thdow-temperature electronic specific hé4f? provides strong
nature of valence fluctuations is still under discus$ich. support to the opening of a gap in the electronic excitation
The main problem is the origin of the MV ground state, spectrun?* Recent direct optical reflectivity measurements
which seems intimately connected with the gap formationon single crystals of YbB also show the opening of an
One question is whether Kondo insulating materials actuallyenergy gap upon cooling below 70°R.The gap develop-
are true insulators at low temperatures or whether an intrinsiment is coincident with a rapid decrease in the magnetic
small conduction-electron carrier concentration is pre3ent.susceptibility, which shows that the gap opening has a sig-
Infrared absorptiofi, inelastic neutron scatterifgoptical  nificant influence on magnetic properties of YgBThe en-
conductivity? electron tunneling,and electrical transpdft  ergy of the gap, determined by different methods, also varied
measurements all detect a small electronic gap, considerably. Tunneling measurements indicate an energy
=3-20 meV. However, the low-temperature transport propgap of 200-300 me¥® the transport gap is much smaller
erties of SmB are manifestly metallic, having a large but A~10 meV2°~*2while photoemission measurements reveal
finite resistivity below~4 K.1° There is considerable con- gaps of two energy scaléé?®a narrow gap~10 meV and a
troversy whether these in-gap states are intrinsic and preselatrger pseudogap of 100 meV. Optical measurements give
in pristine SmB,"**2or extrinsic and dictated entirely by an energy gap of-25 meV at 20 K* It is not yet clear
sample quality®*3The size of the energy gap determined bywhether the insulating ground state in YgBshould be as-
different methods varies considerably. For example, theribed to a “hybridization gap” as predicted in MV models,
value of the gap in SmBis equal to 2.7 meV by tunneling or reflects the formation of a Kondo singlet on each®Yb
spectroscopy,5 meV from the temperature dependence ofion. More generally, the influence of the degree of valence
the electrical resistivity’ and 16 meV by point-contact mixing on the formation of the Kondo insulator state is not
spectroscopy* Direct measurements of the low-temperaturewell documented. The Yb valency estimated from the Curie
dynamical conductivity and dielectric permitivity of single constant below room temperature yields values of about
crystalline SmB give evidence for a 19 meV energy gap and2.75—2.8 for polycrystal&)}?*and 2.95 for a single cryst&.
an additional narrow donor-type band lying only 3 meV be-From the photoemission measureméftshe valence was
low the bottom of the upper conduction bafid. estimated to be=2.86+0.06. X-ray photoelectron spec-
The average valence of Sm in the hexaboride was estaltroscopy(XPS) measurementSyieldedv =2.9, whereas the
lished to be 2.56 at room temperature, and to vary slightlyyb L; edge x-ray absorption spectrum measured in Ref. 20
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was simply denoted “trivalent.” Recent x-ray absorption and SmByg LSDA DOS
inelastic neutron scattering experiméfitidicate that the TR NS 5 Sm 5d

Yb valence is close to-8. On the other hand, the analysis of

the magnetic susceptibility together with the Knight shift of 0]
YbB,,, provided by Wachtet,shows that the susceptibility
is zero forT—0, in the absence of defects. This might be
caused by a nonmagnetic ground state such &s Y4 or

by a Kondo singlet.

The energy band structures of Sgdhd YbB,, have been 10 1]
calculated by Yanase and Hariflaising the self-consistent XM I R M X R ' !
LAPW method in the local spin density approximation in-
cluding the spin—orbit interaction. The LSDA calculations Sm** LSDA+U
yield a splitting of about 0.05 Ry between thé;4 and the %
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4f,,, states in SmB These bands are crossed by the lowest 5
Sm & band. It was found that a small direct energy gap of <
around 14 meV exists at the Fermi energy alongAhaxis. e
LSDA calculations generally provide an inadequate descrip-2 < % ]

tion of the 4f electrons due to improper treatment of corre- & / 1 B 2p
lation effects. In particular, LSDA calculations cannot ac- <?= ]

count for the splitting of filled and emptyf bands i ]

(determined, for example, by photoemission and BIS experi- L X M I R MX R
ments, which is expected to be 7-8 eV in Sgknd
YbB,,.® Sm3+ LSDA+U

