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We have measured the optical conductivityw) of Yb,_,Lu,B;, (0=<x=<1), where the system evolves
from a Kondo semiconductor &t=0 to a nonmagnetic metal a&t=1. Forx=0, o(w) exhibits a clear energy
gap with an onset at 20 meV and a shoulder at 38 meV. Asncreases, the gap is rapidly filled in from the
bottom, while the shoulder remains a40 meV up tox= % These results suggest that Lu substitution into
YbB,, 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 fromf¥tedved states near the
Fermi level, suggest a strong coupling of Yl dlectrons with conduction electrons.

Physics of gap-forming Kondo lattice compounds, oftenent sites, without substantially affecting the electronic struc-
referred to as the “Kondo semiconductor&3r equivalently  tures other than #related states(The difference in lattice
Kondo insulatory has been a target of active research for aconstant between YhBand LuB, is only 0.07 %°) Hence,
few decaded? They are characterized by the opening of athis “diluted” Kondo semiconductor system may give im-
small energy gafof the order of 10 meYat low tempera- portant information about the Kondo semiconducting gap.
tures, associated with a large decrease of magnetic suscepti- In this work we studyo(w) spectra of Yh_,Lu,B;, (0
bility. Among the known Kondo semiconductors, YgBhas <x=<1) in order to examine the evolutions of energy gap
been the only Yb-based compound so¥&fter the success- and low-energy excitations with varying Yb/Lu concentra-
ful growth of high-quality single crystals by Igatal,* tion. We observe, with increasing that the energy gap in
physical properties of YbB have gained renewed interest, o(w) is suppressed by filling in from the bottom, rather than
with various experiments performed on single-crystallineby narrowing. Our results give strong evidence that an in-gap
samples. They include opticakunneling® photoemissiod,  band grows with increasing and that the characteristic en-
and neutron-scatterifigspectroscopies. The optical conduc- ergy for the gap, given by the shoulder, is unchanged over a
tivity spectrum,o(w), of YbB;, has shown an energy gap of wide range ofx. The mid-infrared peak due to Ybf4states
~20 meV upon cooling below 80 K, and also a charactershows both a redshift and a narrowing with increasing
istic mid-infrared peak due to the Ybf4derived states near These spectral evolutions are discussed in terms of the cou-
the Fermi level Ef).®> More recently, magnetic, transport pling between the conduction and thé dlectrons.
and thermal properties of Yb,LuB;, have been The Yb,_,Lu,B,, single crystalsX=0, &, 3, 1, 2 1 1)
studied®? Substituting nonmagnetic Eti for Yb®" lowers  were grown by the floating-zone method using an image fur-
the electronic coherence among the Ybatbitals at differ-  nace equipped with four Xe lamfisSpecimens of approxi-
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FIG. 2. (a) Optical conductivity ¢) and(b) reflectivity (R) of
Yb,_,Lu,B;,at 9 K normalized by those at 80 K. The error bars are
derived from the uncertainty in the measufedRef. 12.

i.e., an energy gap formation. The detailedependence of
the energy gap for YbB (x=0) has been already reported.
Below we first analyze the energy gap evolution with vary-

ing X.
0 0.1 0.2 03 04 To show the energy gap evolutions more clearly, in Fig.
Photon Energy (eV) 2(a) we plot theo(w) spectra 89 K normalized by those at

