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Low-Energy Electronic Structure of the Kondo Insulator YbB12
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We have studied the low-energy electronic structure of a Kondo insulator YbB12 by high-resolution
photoemission spectroscopy. A “Kondo peak” is observed,25 meV below the Fermi level, which
agrees well with the Kondo temperature, whereas the gap at the Fermi level is found much smaller,
indicating that the magnetic properties at higher temperatures (i75 K) are indeed determined by the
Kondo effect in spite of the gap formation at lower temperatures. A renormalized band picture is
presented to describe the coexistence of the Kondo peak and the transport gap as well as the highly
asymmetric line shape of the Kondo peak. [S0031-9007(96)01690-0]
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Correlated electron systems have fascinated resear
for decades not only because of their interesting grou
state and excited-state properties themselves but als
cause of their intermediate nature between the local
and itinerant limits, which often requires a new desc
tion of the phenomena or even a new physical conc
A class off-electron compounds termed “Kondo insu
tors” have attracted considerable interest in recent y
[1]: They are nonmagnetic insulators at low temperatu
and behave as local-moment (and often metallic) syst
at high temperatures. It has been controversial whe
the insulating gaps are due to Kondo interaction of lo
character [2] or they are hybridization gaps renormali
by electron correlation [3]. In the former case, a lo
description of the electronic structure should be more
propriate and the single-site Kondo temperatureTK would
set the energy scale of low-energy physics [4]. In
latter case, an itinerant picture or band theory, which
plicitly treats the lattice periodicity, would provide a rel
vant starting point. It is therefore of essential importa
to obtain experimental information about the low-ene
electronic structure of the Kondo insulators.

In this Letter we report on a high-resolution pho
emission spectroscopy (PES) study of YbB12, which is
the only Kondo insulator among various Yb compoun
[5–7]. Its magnetic susceptibility shows a Curie-We
behavior above,170 K; as the temperature decreas
it shows a broad maximum at,75 K and then rapidly
decreases. The electrical resistivity and the electr
specific heat are explained by the opening of a tra
port gap Dc ,130 K [5,6]. Among Kondo systems
Yb compounds are suitable to the study of their lo
0031-9007y96y77(20)y4269(4)$10.00
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energy electronic structures by PES because within
framework of the Anderson-impurity model (AIM),
Kondo peak is predicted to appear below the Fermi le
(EF) [8,9] and can therefore be studied with high-ener
resolution. Recent PES studies have indeed indicated
existence of the Kondo peak in some metallic Yb co
pounds [10,11]. Our results have also revealed a Ko
peak,25 meV belowEF , indicating that the same pic
ture properly describes the Kondo insulator YbB12 on this
energy scale. The insulating behavior manifests itself
a smaller energy scale as a much smaller gap atEF . In
order to describe the coexistence of the Kondo peak
the tiny gap as well as the strongly asymmetric line sh
of the Kondo peak, we have employed a phenome
logical renormalizedf-band picture, starting from the
band structure calculated by means of the local-den
approximation (LDA) [12].

Polycrystalline samples of YbB12 were prepared by
borothermal reduction at2200 ±C and were checked to b
in a single phase by x-ray diffraction. A small amou
(,3%) of Lu was substituted for Yb to obtain goo
quality samples. Their magnetic susceptibility and t
electrical resistivity are almost identical to those of pu
YbB12 at least forT . 20 K [7]. The Lu-substitution in-
troducesn-type carriers into the semiconducting sampl
but the conductivity is rather intrinsic above,20 K and
the Fermi level is supposed to be located in the middle
the,130 K semiconducting gap.

Ultraviolet PES measurements were performed with
He I and HeII resonance lines (hn ­ 21.2 and 40.8 eV,
respectively) as well as synchrotron radiation at BL-3B
the Photon Factory, National Laboratory for High Ener
© 1996 The American Physical Society 4269
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Physics. A VSW CLASS-150 analyzer and a SCIENT
SES-200 analyzer were used for energy analysis. Ene
calibration and estimation of the instrumental resoluti
were done for a Au film evaporated on the surface of
samples after each series of measurements. The resol
was 23, 42, and,55 meV for the HeI, He II , and
synchrotron radiation measurements, respectively.
measurements were done at 306 5 K. The base pressur
of the spectrometer was,7 3 10211 Torr for the HeI

and He II measurements and,4 3 10210 Torr for the
synchrotron radiation measurements. The surface of
samples was repeatedly scrapedin situwith a diamond file.