The previous papétis devoted to the theoretical investi- 5 y ~
gation of the electronic structure and optical spectra of sa-
marium monochalcogenides. The aim of this work is the the-o ¢ K=F£F> i\ £~
oretical study of the electronic structure and optical spectra®
of the mixed valent semiconductors SgBand YbB.. :;?
While there are difficulties in describing the MV states using &
the LSDA and LSDA-U methods, it is important to estab-
lish how well these methods can describe features of the
electronic structure, and which features will require more L X M T R MX Rr
sophisticated many-body treatments. To help separate MV
effects, we also investigate theoretically the electronic struc- FIG. 1. Self-consistent fully relativistic, spin-polarized energy
ture and 0ptica| spectra of Lq@ag a reference Compound. band structure and total DQ# statesfunit cell eV)] calculated for
The description of the computational details have been preSmBs with the LSDA and LSDA-U approximations.
sented in the previous paper.

This paper is organized as follows: Sec. Il is devoted tosp character mixed in. The next group of energy bands are B
the electronic structure and optical properties of the $§mB 2p bands separated from the Bands by an energy gap of
YbB,,, and LuB calculated in the LSDA and LSDAU about 3 eV. The width of the Bf2band is about 8.8 eV. The
approximations. The theoretical calculations of XPS and opSm 5d bands are partly occupied. They are also separated
tical spectra are also compared to the experimental measuritom B 2p states by the energy gap of around 0.7 eV. The
ments. Finally, the results are summarized in Sec. lIl. sharp peaks in the DOS calculated in the LSDA just below

and above the Fermi energy are due fg,4and 4f,, states,

respectively(Fig. 1). They cross the Smdbbands and hy-
Il. RESULTS AND DISCUSSION bridize with them. There is a small direct energy gap at the
Fermi level of around 23 meV. Our LSDA band structure of
SmB; is in good agreement with previous calculations of

The compound SmBhas the CaBtype crystal structure Yanase and HarimZ.
with space grouf®n3m (No. 221 and lattice constant equal The LSDA+U energy bands and total density of states
to 4.1333 A2 The structure of samarium hexaboride may be(DOS) of SmB; for U4=7 eV are shown in Fig. 1. The
viewed as a CsCl-type lattice with the cesium replaced byCoulomb repulsionU.4 strongly influences the electronic
samarium and the chlorine by agBctahedron. Figure 1 structure of SmB. For Sni* ions five 45, bands are fully
shows the energy band structure of §yrdlculated within  occupied and hybridized with the Bp2states. The #,,
the LSDA and the LSDA-U approximations. The energy unoccupied states are above the Fermi level at around 1 eV.
band structure of SmBwith the LSDA approximation can A single 4f5, level is fully unoccupied and situated at about
be subdivided into three regions separated by energy gap8.34 eV above the Fermi level.

The bands in the lowest region around -14 to -16 (@4t In our LSDA+U band structure calculations we started
shown have mostly B 2 character with some amount of Sm from a 4f® configuration for the SAT ion with six on-site
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FIG. 2. Expanded view of the energy band structure and total
DOS[in statesfunit cell eV)] of SmB; for Sn?* ions calculated in
the LSDA+ U approximations.

4f energies shifted downward by .4/2 and eight levels
shifted upwards by this amount. The energies of occupied
4f¢,, and unoccupied %, levels are separated by approxi-
mately U4 (Fig. 1). For Snt™ ions, eight 4, hole levels
are completely unoccupied and well above the Fermi level
and hybridized with Sm & states. The #;, bands are situ-
ated in close vicinity of the Fermi level. They cross the bot- Pt "
tom of the Sm 8l band. Figure 2 shows an expanded view of -15 -10 -5
the LSDA+U energy band structure and total DOS for Energy (eV)

- T - . S
?mBG. \INIthlirlj— 2|§)ns. \'/I'hz:ﬁ] IS ahhybrldlzgtlontga:p at the FIG. 3. Comparison of the calculated HOS of SmR using
ermi leve n mev. ough we used a starting con- y,e | spayy approximation with the experimental XPS spectra

figuration with fully occupied 45, bands, in the process of o Ref. 18, taking into account the multiplet structure of tté 4
self-consistent relaxation one of thés4 doubly degenerate 5q 44 final stategsee explanations in the toxt

