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Low-energy optical excitation in rare-earth hexaborides
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Reflectivity spectra of trivalent rare-earth hexaborides (RB6', R =La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, and

Y) and mixed-valent SmB6 have been measured in the photon energy region from 1 meV to 40 eV at 300
and 9 K. We discuss the absorption structure due to conduction electrons. Even in La86 and YB6,
which have no 4f electrons, the optical conductivity spectra were not fitted by a simple Drude model

and a frequency-dependent relaxation time was observed. This was attributed to the electron-phonon
and electron-electron scattering. In RB6 with 4f electrons, a common absorption structure was observed

at the energy position of about 0.6 eV. The intensity was found to be almost proportional to the 4f spin

angular momentum. From the f-sum rule, the absorption was found to be due to the conduction elec-
trons. The origin was assigned to be due to the transition or to the relevant exciton absorption from the

saddle points of X& at the neck point to the saddle points of I » and I » assisted by the scattering of the
intra-atomic 5d 4f Coulomb e-xchange interaction, in particular enhanced in the heavy RB6 compounds

by the lattice instability. In SmB6, the absorption that was seen in trivalent RB6 s was also observed in

addition to absorptions from 4f states of Sm'+ to Sd states and from 5d to 4f in Sm'+. This is thought

to mean that the Fermi level of SmB6 is located at the same energy position in the band structure as that
of the trivalent RB6.

I. INTRODUCTION

Rare-earth hexaborides (RBs) have a variety of in-

teresting physical properties. For example, CeB6 shows
dense Kondo and heavy-fermion properties, ' SmB6 is a
typical valence-fiuctuating compound, and EuB6 has fer-
romagnetic semiconducting character. Therefore many
experiments for investigation of the origin of the proper-
ties have been done. The optical properties of these ma-
terials, however, have been scarcely investigated.

Investigation of the reflectivity spectra of RB6 was
done for La86, PrB6, SmB6, and Nd86 by Kierzek-Pecold
in a narrow energy range from 1 to 5.6 eV. In the inves-
tigation, the plasma edge of the conduction electrons was
observed at 2 eV for all these materials. After that, the
reAectivity spectra of La86 and EuB6 were measured in
the wider energy range from 0.05 to 18 eV and the optical
constants were derived from these reflectivity spectra by
Gurin et al. Travaglini and Wachter measured the
reQectivity spectrum of SmB6 in the energy range from 1

meV to 12 eV at 300 and 4 K for investigation of the
energy-gap state. Optical measurements on other R B6's
have not yet been done to our knowledge.

We have measured the reflectivity spectra of all RB6
single crystals. The purpose is to obtain information on
the electronic structure, on the optical phonon of
YbB6, and on the origin of the anomalous infrared ab-
sorption due to the conduction electrons in light RB6's

from LaB6 to GdB6. ' In our previous paper, we report-
ed the existence of infrared absorption of the compounds
R B6 from CeB6 to GdB6 which have less than half filling

of the 4f electron orbital and concluded that it was due
to the conduction electrons. '

Recently, Segawa et al. succeeded in making single
crystals of TbB6, Dy86, and HoB6."So we measured the
reQectivity spectra of these materials in the energy range
from 1 meV to 40 eV. The spectra of all R 86's in the en-

ergy range above 2 eV, which are due to the interband
transitions, were discussed in our separate paper. In this
paper, we analyze and discuss the conduction-electron
absorption of trivalent R Bs's (R =La, Ce, Pr, Nd, Gd,
Tb, Dy, and Ho) and mixed-valent SmB&. First we will

discuss the frequency-dependent optical mass and relaxa-
tion time of La86 and YB6 which are generally thought
to be normal metals with one carrier per rare-earth atom,
in Sec. IV A. Second we will show the results and discuss
the origin of the absorption structure at 0.6 eV which is
seen in all RB6 s with occupied 4f electron orbitals in

Sec. IV B. Last, the absorption structure below 2 eV in

SmB6 will be discussed in Sec. IV C.
The crysta1 structure of RB6 is CaB6 type with the

space group P 3 (Ot, ), in which the 86 molecule has
the octahedron structure. The positions of R and B6 oc-
tahedra correspond to those of Cs and Cl sites, respec-
tively, in the CsC1 structure. The B6 network is made by
strong covalent bonds; on the other hand, the bonding
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between R and B6 is metallic. The crystalline bonding is

mainly made by the B6 network.
From the study of the electronic structure of metal

hexaborides (MB6; M =metal) by Longuet-Higgins and

de Roberts, ' the valence number of the B6 octahedron is
—2. Therefore MB6 with M + becomes an insulator or a
semiconductor and MB6 with M + a monovalent metal.
Most of the R B6 compounds belong to the M + group
because of the R + ion. In this case, the conduction
band consists of the bonding state between R 5d (e ) and

B6 2p (t2„).