Figure 1(a) shows the valence-band spectrum ta
with the photon energy of 125 eV, for which the Y
4f contribution is dominant [13]. The spectral featur
in the range from 4 to 13 eV are assigned to t
4f13 ! 4f12 multiplet structure [14]. BetweenEF and
4 eV are observed4f14 ! 4f13 transitions. As shown
in Fig. 1(b), they consist of two sets of4f13 spin-orbit
doublets. The sharper doublet closer toEF originates
from Yb atoms in the bulk and the broader one aw
from EF from divalent Yb atoms on the surface [9,10
The surface and bulk signals are represented by Gauss
and Mahan’s asymmetric line shapes [15], respective
as shown in the figure. The Yb valence in the bu
estimated from the intensity ratio of the4f13 ! 4f12 and
4f14 ! 4f13 signals is 2.866 0.06, i.e., the number o
4f holesnf ­ 0.86 6 0.06, in good agreement with the
value 0.85 deduced from the high-temperature magn
susceptibility [16].

Figure 2 shows the spectra nearEF taken with various
photon energies. According to the photoionization cro
sections [13], the HeI spectrum (a) is dominated b
the B 2p contribution. In the HeII spectrum (b), a
weak Yb 4f contribution is also present as an addition
intensity within ,0.2 eV of EF . To extract the Yb
4f contribution, we have subtracted the HeI spectrum
from the HeII spectrum and obtained a quite asymmet

FIG. 1. (a) Valence-band spectrum of YbB12 in a wide energy
range. For the4f13 °! 4f12 part, the calculated multiple
structure [14] is also shown. (b)4f14 °! 4f13 part of the
spectrum. The solid and dashed curves represent signals
the bulk and surface Yb atoms, respectively.
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peak as shown in Fig. 2(d). This line shape agrees w
the 125 eV spectrum (c), except for the differences d
to the energy resolution and small boron contributi
in the 125 eV spectrum (there is uncertainty in t
region .0.3 eV, where the surface signals overla
By fitting the f-derived spectrum using Mahan’s lin
shape convoluted with a Gaussian which represents
instrumental resolution and then removing the Gauss
convolution, we find that the peak position is,25 meV
belowEF , as shown by the dashed curve in Fig. 2(d).

First, we discuss the spectrum nearEF within the
framework of the AIM [8]. In a metallic system, th
Kondo temperatureTK , defined as the binding energ
of the Kondo singlet, is estimated throughTK , 3Tmax,
whereTmax is the temperature at which the susceptibil
shows a maximum [17], or throughTK ­ Cnfyxs0d,
whereC ­ 2.57 emuKymole is the Curie constant of th
Yb31 ion andxs0d is the magnetic susceptibility atT ­ 0
K. In YbB12, sincexsTd drops belowT , 75 K due to
the gap formation, we have assumed thatxs0d would take
a value comparable toxsTmaxd ­ 1.0 3 1022 emuymole
[5] if the gap was not opened. Both estimations gi
TK , 220 K. According to the AIM, the position of
the Kondo peak´f measured fromEF is equal to
kBTK in a metallic system [17], as has been confirm
experimentally for YbAl3 [10]. In the case of YbB12,
too, kBTK , 19 meV is in good agreement with th
experimental result of́ f , 25 meV. Therefore it seem
that the Kondo effect is present both for the metallic a
insulating Yb compounds in the photoemission spec
and in the magnetic susceptibility aboveT , Tmax.

The insulating nature of YbB12 is reflected on the
He I spectrum (Fig. 3), which is dominated by the Bp
contribution. From comparison with the Fermi edge
Au in the figure, one identifies the opening of a gap o
pseudogap atEF. In the intrinsic conduction regime, th

FIG. 2. Spectra nearEF for photon energies of 21.2 eV (a
40.8 eV (b), and 125 eV (c). (d) is the (b)-(c) differen
spectrum, representing the4f-derived spectrum. The solid
curve is a fit using Mahan’s line shape convoluted with
Gaussian representing the instrumental resolution. The da
curve is the same curve but without the convolution.
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top of the occupied valence band should be separated
EF by the transport activation energyEact . 1

2 Dc , 6
meV [5]. From Fig. 3 one can say that the top of t
valence band is atEF or at most several meV below
it, due to the limited resolution of 23 meV. Accordin
to the band-structure calculation, YbB12 is a semimetal
[18]. Since LDA underestimates band gaps [19], we h
rigidly shifted the valence and conduction bands towa
the opposite directions by hand in order to open a fin
band gap and to compare the calculated density of s
(DOS) with the photoemission spectra as shown in Fig
The observed band edge is thus found to be much ste
than the calculated Bp partial DOS, indicating strong
renormalization (i.e., narrowing) of energy bands n
EF . Since B sp states themselves are not expected
be strongly correlated, the Yb4f components hybridizing
with the B sp states should have caused the stro
renormalization. A similar picture has been corrobora
by an exact diagonalization study of the Anderson lat
as a model for a Kondo insulator [20].