bands becomes partly unoccupied and situated above the
Fermi level around th&X symmetry point(Fig. 2 due to Sm such as lattice constant and isomer shift measurements,
5d—4f hybridization. There is a small peak in the DOS which probe the sample on a time scale much longer than
above the Fermi level at around 0.03 eV with predominantlyr,cg, will see only one intermediate configuration, but ex-
4f character(to produce this fine structure we increased theperiments such as XPS or UPS measurements which take
number ofk points in the irreducible part of the Brillouin place in a time much shorter thagg (up to 16—10 times
zone up to 8126 This peak contains 0.02f4oles. In other  shortej will see the instantaneous picture of a mixture of the
words, our LSDA-U calculations produce a semiconduct- ions in the two valence states.
ing ground state in SmBwith a noninteger Sm valency The XPS spectra for SmBindicate a multiplet structure
equal to 2.02. which can be identified with both Sm and Smi* configu-
The ground state of an intermediate valence compound igtions being present. Figure 3 shows the ZmEPS
a quantum mechanical mixture of both thé"4and the spectrum®in comparison to the occupied part of the partial
4f"~15d configuration on each rare earth ion. Such com-LSDA+U 4f DOS calculated with a multiplet structure of
pounds need theoretical consideration beyond the mean fietlie final states taken into account in the same way as for
one-particle LSDA-U approximation due to possible con- SmS and SgThy sS in our previous papéf (i.e., we calcu-
figuration interaction between differenf 4alence states. It lated atomic multiplet structures for $mand Sni* ions
can lead to spontaneous interconfiguration fluctuatit@g), = and positioned their centroid with the centroid of the
introduced first by Hirst® As briefly discussed by Varn4, LSDA+U occupied 4 DOS peaks calculated for the 8m
at T=0, “fluctuations” can be either static or dynamic. In the and Smi* configurations shown in Fig.)1We show in Fig.
static case the system is spatially “inhomogeneous” in the3 the final state multiplet structure presented in Ref. 18.
sense that at inequivalent sites different valence states aBn?" (4f° final stat¢ has the multipletH, °F, and °P.
present. Examples among the rare earth compounds aBnt" (4f* final stat¢ has the multiplets’l, °F, °G, and
EwS,, Ew0, ' and the charge ordering heavy fermion °D.%8 It is clear that the structures between 0.0 and -5.5 eV
Yb,As; compound® Such static charge “fluctuations” have binding energy should be assigned to the final-state multiplet
been known for a long time in thed3series; FgO,, magne-  structure derived from six fully occupiedf4ands (SrA™)
tite, being a typical examplésee Ref. 36, and references and the structures between -5.5 and -13 eV are associated
therein. In the dynamic case the system shows fast locaiith the final state multiplet structure of the $mions. The
fluctuations which give an intrinsic width to tHdevels. At  agreement with the positions of the multiplet peaks indicates
any given site 4 charge fluctuations between the two con-that the LSDA+U is giving reasonably correct average po-
figurations occur on a time scatg-g, the so calledntercon-  sitions for the occupied #states.
figuration fluctuation timé’ The system on time average is  Let us turn now to the optical properties of SgEEx-
“homogeneous,” i.e., all sites are equivalent. Experimentsperimental investigation of the reflectivity spectra of SmB

X-Ray Photoemission Intensity (arb. units)
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SmBg terband transitions between occupied Sth$ates and the
empty 6th 4 hole band alond’—X, I'-M, and X-M sym-
metry directions.

As we mentioned above, the XPS measurements cannot
distinguish between an inhomogeneously mixed or a homo-
geneously mixed compound, i.e., whether®$nand Sni*
ions are integer valent and statically mixed or the charge
between them just fluctuates slower than the time resolution
of XPS. The experimental optical conductivity spectrum also
can be considered as a mixture of both the divalent and triva-
lent spectra. From other experiments, Snigknown to be a
homogeneous mixed-valence semiconductor compound with
a small energy gapMossbauer isomer shift vs temperature
Energy (eV) measurements for SmBby Cohenet al. clearly show that