80 K. For comparison, in Fig.(B) we also plot the normal-
izedR(w) spectra. Fox=0, the gap formation is evident as
a strong depletion obr(w) and R(w) below ~38 meV.
o(w) at 9 K has an onset at 18 meV, above which it rises
quickly to a shoulder, as indicated in Fig(a2 As x in-
creases, the gap im(w) is progressively suppressed by fill-
mately 5 mm diameter were cut from the ingots, and meing in from the bottom, rather than by narrowing. The strong
chanically polishedo(w) spectra were obtained from the influence of the Lu substitution is evident at 3, where
measured optical reflectivity spec{i@(w)] of Yb;_,Lu,B;,  o(w) already has a large in-gap spectral weight, and the gap
using the Kramers-Kronig relatiod$The optical reflectivity is now a “pseudogap.” Another remarkable feature in the
experiments were performed under a near-normal incidence(w) spectra is that a shoulder is observed-a0 meV for
configuration, using a Fourier interferomet@ruker IFS  0<x<1, as indicated in Fig. @). Although the shoulder for
66v) and conventional sources for photon energies 7 me\k=3 is not as clear as that for=0, apparently it stays at
<#hw<2.5 eV For the higher-energy region, tHe(w) about the same energy. This means that the energy range of
spectra of YbB, and LuB, measured with a synchrotron spectral depletion inr(w) is almost unchanged fox<3,
radiation source up to 50 efRef. 5 were used. Extrapola- although the depletion becomes weakex ascreases.
tions of the formR(w)«1—a\/w were used to complete the ~ The transport experimeritSon Yb, _,Lu,B,, have shown
spectra in the lower-energy end, aRi{w)xw % in the that the electrical resistivity ) of YbBj, at low T is
higher-energy end: strongly reduced by substituting a small amount of Lu for
Figure Xa) showsR(w) of LuB;, at 295 K, and those of Yb. This result is consistent with the present observation of
YbB,, at 295, 80, and 9 K. Figure() showso(w) of  the rapid filling of gap inoc(w) at smallx. These results
Yb,;_,Lu,B;, below 0.4 eV at 295, 80, and 9 K. T w) indicate that the density of statd®OS) at Er increases
spectra have a clear plasma cutoé,j near 1.2 eV, and strongly with a small amount of Lu substitution. In addition,
sharp structures above 4 eV due to interband transitions. p(T) shows thermally activated@ dependence only fox
Below w,,, LuB;, (x=1) has a sharp rise in(w), whichis <3, which indicates the absence of a transport gap in dilute
typical of a good metal. Fox<1, in contrasto(w) has a Yb regime &>3).%° In contrast, the present(w) data
broad, strong peak in the mid-infrared, which we refer to ashow that the DOS & is slightly reduced even at=3, as
the IR peak. The IR peak is gradually shifted toward lower evidenced by the small depletion of spectral weight below
energy with increasing, and toward higher energy with de- ~50 meV. In terms of magnetic properties of the Kondo
creasing temperatureT}. Another important feature in semiconductors, an important energy scale is giveill hy,
o(w) is the depletion obr(w) below 40 meV seen at 9 K, the temperature at which a maximum is observeq (i),

FIG. 1. Optical reflectivity R) and conductivity ¢) spectra of
Yb; ,Lu,Bis. (@) Rof x=1 (LuB;,) at 295 K and those af=0
(YbB,,) at 295, 80, and 9 K(b) o for various values ok at 295,
80, and 9 K.
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FIG. 3. Schematic illustrations for the evolution of density of Q zﬁig\\x .
states(DOS) in Yb; _,Lu,B;, suggested from the present results. g o™ "Width -
the T dependence of the magnetic susceptibilifyAt a %0 05 1000 05 10 00 05 10 00 05 10
higherT regime, x(T) shows a Curie-Weisgocal moment X (Lu fraction)

behavior, but belowT . it shows a rapid decrease, hence
Tmax Marks a crossover between the two characteristic re- (C) 2X=0 (YbB,) =174 x=1/2 x=3l4
gimes. From the magnetization experiments on single crys- EEWE' o Total oo
talline Yb; _,Lu,Bq5, Thax is about 80 K for YbB,, and

this value remains almost the same forR<1/2.!" This i\.\i ’i\\ R ’\-\.\i\l
behavior is quite similar to the present result that the shoul- 0

der in () remains unshifted fox<?. This is remarkable 075030 015030 0 15030 0 150 %0

