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We have measured the optical conductivitys(v) of Yb12xLuxB12 (0<x<1), where the system evolves
from a Kondo semiconductor atx50 to a nonmagnetic metal atx51. Forx50, s(v) exhibits a clear energy
gap with an onset at;20 meV and a shoulder at 38 meV. Asx increases, the gap is rapidly filled in from the
bottom, while the shoulder remains at;40 meV up tox5

1
2 . These results suggest that Lu substitution into

YbB12 produces an in-gap band, but the characteristic energy for the gap remains unchanged in a wide range
of x. Spectral evolutions of a characteristic mid-infrared peak, which results from Yb 4f -derived states near the
Fermi level, suggest a strong coupling of Yb 4f electrons with conduction electrons.
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Physics of gap-forming Kondo lattice compounds, oft
referred to as the ‘‘Kondo semiconductors’’~or equivalently
Kondo insulators!, has been a target of active research fo
few decades.1,2 They are characterized by the opening o
small energy gap~of the order of 10 meV! at low tempera-
tures, associated with a large decrease of magnetic susc
bility. Among the known Kondo semiconductors, YbB12 has
been the only Yb-based compound so far.3 After the success-
ful growth of high-quality single crystals by Igaet al.,4

physical properties of YbB12 have gained renewed interes
with various experiments performed on single-crystall
samples. They include optical,5 tunneling,6 photoemission,7

and neutron-scattering8 spectroscopies. The optical condu
tivity spectrum,s(v), of YbB12 has shown an energy gap o
;20 meV upon cooling below 80 K, and also a charact
istic mid-infrared peak due to the Yb 4f -derived states nea
the Fermi level (EF).5 More recently, magnetic, transpo
and thermal properties of Yb12xLuxB12 have been
studied.9,10 Substituting nonmagnetic Lu31 for Yb31 lowers
the electronic coherence among the Yb 4f orbitals at differ-
PRB 620163-1829/2000/62~20!/13265~5!/$15.00
a

pti-

-

ent sites, without substantially affecting the electronic str
tures other than 4f -related states.~The difference in lattice
constant between YbB12 and LuB12 is only 0.07 %.3! Hence,
this ‘‘diluted’’ Kondo semiconductor system may give im
portant information about the Kondo semiconducting gap

In this work we studys(v) spectra of Yb12xLuxB12 (0
<x<1) in order to examine the evolutions of energy g
and low-energy excitations with varying Yb/Lu concentr
tion. We observe, with increasingx, that the energy gap in
s(v) is suppressed by filling in from the bottom, rather th
by narrowing. Our results give strong evidence that an in-g
band grows with increasingx, and that the characteristic en
ergy for the gap, given by the shoulder, is unchanged ov
wide range ofx. The mid-infrared peak due to Yb 4f states
shows both a redshift and a narrowing with increasingx.
These spectral evolutions are discussed in terms of the
pling between the conduction and the 4f electrons.

The Yb12xLuxB12 single crystals (x50, 1
8 , 1

4 , 1
2 , 3

4 , 7
8 , 1!

were grown by the floating-zone method using an image
nace equipped with four Xe lamps.4 Specimens of approxi-
R13 265 ©2000 The American Physical Society
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mately 5 mm diameter were cut from the ingots, and m
chanically polished.s(v) spectra were obtained from th
measured optical reflectivity spectra@R(v)# of Yb12xLuxB12
using the Kramers-Kronig relations.11 The optical reflectivity
experiments were performed under a near-normal incide
configuration, using a Fourier interferometer~Bruker IFS
66v! and conventional sources for photon energies 7 m
<\v<2.5 eV.12 For the higher-energy region, theR(v)
spectra of YbB12 and LuB12 measured with a synchrotro
radiation source up to 50 eV~Ref. 5! were used. Extrapola
tions of the formR(v)}12aAv were used to complete th
spectra in the lower-energy end, andR(v)}v24 in the
higher-energy end.11

Figure 1~a! showsR(v) of LuB12 at 295 K, and those o
YbB12 at 295, 80, and 9 K. Figure 1~b! shows s(v) of
Yb12xLuxB12 below 0.4 eV at 295, 80, and 9 K. TheR(v)
spectra have a clear plasma cutoff (vp) near 1.2 eV, and
sharp structures above 4 eV due to interband transition13

Below vp , LuB12 (x51) has a sharp rise ins(v), which is
typical of a good metal. Forx,1, in contrast,s(v) has a
broad, strong peak in the mid-infrared, which we refer to
the IR peak.5 The IR peak is gradually shifted toward lowe
energy with increasingx, and toward higher energy with de
creasing temperature (T). Another important feature in
s(v) is the depletion ofs(v) below 40 meV seen at 9 K

FIG. 1. Optical reflectivity (R) and conductivity (s) spectra of
Yb12xLuxB12. ~a! R of x51 (LuB12) at 295 K and those ofx50
(YbB12) at 295, 80, and 9 K.~b! s for various values ofx at 295,
80, and 9 K.
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i.e., an energy gap formation. The detailedT dependence of
the energy gap for YbB12 (x50) has been already reported5

Below we first analyze the energy gap evolution with va
ing x.