FIG. 4. Calculated diagonal part of the optical conductivity gboye 700 K and down to 4.2 K, the degree of valence mix-

o1xx(@) of SmB; in the LSDA+U approximation compared with Ing 1S a constan_t of around 2.3%.Our_ LSDA+L.J ba_nd

the experimental measurements at 180en circles (Ref. 41. structure c_alculgnons produce a metall_|c state with trivalent
samarium ions if we start our self-consistent procedure from
. . Snt*. On the other hand, if we used as starting configura-
was performed by Kierzek-Pecdfdin a narrow energy tion with fully occupied 4, levels (Sni*), we are able to
range from 1 to 5.6 eV. Aftel’ that, Travaglini and WaChteI’ produce a correct Semiconductor ground state for §m|B’]
measured the reflectivity spectrum of Sqi the energy  a small hybridization energy gap, and a theoretically calcu-
range from 1 meV to 12 eV at 300 K drt K for investiga-  lated valency 2.02. A comprehensive theory for the MV
tion of the energy gaP.Kimura and co-workers measured state is needed to provide a quantitative measure of the mix-
the optical spectra of all single crystal rare-earth hexaborideig between the two configurational states. Our calculations
RBg (R=La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Yb, and are only able to provide specific details for the individual
Y) in the energy region from 1 meV to 40 eV at 300 K and configurational states.

Sm3+

Conductivity (10° Qlem)

13 K392
Figure 4 shows with a logarithmic scale the calculated
optical conductivity spectra of SmBompared with experi- B. YbBy,
mental data measured at 13“*KCalculations were per- The compound YbB, has the UB, type crystal structure

formed for both the divalent and trivalent phases of mB with space groufrm3m (No. 225 and lattice constant equal
The experimentally measured optical conductivity spectrunto 7.464 A3 The crystal structure of YbB can be under-
has two strong peaks at 0.12 and 0.5 eV and a steep rise as®od as a fcc NaCl type with the sodium replaced by ytter-
eV (Fig. 4). As might be expected, the experimental opticalbium and the chlorine by 12 B atoms.

conductivity spectrum contains key features of both the di- In our band structure calculations we have performed
valent and trivalent theoretically calculated spectra. Howthree independent fully relativistic spin-polarized calcula-
ever, the three major peaks have different origins in the ditions. We consider thefdelectrons agl) itinerant electrons
valent and trivalent phases. A steep increase of opticalsing the local spin-density approximatiof®) fully local-
conductivity starting at around 3 eV is mostly determined byized, putting them in the core; ar{@) partly localized using

B 2p—Sm & interband transitions around the X symmetry the LSDA+U approximation. Figure 5 shows the energy
point in the divalent samarium compound. The same featurband structure of YbB for all three approximations. The
in the trivalent phase can be described as a combination @&hergy band structure of YhBwith 4f electrons in the core
the B 2p— Sm 5d and Sm %l— Sm 4f interband transitions. can be subdivided into three regions. The bands in the lowest
These transitions also occur mostly around the X symmetryegion around -15.5 to -10 eV have mostly B 2haracter
point (Fig. 1). The low energy peak at 0.12 eV in the divalent with some amount of Ytsp character mixed in. The next
phase can be explained as interband transitions between agroup of the energy bands are B Bands separated from the
cupied Smd—f mixed states and unoccupied Srd States 2s bands by a small energy gap of about 0.4 eV. The width
near the X symmetry point. The same structure in the trivaof the B 2p band is about 8 eV. The Ybdbbands are partly
lent Sm phase is due to interband transitions among hybridsccupied and cross the Fermi energy. They slightly overlap
ized Sm &l bands alond’-X, I'-M, X—M, and X—R sym-  with B 2p states. The sharp peaks in the DOS calculated in
metry directions. This peak is shifted at around 0.1 eVthe LSDA just below the Fermi energy are due to Yiy4
toward smaller energies in comparison with the experimentaand 4f,, states(Fig. 5. They cross Yb 8 bands and hy-
measurements. The peak at 0.5 eV in the divalent phaderidize with them. There is a small direct energy gap of
arises from interband transitions between occupieddSth ~ about 65 meV at the Fermi level. Our LSDA band structure
mixed states and unoccupied Srd States near the X sym- of YbB, is in good agreement with previous calculations of
metry point andl’'—X and X—M symmetry directions. The Yanase and Harima except that the latter authors found
same structure in the trivalent samarium phase is due to in¥bB,, to be a semimetaf
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FIG. 6. (a) The calculated # DOS of YbB,, for Yb?" and
) . Yb®* configurations in comparison to the experimental UPS spectra
' X WK r L WUX 0 5 10 15 20 from Ref. 26; (b) the calculated # DOS of YbB,, taking into
account the multiplet structure of thé £ and 4f'2 final stateqsee
LSDA+U b2 explanation in the textin comparison to the experimental UPS
J &/? _\K 7 spectra from Ref. 26.
3 0 ) They are split due to spin—orbit coupling byeg,
B 1 =1.4 eV. There is a small hybridization gap at the Fermi
5 ] v L2 level. In other words, the calculations indicate a nonmagnetic
ST X T semiconducting ground state in YpBfor Yb atoms in the
] f = divalent state. The theoretically calculated energy gel,
T X WK L WUX & 5 1=0 1=5 2=0 =65 meV,_ is formed b_etween Ybf4, and \_(b A states.
The experimentally estimated energy gap is about 10 meV
LSDA+U Yb3+ from the activation energy, 2?2 25 meV from optical
3 N measurement8 and 200-300 meV from tunneling
7 experiments®
s ol-N\| A For the trivalent Yb ion, thirteen fAelectron bands are
< 1 well below the Fermi energy and hybridized with the B 2
2 states(Fig. 5. The 14th 4 unoccupied hole level is above
5 -5 the Fermi level at around 1.5 eV. We should mention that
such an electronic structure is appropriate for the develop-
ment of the Kondo scenarfG-4°
-10