Ndf

since the observed characteristic energies in optical and mag- E Position

netic properties both show the same behavior, strongly sug- 50-2% ;“’g\\i o

gesting that they share a common origin. 2.4l "‘PH f_;':?_;;
Theoretical models for the Kondo semiconductors include u Width

the periodic Anderson modéi'®and its strong-correlation 00T 0 T30 6%

limit, the Kondo lattice modet®*°In the former, the Kondo Temperature (K)

semiconducting gap is realized as a hybridization gap be-

tween a broad conduction band and a narfdvand, where FIG. 4. Fitting results of the IR peak in the optical conductivity

the gap is strongly renormalized by the strong on-site Cou¢a) of Yb;_,Lu,B;,. (@) An example of the fitting fox= 7. The
lomb interaction. The model has been used to study th&olid line shows the measured spectrum, and dotted and dashed
effects of nonmagnetic impurites in Kondo semi- lines show the fitting(b) The effective carrier density per formula
conductors>*® It has been predicted that the 4oles cre- unit (Ne¢¢) for the total(Drude + !__orentz) intensit_y and that for the
ated by the substituted nonmagnetic ions give rise to an “imIR (Lorentd peak, and the position and the width of IR peak are
purity band” within the gap, without substantially narrowing plotted as a function of at fo_ur temperatures$c) The same data as
the original gar}p As the concentration of the substituted "™ (b), but plotted as_af_unctlon of t_emperature for four values.of
ions becomes larger, the band grows, finally filling up then (b) ar_wd(c), the solid lines are gglde to the eye, and the error bars
gap.ls The observed evolution of the energy gapifw) for are derived from the uncertainty in the measuiRe(Ref. 12.
Yb,_,Lu,B;, appears consistent with these predictions.
Namely, the observed filling of the gap in(w) with in-  semiconducting properties of YRB a most likely single-
creasingx can be understood as the growth of an in-gapsite energy scale here is the exchafigendo) coupling be-
band. Also, the observation that the shoulder is unshiftedween the conductionc] electrons and the Y& 4f elec-
over a wide range of is consistent with the filling of a gap trons. For a localized spin in a metal, the characteristic
rather than the narrowing. The suggested evolution of thenergy for such a coupling is given By, the impurity
energy gap is illustrated in Fig. 3. Kondo temperature. In a gap-forming Kondo lattice like
The rapid filling of the gap ino(w) at smallx clearly  YbB;,, however, it is not apparent whether the impuiity
shows the importance of lattice effects in producing a well-correctly gives this coupling energy at I0W2° and whether
developed gap. On the other hand, the shoulder positiok* can be directly related tdy . Nevertheless, the observed
(E*) is almost unchanged over a wide rangexpfwhich  evolution of the energy gap with varyingstrongly suggests
strongly implies thaE* is closely related with somsingle-  that thec-f coupling determine&*, i.e., the energy range
site energy scale of Yb" in YbB,,. Considering the Kondo over which a spectral depletion occursdgiw). On the other
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hand, lattice effects are important, as stated earlier, to praively much greater. In a dense Kondo system, with decreas-
duce a stronger depletion of spectral weight fies<E*. ing T or with increasing density of Kondo ions, more coher-
Based on the comparison of(w) between YbB, and  ence develops among the local “Kondo singlets” formed by
LuB,,, it was conjecturetithat the IR peak resulted from f andc electrons at different sites. Hence the similaandx
optical transitions between Ybf4related states ne&r and  dependences of the IR peak are likely to result from varying
a broad conduction bar(derived mainly from Yb 8 and B degree of coherence as functionsxoénd T. Note that the
2p). To perform quantitative analyses, we have fitted theprude component also has largeand T dependence, and
spectral shape of the IR peak for ¥hLu.B,, using the  that the combined intensifprude+ IR peak is kept almost
classical Lorent; oscillator model, and the broad Cont'”uunbonstant,Neff~ 1.8, with varyingx and T. Namely, aspec-