II. EXPERIMENTAL METHOD

RB6 samples were grown as single crystals by the
crucible-free vertical floating-zone method. ' The ob-
tained crystals were cut into disks of about 7 mm diame-
ter and 1 mm thickness by an electric spark cutter and
polished up to mirror surfaces with Carborundum and
alumina powders for reflectivity measurements.

We measured the reflectivity spectra in the wide energy
range between 1 meV in the far-infrared region and 40 eV
in the vacuum-ultraviolet region. The measurements in
the far-infrared region from 1 to 30 meV and in the
vacuum-ultraviolet region from 4 to 40 eV were done at
two synchrotron radiation (SR) facilities, UVSOR in the
Institute for Molecular Science and SOR-RING in the
Institute for Solid State Physics, the University of Tokyo,
respectively. In the former, the SR light was mono-
chromatized by a Martin-Puplett-type Fourier spectrom-
eter and its intensity was detected by a Ge bolometer and
an InSb hot-electron detector. ' In the latter, the SR was
monochromatized by a 1-m Seya-Namioka-type mono-
chromator. In the intermediate energy region between 50
meV and 5 eV, appropriate combinations of conventional
light sources, monochromator s, and detectors were
adopted. These combined experimental systems are listed
in Table I.

The experimental error of the absolute value of the
reflectivity was estimated at less than 1% in the energy
region below 2 eV and less than 3% in the energy region
above 2 eV. The energy resolution (E/bE) was higher
than 20 at each energy. The measurements were done at
two different temperatures, 300 and 9 K, in the energy re-
gion below 5 eV. In this paper, we also discuss the
difference between the spectra at 300 and 9 K.

Figure 1 shows the reflectivity spectra of trivalent
RB6's at both 300 and 9 K in the energy region from 50
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FIG. 1. Reflectivity spectra of trivalent rare-earth hexa-
borides (RB6,R =Y, La, Ce, Pr, Nd, Gd, Tb, Dy, and Ho) in

the photon energy region from 50 meV to 40 eV at 300 and 9 K.
The horizontal axis is drawn in a logarithmic scale.

meV to 40 eV. Below 50 meV, the reflectivity approaches
1 as the photon energy decreases. Note that the horizon-
tal axis is in a logarithmic scale. In the figure, the plasma
edge of trivalent R B6 can be seen as a sharp dip structure
in the spectrum at the common energy position of about
2 eV.

III. ANALYSIS METHOD

A. Kramers-Kronig analysis

In this paper, we consider the low-energy electronic
states using the optical conductivity and the effective
electron number spectra. The optical conductivity spec-
trum, o (%co )=e2Aco/2, was obtained by using a
Kramers-Kronig (KK) transformation of the reflectivity

TABLE I. The optical measurement systems used.

Energy range 1-8.6 meV 2.5—30 meV 0.05—0.5 eV 0.3-0.7 eV 0.5—2.3 eV 1.7—4 eV 3.5-5.5 eV 4-40 eV

Light source

Monochromator

UVSOR

SPECAC
Martin-Puplett

Globar lamp

Hitachi
Plane grating

Tungsten lamp

Carl-Leiss
LiF double prism

Deuterium SOR-RING
lamp

KOHZU
1-m Seya-
Namioka

Detector InSb hot
electron

Ge
bolometer

Ge-Cu
bolometer

PbS photo- PbS photo-
cell at 77 K cell at 300 K

Photomultiplier
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spectrum. Here c2 is the imaginary part of the dielectric
constant. The effective electron number as a function of
the photon energy N, tr(A'co) was obtained from the in-

tegration of the optical conductivity spectrum as

4mo
N, tr(fico) =, , J o (fico')dfico' .

O

Here, mo is the rest mass of the electron, h the Planck
constant, e the charge of the electron, and No the number
of unit cells per unit volume. The KK transformation re-
quires a reflectivity spectrum for the whole photon ener-

gy range from zero to infinity in principle. But we have
spectra only for a limited energy region. Thus we adopt-
ed two kinds of extrapolation functions in the energy re-
gions below 1 meV and above 40 eV. In the energy re-
gion below l meV, we adopted a function of Hagen-
Rubens' formula, '

R(A'co)=1 —[2/iro(0)]'~ X(fico)'

because of the metallic refiectivity spectrum. Here, cr(0)
means the dc conductivity from transport measurements.
In the energy region above 40 eV, we adopted the usual
extrapolation function for electronic interband transi-
tions as used by Cardona and co-workers, '

R (%co)=8 X(fico) . Here, we decided the value for B so
that the extrapolation function connects with the actual
reflectivity spectra at 40 eV.

B. Expanded Drude formula

In this paper, we use the Drude formula for analysis of
the reflectivity spectra. The real part (si) and imaginary
part (ei) of the dielectric constant are

4mo 1
Nt„, (fico)= f fico' —Im

h e N& o E(fico' )

~pp~

NE2
(6)

The relation between these two kinds of sum rule is given
by using cpp$ as

N, tr( fi co) =E,pt XN„„(fico) .