r X WK I L

wWUX 0

The partial 4 DOS of the occupied part of YbB calcu-
lated in the LSDA-U approximation is compared with ul-

FIG. 5. Self-consistent fully relativistic, spin-polarized energy traviolet photoelectron spect(elPS (Refs. 26, 27in Fig. 6.

band structure and total DA® statesfunit cell eV)] calculated for

YbB;, with the LSDA and LSDA+U approximations.

The experimental spectra were measured using both single
crystalliné® and polycrystalling’ samples. The double peak
structure at 0.1 and 1.5 eV binding energy reflects the spin—

The LSDA+U energy bands and total density of states oforbit doublet of the YB" density of states. The correspond-

YbB, for Ug4=8 eV are shown in Fig. 5. We start the self- ing spin—orbit doublet for the Y& DOS is situated at -6.0
consistent calculations from thef % configuration for the and -7.6 eV[Fig. 6a)].
Yb?* ion, where all 14 on-site #energies are shifted down- Calculated 4 DOS cannot, of course, fully account for
wards byU.¢/2, and from the & configuration for the the multiplet splitting. Therefore we present in FigbBthe
Yb®* ion with 13 on-site 4 energies are shifted downwards 4f DOS's taking into account the multiplet structure in the
by U4/2 and one level shifted upwards by this amount. Thesame way as for SmB We used the theoretical final state
energies of occupied and unoccupied®Yli bands are sepa- multiplet structure presented in Ref. 37. *bhas the con-
rated by approximately . figuration 44 Then—1 state 4 (Ref. 13 has one hole in
For divalent Yb ions all 14 #i bands are fully occupied the 4f shell and cannot reproduce the experimentally mea-
and situated closely below the bottom of the Wbband. sured four peak structure in the XPS. One would expect only
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S 1o FIG. 8. The experimental optical reflectivity spectrifw) of
§ : YbB,, (open circles measured at 290 KRef. 28 in comparison
g with theoretical calculations in the LSDAU approximation: dot-
= ted line for YIB*, dashed line for YB' ions, and solid line for R
3 0.5 1 =0.2*R*" +0.8*R%".
2
S
| P | Figure 8 shows the calculated optical reflectivity spectra
O O -III_—_I—_I_I_I—I-I-I.Ill T 17T IIIIIII__ T 17T IIIIII| T T