t_OV_V""rgl“’:O using the Drude modet. An example of the 4] weight transferexists between the Drude component and
f'tt'”% for x=7 is shown in Fig. 42). Using the optical sum o |R peak, which demonstrates thhe dynamics of the
rule,” the effective carrier densit contributing too(»)  ¢onduction electrons and the VAf electrons are strongly
below w=w), can be obtained as connected to each otheFhis is consistent with the concept
of coherence mediated by tleef coupling, which is highly
n  2mg (op - . :
Ngji=—=—| o(0)dw. (1)  sensitive to changes ifi and the density of Kondo ions. In
m*  7e®Jo fact, theT-induced spectral changes of the IR peak are re-
Here, n is the carrier densitym* is the effective mass in Mmarkably largé in the entire range of, even at high tem-
units of the rest electron massy,. In Figs. 4b) and 4¢c), ~ Peratures where(w) has no energy gap. .
N, for the totalo(w) (the sum of fitted Drude and Lorentz In conclusion, we have studied the evolution of energy
contributions and that for the IR peakfitted Lorentz are  9ap and characteristic infrared absorption é{w) of
plotted as functions of andT, together with the position and Yb1-xLuxBi,. The energy gap of-20 meV atx=0 is rap-
the width of the IR peak. Figure(d) shows thaiN.¢ con-  idly filled in with increasing x, while the shoulder at
tributing to the IR peak is strongly nonlinear in-k, and ~40 meV remains unshifted in a wide range xf 0=<x
hence does not scale with the number of Ybelectrons. <3. These results show that the energy range of spectral
(Note that the valence of Yb ions in Yb,Lu,B;, is almost  depletion is determined by a single-site property offYp
independent ok.%) The peak energy and the width of the IR very likely to be the coupling of Yb # spin and conduction
peak show large, linear decreases with increaginghich  electrons, and that the degree of spectral depletion below the
should be closely related to the evolution of Ylb dtates shoulder is determined by lattice effects. The infrared ab-
nearEg .22 Then the decrease in peak energy may indicatesorption, originating from the Yb #Astates neaEg, is also
that the position of Yb4f-derived states becomes closer to found highly sensitive to changes xnand T. We have sug-
Er with decreasing Yb densityn addition, the decrease in gested this to be a consequence of strong coupling between
the width indicates thathe Yb4f-derived band near E  Yb 4f andc electrons and that amond 4lectrons at differ-
becomes narrower for lower Yb concentratidrhis is rea- ent Yb sites, which are sensitive to changed iand x.
sonable since lowering the Yb density reduces the intersite We would like to thank T. Mutou for many stimulating
coupling (or the coherence as stated belpweading to a discussions on various theoretical aspects of the Kondo
narrower band. Figure(d) shows thatN.¢; for the IR peak semiconductor. We acknowledge financial support from the
increases markedly with decreasifat all x. Note thatde-  REIMEI Rsearch Resources, the Atomic Energy Research
creasing Tand increasing Yb density havequalitatively Institute, the Electric Technology Research Foundation of
similar effects on the IR peakoth increase the intensity and Chugoku, and the Grants-in-Aid from the Ministry of Edu-
the peak energy, although the density effects are quantitazation, Science, and Culture.
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and references therein. 2lWhen a(pseuddgap is present at loW, we used an additional
2For a 4 or a 4f*2 impurity in a metal T« and T4 have a Lorentz oscillator function to fit the shoulder.

universal relationl=3T,,.« [N. E. Bickers, D. L. Cox, and J. ??Lu 4f-derived states do not contribute to the IR peak since they
W. Wilkins, Phys. Rev. Lett54, 230(1985]. This relation has are located several eV belo .

been often applied to Kondo semiconductors as well, but with->>The T range of 9—295 K is much lower in energy than the IR peak

out justification. For Kondo semiconductors, althoufh.y is energies, 0.15-0.25 eV corresponding to 1700-2800 K. Hence
certainly an important energy scale as discussed in the text, it the observed spectral changes of IR peak Witappear much

is unclear whether th@y given as above is also physically greater than that expected from thermal broadening effects only.