Therefore we expect that the Yb 4f spectral line
shape is likewise subject to the strong renormaliza
of energy bands. Instead of first-principles approac
such as second-order perturbation calculations [21],
have employed a phenomenological approach and fi
the observed spectral line shape using a model self-en
correction. As shown in Fig. 4 by the dashed curve,
Yb f partial DOS has structures from,150 to ,400
meV while the observed peak position is,40 meV below
EF . This peak exhibits a steep rise fromEF as in the
case of the B 2p-derived He I spectrum, and a slow
tailing off on the higher binding energy side, resulting
a highly asymmetric line shape. This indicates that
band narrowing is energy dependent and is stronger
EF . The model self-energy which we have employed
calculate the 4f spectral functionrfsvd is of the same
type as that previously used for FeSi [12]:

Ssvd ­ Shsvd 1 Slsvd 1 Sl 0svd , (1)

FIG. 3. He I spectrum of YbB12 in the vicinity of EF .
The solid curve is the spectrum of Au evaporated onto
sample. The Bp partial DOS given by the LDA band-structur
calculation broadened by the instrumental resolution is a
shown.
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where

Shsvd ­
ghsv 2 dd

sv 2 d 1 ighd2
,

Sjsvd ­ 2gj

µ
1

v 2 d 1 igj
1

i
gj

∂
sj ­ l, l0d .

Here 2v is the binding energy measured fromEF and
v ­ d , 25 meV is the top of the valence band e
timated from the leading-edge shift of the HeI spec-
trum. Equation (1) satisfies the Kramers-Kronig (K
relation and behaves asSsvd , 2asv 2 dd 2 ibsv 2

dd2 for small jv 2 dj as in a Fermi liquid. For sim
plicity, we have neglected the momentum-depende
of the self-energy [21,22]. The spectrum could be b
reproduced with gh ­ 24.0 eV2, gh ­ 4.0 eV, gl ­
0.025 eV2, gl ­ 0.08 eV, gl0 ­ 0.0015 eV2, and gl0 ­
0.015 eV as shown in Fig. 4. The high-energy-scale co
ponentShsvd causes the shift of the structure betwe
,0.1 and,0.25 eV in the LDA DOS to the Kondo pea
(at ,25 meV belowEF after having removed the Gaus
ian broadening) and the shift of the structure around,0.3
eV in the LDA DOS to the higher binding energy sid
of the peak. The low-energy-scale componentsSlsvd
and Sl0svd were necessary to reproduce the steep
in the vicinity of EF. As a result the negative slope
ReSsvd increases as one approachesEF . This in turn
increasesjImSsvdj away from EF through the KK re-
lation, which explains how the DOS peak at,0.3 eV
in the LDA is smeared out and results in the asymm
ric single peak in the measured spectrum. The resul
jImSsvdj shows a V-shaped line shape nearEF, a remi-

FIG. 4. Yb 4f spectrum of YbB12 (dots), the Ybf partial
DOS (dashed curve), the calculated spectral functionrf svd
with and without the instrumental broadening (solid curve a
long dashed curve, respectively), and the quasi-particle D
Npsvd (dot-dashed curve). The self-energySsvd used to
calculate the spectral function is shown in the lower panel.
4271
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niscent behavior of the marginal Fermi liquid propos
by Varmaet al. [23]. In Fig. 4 the quasi-particle DOS
Npsvd ; rf svd f1 2 ≠ ReSsvdy≠vg is also plotted by
the dot-dashed curve.

To establish the relationship between the Kondo
fect and the formation of the semiconducting gap on m
croscopic grounds is beyond the scope of the pres
phenomenological approach. In the renormalized ba
picture, the Kondo peak and the semiconducting gap
influenced by the different regions of the self-energy w
different slopes≠ ReSsvdy≠v. However, this does no
exclude the possibility that the disappearance of the
cal moment and that of spectral weight atv , 0 in
the optical conductivity show parallel temperature depe
dence as in Ce3Bi4Pt3 [2] because the electrical conduc
tivity and the magnetic susceptibility have characteris
temperatures of similar magnitudes:EactykB , Tmax. In
the local description of the Kondo insulator by Kasu
[4], the Yb 4f hole forms a singlet bound state with
conduction electron, the binding energy being given
kBTK . The local Kondo picture and the renormalizedf-
band picture should be complementary to each other,
scribing the different phenomena of the same correla
insulator starting from the different, i.e., localized an
itinerant, limits. How the transport gap and the Kond
peak change with temperature or with electron dop
(in Yb12xLuxB12) studied by PES would give furthe
valuable information about the gap formation. Direct o
servation of quasi-particle dispersions using a single cr
tal by angle-resolved PES is also an important futu
subject. Finally, we remark that the strong energy d
pendence of mass renormalization may not be unique
the Kondo insulators but may be a general phenome
in valence-fluctuatingf-electron systems because stro
asymmetry has also been reported for metallic YbAgC4