) A 0 1 of YbB,, compared with experimental data measured at 290
10 10 10 10 28 ; ;
K.“® Calculations were performed for both the divalent and
Ene rgy (eV) trivalent phases of YbB. We also included the intraband
optical transitions in Drude form with inverse intraband
FIG. 7. Calculated optical reflectiviti(w) and diagonal part of  p,de relaxation timeyp=0.1 eV.
the optical conductivityo;,,(®), of LuB,, in the LSDA approxi- . -
mation: dashed line without and solid line with the Drude term 293— f:(e h%%tlgarlngigﬁif:nzggr:\g?e (;tr\tj?ryo;r\r:?aarr?oeazg?g)at
compared with the experimental datapen circley (Ref. 28. with the same plasma edae at’ 16 eV, The two spectra are
Above ~1 eV the dashed and solid lines coincide. . . P 9 .' : P
almost identical for the energy interval aboug . Below
the spin—orbit doublet, and the 4 peak structure is almosi,, in contrast, the spectra are strictly different for the two
certainly due to surface effect8. compounds. In LuB,, R(w) is nearly flat andr(w) shows a
After consideration of the band structure and UPS spectrgharp rise, which is typical of a good metal, while in Y;aB
of YbB;,, we turn to the optical spectra. Recently optical there is a broad dip iR(w) giving rise to a prominent peak
reflectivity experiments have bezeén conducted by Okamurgt 0.25 eV ino(w). As can be seen from Fi@ a broad dip
et al_. on single crystals of YbB. The_y found that_upon in R(w) comes from YbB, with divalent Yb ions. Our
cooling below 70 K, a strong suppression of the optical cony spa+ U calculations produce the reflectivity spectrum in
ductivity g’(w) was seen in the far-infrared region, reflecting YbB,, with trivalent ytterbium ions very similar to the LyB
thetqpemng of an %nergydga&gyms $¢V' A narr%v_v,hasym- spectrum. The experimentally measured optical reflectivity
MELrNC peak was observed atzu me ino(w), whic was spectrum of YbB, can be considered as a mixture of two
attributed to optical transitions between the Yb-derived spectra coming from di- and trivalent ytterbium ions. Good
statefs gcrc|>ss the gl‘l,?_\%'.l'hey also me?sured the opt_|c|al spec- agreement between theory and experiment can be reached if
tra of single crystalline Lug, as a reference material. Jone uses the sum of the optical reflectivity spectrum consist-

Figure 7 shows with a logarithmic scale the calculate . ; ) .
optical reflectivityR( ) and diagonal part of optical conduc- Isnpgec(:)tfr az(lgté) )ét)terblum divalent and 80% ytterbium trivalent

tivity a'lxx(wg spectra of LuB, compared with the experi- ; : I
mental dat#® We mention, furthermore, that we have con- The experimental investigations of the temperature depen-

voluted the calculated spectra with a Lorentzian whose widttflénce of the optical spectra of YpBpresented in Ref. 28

is 0.2 eV to approximate lifetime broadening. To incorporateShow that as the temperature is lowered from 290 K to 78 K,
the intraband contribution to the optical conductivity tensorthere is no drastic change in the optical conductivity spec-
we use the phenomenological Drude médalith intraband ~ trum. The IR peak becomes slightly enhanced and blue-
Drude relaxation timey,=0.3 eV. A sharp onset is seen in shifted. At 78 K the spectra are still metallic. However, at 20
the LuB,, reflectivity spectrunR(w) near 1.6 eV, which can K the spectral weight below40 meV ino(w) is strongly

be identified as the plasma edge,) due to a metallic re- depleted and the spectrum becomes typical of a semiconduc-
sponse of free carriers. The peak structures akgyare due  tor with an energy gap of around 25 meV. The reflectivity
to interband transitions between electronic states far apagpectrum at 20 K is also typical of a semiconductor having
from Eg . Figure 7 clearly shows the important role of intra- the asymptotic value ab—0 of 0.83. The gap development
band transitions in the formation of the optical conductivity coincides with the rapid decrease of the magnetic suscepti-
spectrum in LuB,. bility in exactly the same temperature rarfge.
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15 L cally calculated energy gap is larger than the experimentally
estimated one of around 3.6-5.2 meV, determined from the
activation energy and optical measurements. Fof 'Sfive
4f bands are fully occupied and situated at around 6 eV
below the Fermi level. A 6th # hole level is fully unoccu-
pied and situated at about 0.34 eV above the Fermi level. The
average positions of the occupied 4tates in S and
Sn?* calculations are in agreement with XPS measure-
ments.
In the LSDA+ U energy band structure calculations of the
Energy (e V) electronic structure of YbB with divalent Yb ions all 14 4
bands are fully occupied and situated closely below the bot-
FIG. 9. Calf:ulated diagonal part (_)f th_e optical corldgctivity tom of the Yb 5l band. They are split due to spin—orbit
o1, Of YbB,, in the LSDA+U approximation for the Y&' ion coupling by Aeg,=1.4 eV. There is a small hybridization
(full line) and YB'* ion (dashed ling compared with the experi- SO, .
mental dataopen circles (Ref. 28. gap at the Fermi level. The theoretically calculated energy
gap,AE=65 meV between Yb #,, and Yb & states, is
Isomewhat larger than the gap estimated from the activation
energy and optical measurements and smaller than observed