To show the energy gap evolutions more clearly, in F
2~a! we plot thes(v) spectra at 9 K normalized by those a
80 K. For comparison, in Fig. 2~b! we also plot the normal-
izedR(v) spectra. Forx50, the gap formation is evident a
a strong depletion ofs(v) and R(v) below ;38 meV.
s(v) at 9 K has an onset at;18 meV, above which it rises
quickly to a shoulder, as indicated in Fig. 2~a!. As x in-
creases, the gap ins(v) is progressively suppressed by fil
ing in from the bottom, rather than by narrowing. The stro
influence of the Lu substitution is evident atx5 1

8 , where
s(v) already has a large in-gap spectral weight, and the
is now a ‘‘pseudogap.’’ Another remarkable feature in t
s(v) spectra is that a shoulder is observed at;40 meV for
0<x< 1

2 , as indicated in Fig. 2~a!. Although the shoulder for
x> 1

8 is not as clear as that forx50, apparently it stays a
about the same energy. This means that the energy rang
spectral depletion ins(v) is almost unchanged forx< 1

2 ,
although the depletion becomes weaker asx increases.

The transport experiments3,9 on Yb12xLuxB12 have shown
that the electrical resistivity (r) of YbB12 at low T is
strongly reduced by substituting a small amount of Lu
Yb. This result is consistent with the present observation
the rapid filling of gap ins(v) at small x. These results
indicate that the density of states~DOS! at EF increases
strongly with a small amount of Lu substitution. In additio
r(T) shows thermally activatedT dependence only forx
< 1

2 , which indicates the absence of a transport gap in dil
Yb regime (x. 1

2 ).3,9 In contrast, the presents(v) data
show that the DOS atEF is slightly reduced even atx5 3

4 , as
evidenced by the small depletion of spectral weight bel
;50 meV. In terms of magnetic properties of the Kon
semiconductors, an important energy scale is given byTmax,
the temperature at which a maximum is observed inx(T),

FIG. 2. ~a! Optical conductivity (s) and ~b! reflectivity (R) of
Yb12xLuxB12 at 9 K normalized by those at 80 K. The error bars a
derived from the uncertainty in the measuredR ~Ref. 12!.
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the T dependence of the magnetic susceptibility.1,2 At a
higherT regime,x(T) shows a Curie-Weiss~local moment!
behavior, but belowTmax it shows a rapid decrease, hen
Tmax marks a crossover between the two characteristic
gimes. From the magnetization experiments on single c
talline Yb12xLuxB12, Tmax is about 80 K for YbB12, and
this value remains almost the same for 0<x<1/2.17 This
behavior is quite similar to the present result that the sho
der in s(v) remains unshifted forx< 1

2 . This is remarkable
since the observed characteristic energies in optical and m
netic properties both show the same behavior, strongly s
gesting that they share a common origin.

Theoretical models for the Kondo semiconductors inclu
the periodic Anderson model14–16 and its strong-correlation
limit, the Kondo lattice model.18,19 In the former, the Kondo
semiconducting gap is realized as a hybridization gap
tween a broad conduction band and a narrowf band, where
the gap is strongly renormalized by the strong on-site C
lomb interaction. The model has been used to study
effects of nonmagnetic impurities in Kondo sem
conductors.15,16 It has been predicted that the 4f holes cre-
ated by the substituted nonmagnetic ions give rise to an ‘‘
purity band’’ within the gap, without substantially narrowin
the original gap.15 As the concentration of the substitute
ions becomes larger, the band grows, finally filling up t
gap.16 The observed evolution of the energy gap ins(v) for
Yb12xLuxB12 appears consistent with these predictio
Namely, the observed filling of the gap ins(v) with in-
creasingx can be understood as the growth of an in-g
band. Also, the observation that the shoulder is unshi
over a wide range ofx is consistent with the filling of a gap
rather than the narrowing. The suggested evolution of
energy gap is illustrated in Fig. 3.

The rapid filling of the gap ins(v) at small x clearly
shows the importance of lattice effects in producing a w
developed gap. On the other hand, the shoulder pos
(E* ) is almost unchanged over a wide range ofx, which
strongly implies thatE* is closely related with somesingle-
siteenergy scale of Yb31 in YbB12. Considering the Kondo

FIG. 3. Schematic illustrations for the evolution of density
states~DOS! in Yb12xLuxB12 suggested from the present results
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semiconducting properties of YbB12, a most likely single-
site energy scale here is the exchange~Kondo! coupling be-
tween the conduction (c) electrons and the Yb31 4 f elec-
trons. For a localized spin in a metal, the characteris
energy for such a coupling is given byTK , the impurity
Kondo temperature. In a gap-forming Kondo lattice lik
YbB12, however, it is not apparent whether the impurityTK
correctly gives this coupling energy at lowT,20 and whether
E* can be directly related toTK . Nevertheless, the observe
evolution of the energy gap with varyingx strongly suggests
that thec-f coupling determinesE* , i.e., the energy range
over which a spectral depletion occurs ins(v). On the other