[11] and YbAl3 [9].
To summarize, we have studied the low-energy el

tronic structure of YbB12 using high-resolution PES. Th
observed position of the Kondo peak agrees well with
Kondo temperature estimated from the magnetic susce
bility above T , Tmax, indicating that single-site Kondo
effect indeed governs the magnetic properties in this te
perature range in spite of the presence of the transport
of Dc , 130 K. The coexistence of the Kondo peak an
the transport gap has been described in the phenom
logical renormalized band picture. The mass renormali
tion is thus shown to be strongly energy dependent n
EF , leading to the highly asymmetric Kondo peak.
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Susaki et al. Reply: In a recent Letter [1], we have
reported a photoemission study of the Kondo insula
YbB12 and shown that the data can be interpreted
terms of the Anderson-impurity model for the globa
s¿10 meVd electronic structure including the Kondo
peak. On the other hand, more subtle electronic struct
in the vicinity s&10 meVd of the Fermi levelsEFd includ-
ing the gap formation has been analyzed starting fro
one-electron band theory and incorporating correlati
effects via self-energy correction. Joyce and Arko [
have cast doubt upon the validity of our analysis in th
following points: (i) The trivalent signal is overestimated
(ii) Data quality is not good because of the scrap
polycrystalline surfaces. (iii) The asymmetric “Kond
peak” should be explained by a symmetric Lorentzia
multiplied by a Fermi-Dirac function. (iv) The gap is
not clearly seen in the measured spectra. We refute e
point below.

(i) Although not explicitly stated in the Letter [1], we
have indeed evaluated the intensity of thef13 ! f12 sig-
nal not by integrating the signal from24 to 212 eV but
by comparing the measured line shape with an approp
ately broadenedf13 ! f12 multiplet structure. We have
thus recognized essentially the same extra intensity as
shown in Fig. 1 of Ref. [2]. The extra intensity can be a
tributed to non-negligible B2s contribution, on the basis
of the atomic photoionization cross sections of the B2s
and Yb4f orbitals athn ­ 125 eV [3] and the calculated
B s partial density of states [4]. Because of the ambig
ity in decomposing the signal from24 to 212 eV into the
Yb 4f and B2s contributions, our estimate of the inten
sity ratioIs f13 ! f12dyIs f14 ! f13d is rather ambiguous
s­ 7 6 3d. Nevertheless, a possible error in the eva
uation of the4f-hole numbernf is rather smallsnf ­
0.86 6 0.06d and hence results in an ambiguity ofTK ­
Cnfyxs0d within ,7% [1].

(ii) Joyce and Arko are correct in stating that the quali
of scraped polycrystalline surfaces should not be as go
as that of successfully cleaved single crystal surfaces,
to disorder caused by scraping. On the other hand, cle
ing of single crystals may often occur where the crys
is mechanically weak due to chemical or crystalline im
perfection. We believe that scraping is nonselective a
would have sufficiently high probability to expose intrin
sic bulk material through intragrain fracture.

(iii) We have attempted to fit the Kondo peak us
ing a symmetric Lorentzian multiplied by a Fermi-Dira
function but could not reproduce the experimental spe
trum for any parameter set (the position and width
the Lorentzian). If we superposed a constant backgrou
signal in order to account for the high-binding energ
tail, a weak tail was extended slightly aboveEF due
to finite instrumental resolution, in disagreement wi
experiment.
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(iv) As we stated in Ref. [1], the spectrum shown in
Fig. 3 of Ref. [1] does not reveal a definite gap judging
from the band edge position but reveals “missing spectra
weight” within ,10 meV of EF . This has become
clearing in our subsequent study of Yb12xLuxB12, which
covers from the Kondo insulatorsx , 0d to Kondo metals
sx , 1d: The spectrum of LuB12 taken with hn ­
21.2 eV, which is dominated by Bsp states, shows a clear
Fermi edge unlike YbB12. The result will be published
elsewhere [5].

To summarize, there is indeed a consistency betwee
the spectroscopic and thermodynamic data in the Kond
insulator YbB12 in spite of the presence of the insulating
gap. This is because the energy scale of the gap openin
is small compared to that of the Kondo effect.
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