perimental data® Calculations were performed for both the in wnneling experiments. For the trivalenF Yb ion, thirtegn
divalent and trivalent phases of YbB The experimentally _4f eIe(_:tron bands are well below the Fermi level and hybrid-
measured optical conductivity spectrum in the 0-0.6 eV enl2€d With the B 2 states. They are separated fromfahble

ergy interval has two peaks at 0.05 and 0.25(Elg. 9). The state by thfa correlation enerdys . _The 14th 4 unoccupied
experimental optical conductivity spectrum of YpBcon- hole level is well above the Fermi level at_around 15 e\_/.
tains key features of both the divalent and trivalent theoreti- The optical spectra of Ybg can be considered as a mix-
cally calculated spectra. The low energy peak at 0.05 eV ifure of two spectra coming from di- and trivalent ytterbium
the optical conductivity spectrum originates from the triva-ions. Good agreement between theory and high temperature
lent phase and can be explained as interband transitions b@ptical reflectivity spectrum can be reached if one uses the
tween occupied and unoccupied Srd States along’—X ~ SUm (_)f the_ optical reflectivity spectrum consisting of 20%
and X—W symmetry direction&ig. 5. The prominent peak ytterbium divalent and 80% ytterbium trivalent spectra. Loyv
in o1, (®) spectrum at around 0.4 elthe corresponding temperature meas_urements.show that pellow 20 K ther.ells a
experimental peak situated at 0.25)eld mostly derived 9apP development in the optical conductivity and reflt_actlwty
from the interband transitions between occupied Yb 4 SPectra of YbB,. The low energy peak at 0.05 eV in the
bands and empty Ybd&bands of divalent phase in the vi- optical conductivity spectrum originates from tlh_e trivalent
cinity of the W symmetry point as well as along the X—W phase' and can be expla}med as interband transitions between
symmetry direction(Fig. 5. The theoretically calculated ©ccupied and unoccupied SmdSstates alongl'-X and
o1,{®) spectrum in the divalent phase is shifted towardX—W Symmetry directions. The prominent peak in the
higher energies due to the larger theoretically calculated erff1x{@) spectrum at around 0.4 eV is mostly derived from

(25 me\). empty Yb & bands of the divalent phase in the vicinity of

the W symmetry point as well as along the X—W symmetry
direction.
ll. SUMMARY We should mention that the situation in YpBis still
vague both experimentally and theoretically, and that more
Classical mixed valence narrow gap semiconductorgxperimental data may help clarify the picture. If ytterbium
SmB; and YbB,, constitute very interesting systems exhib- in this compound is practically trivalent, as claimed based on
iting behavior due to strongly correlated electrons. Therecent measurements of x-ray absorption and inelastic
LSDA calculations provide an inadequate description of theneutron-scattering by Alekseat al.?* then the gap in the
4f electrons in SmBand YbB,, due to improper treatment tunneling and other experiments could be ascribed only to a
of the correlation effects. Kondo insulator(Kl) state. However, it is difficult to under-
The Coulomb repulsiot ¢ strongly influences the elec- stand this. The necessary precondition for the Kl state is a
tronic structure of SmB For Snt" ions eight 4, hole  nearly half-filled single conduction band, but the LSDA
levels are completely unoccupied and well above the Fermi- U band structure calculations with ¥b ions produce sev-
level hybridized with Sm 8 states. The fi5;, bands are situ- eral sheets of Fermi surfa¢see the lowest panel of Fig).5
ated in close vicinity of the Fermi level. One of thds4  The influence of the degree of valence mixing on the forma-
levels is slightly unoccupied and extends just above theion of the Kondo insulator state in YQBwill require fur-
Fermi level around theX symmetry point, producing a non- ther theoretical and experimental investigations.
integer Sm valency equal to 2.82 There is a small hybrid- In conclusion, we would like to point out that the LSDA
ization gap at the Fermi leveNE=27 meV. The theoreti- +U method which combines LSDA with a basically static,

Conductivity (10* @lem™)

Figure 9 shows the calculated diagonal part of optica
conductivity o1,,(w) spectra of YbB, compared with ex-
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i.e., Hartree-Fock-type, mean-field approximation for aapproximation and includes dynamical effeasy, the fre-
multiband Anderson lattice model does not contain truequency dependence of the self-energy.

many-body physics. However, this method can be considered
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