FIG. 4. Fitting results of the IR peak in the optical conductivi
(s) of Yb12xLuxB12. ~a! An example of the fitting forx5

1
4 . The

solid line shows the measured spectrum, and dotted and da
lines show the fitting.~b! The effective carrier density per formul
unit (Ne f f) for the total~Drude1 Lorentz! intensity and that for the
IR ~Lorentz! peak, and the position and the width of IR peak a
plotted as a function ofx at four temperatures.~c! The same data as
in ~b!, but plotted as a function of temperature for four values ofx.
In ~b! and~c!, the solid lines are guide to the eye, and the error b
are derived from the uncertainty in the measuredR ~Ref. 12!.
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hand, lattice effects are important, as stated earlier, to p
duce a stronger depletion of spectral weight for\v<E* .

Based on the comparison ofs(v) between YbB12 and
LuB12, it was conjectured5 that the IR peak resulted from
optical transitions between Yb 4f -related states nearEF and
a broad conduction band~derived mainly from Yb 5d and B
2p). To perform quantitative analyses, we have fitted t
spectral shape of the IR peak for Yb12xLuxB12 using the
classical Lorentz oscillator model, and the broad continu
toward v50 using the Drude model.11 An example of the
fitting21 for x5 1

4 is shown in Fig. 4~a!. Using the optical sum
rule,11 the effective carrier densityNe f f contributing tos(v)
below v5vp can be obtained as

Ne f f5
n

m*
5

2m0

pe2E0

vp
s~v!dv. ~1!

Here, n is the carrier density,m* is the effective mass in
units of the rest electron mass,m0. In Figs. 4~b! and 4~c!,
Ne f f for the totals(v) ~the sum of fitted Drude and Lorent
contributions! and that for the IR peak~fitted Lorentz! are
plotted as functions ofx andT, together with the position and
the width of the IR peak. Figure 4~b! shows thatNe f f con-
tributing to the IR peak is strongly nonlinear in 12x, and
hence does not scale with the number of Yb 4f electrons.
~Note that the valence of Yb ions in Yb12xLuxB12 is almost
independent ofx.3! The peak energy and the width of the I
peak show large, linear decreases with increasingx, which
should be closely related to the evolution of Yb 4f states
nearEF .22 Then the decrease in peak energy may indic
that the position of Yb4 f -derived states becomes closer
EF with decreasing Yb density.In addition, the decrease in
the width indicates thatthe Yb 4 f -derived band near EF
becomes narrower for lower Yb concentration. This is rea-
sonable since lowering the Yb density reduces the inter
coupling ~or the coherence as stated below!, leading to a
narrower band. Figure 4~c! shows thatNe f f for the IR peak
increases markedly with decreasingT at all x. Note thatde-
creasing T and increasing Yb density havequalitatively
similar effects on the IR peak: both increase the intensity an
the peak energy, although the density effects are quan
ive

te
o-

e

e

te

a-

tively much greater. In a dense Kondo system, with decre
ing T or with increasing density of Kondo ions, more cohe
ence develops among the local ‘‘Kondo singlets’’ formed
f andc electrons at different sites. Hence the similarT andx
dependences of the IR peak are likely to result from vary
degree of coherence as functions ofx and T. Note that the
Drude component also has largex and T dependence, and
that the combined intensity~Drude1 IR peak! is kept almost
constant,Ne f f;1.8, with varyingx andT. Namely, aspec-
tral weight transferexists between the Drude component a
the IR peak, which demonstrates thatthe dynamics of the
conduction electrons and the Yb4 f electrons are strongly
connected to each other.This is consistent with the concep
of coherence mediated by thec-f coupling, which is highly
sensitive to changes inT and the density of Kondo ions. In
fact, theT-induced spectral changes of the IR peak are
markably large23 in the entire range ofx, even at high tem-
peratures wheres(v) has no energy gap.

In conclusion, we have studied the evolution of ener
gap and characteristic infrared absorption ins(v) of
Yb12xLuxB12. The energy gap of;20 meV atx50 is rap-
idly filled in with increasing x, while the shoulder at
;40 meV remains unshifted in a wide range ofx, 0<x
< 1

2 . These results show that the energy range of spec
depletion is determined by a single-site property of Yb31,
very likely to be the coupling of Yb 4f spin and conduction
electrons, and that the degree of spectral depletion below
shoulder is determined by lattice effects. The infrared
sorption, originating from the Yb 4f states nearEF , is also
found highly sensitive to changes inx andT. We have sug-
gested this to be a consequence of strong coupling betw
Yb 4f andc electrons and that among 4f electrons at differ-
ent Yb sites, which are sensitive to changes inT andx.
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