Next, we show how to derive the frequency depen-
dence of the relaxation time and the optical mass from
the dielectric constants. In general, the actual spectrum
cannot be fitted by the simple Drude model in which both
~ and co are constant. However, if the conduction band
is not complex, it is a good approximation and each of
the relaxation time and the optical mass has a weak fre-
quency dependence. The modified Drude model in which
both r and co depend on co satisfies the KK relation
when they are determined to fit the experimental c.

&
and

c2 values. In monovalent metals such as LaB6, the con-
duction band consists of bands of a single character. So
it is thought that the conduction-electron absorption can
be interpreted by a single Drude model. Therefore it is
thought that the investigation of the frequency depen-
dence of the optical mass and the relaxation time is very
useful. In LaB6, however, three identical occupied bands
with the bottoms at three X points are connected to each
other by small necks. However, unoccupied bands are
composed with more complexity of many different char-
acters with many singular points. These effects are con-
sidered later in more detail.

From Eqs. (2) and (3), r and mn /m are obtained as

CO

1 oPt iP+ 1
(2) mg)

mp

4m'
mo

N E2 +co (e,zt
—e

&
)

&pp~

(7)

N 7

co(co 7 + 1)
(3)

in which N may be assumed to be frequency independent.
By using these functions, the frequency-dependent optical
mass and relaxation time are derived from the reflectivity
spectra.

Here, ~ is the relaxation time of the conduction electrons.
'E

p$ means the optical dielectric constant and shows the
intensity of the interband transitions in the energy range
above the plasma edge, for which the energy is about 2
eV in this case. co means the plasma frequency,
co&=4neN/mn Her. e, N is th. e number of conduction
electrons per formula unit and m~ is the effective mass of
conduction electrons estimated by the Drude model. The
observed plasma frequency seen in the reflectivity spec-
trum, the so-called effective plasma frequency co&, is
given by co~ =co /Qe, t In other words, the interband
transition screens the plasma frequency by c,, , c, , is de-
rived from the next relation. In general the sum rule
which is used to get the effective electron number X,z is
given by Eq. (1). This formula is the suin rule for the
dispersion of the transverse wave, while the sum rule for
the absorption of the longitudinal wave is obtained using
the loss function [ —Im( 1/e );s =E, +i ei ] as

IV. RESULTS AND DISCUSSION

A. Drude absorption of LaB6 and YB6

First, we show the results for and discuss the
conduction-electron absorption of LaB6 and YB6. The
optical conductivity spectra of both materials at 300 and
9 K are shown in Fig. 2. We may see that both of these
materials' spectra are able to be roughly fitted by the sim-

ple Drude model, but it is impossible to fit exactly. This
means that both spectra should be analyzed by the model
with the frequency-dependent optical mass (mn ) and re-
laxation time (r) given by Eqs. (7) and (6). The results
are shown in Figs. 3(a) and 3(b). Here, the optical dielec-
tric constant (E, , ) was derived from Eqs. (1), (4), and (5).
In La86$ cppf was 6.0 and in YB6

happ&
5 8 The

difference is thought to depend on whether an unoccu-
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pied 4f state exists or not. In LaB6, which has an unoc-
cupied 4f state, the transition from the B 2s, 2p bonding
state to 4f is seen in the energy region around 10 eV as
shown in Ref. 8. In these Sgures, mD of LaB6 and YB6
have little frequency dependence, but r has a strong
dependence. The reason is discussed below.

The study of the absorption due to conduction elec-
trons has been done on noble metals and alkali metals. It
is known that even in these typical metals it is not possi-
ble to fit the data completely by a single simple Drude
model. The reason is thought to lie in the frequency
dependence of the electron-phonon scattering, ' the
electron-electron scattering, ' and the surface plasmon, '

etc. In the present case, the surface plasmon is hardly
thought to be the origin because of the near-normal-
incidence reflectivity measurement. For the case of
electron-electron scattering, ~ may be expressed as fol-
lows by using the Fermi liquid theory:

FIG. 2. Optical conductivity spectra of LaB6 and YB6 in the
photon energy region from 50 meV to 10 eV at 300 and 9 K. 7 =To +Pc&) (8)
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Here, rp is the relaxation time at zero frequency, and
therefore corresponds to the static conductivity, and P is
a constant of the material.

In Ag and Cu, for example, ~ in the energy range above
0.5 eV was 6tted by this function. ' Recently Julien
et al. showed that the refiectivity of a layered crystal,
TiS2, was satisfactorily fitted with Eq. (8). ' Figure 4
shows ~ as a function of the square of the energy in LaB6
and YB6. The relation r '~co actually holds in the en-

ergy range from 0.5 to 1.1 eV. This means that the fre-
quency dependence of ~ in the high frequency region is
mainly due to electron-electron scattering. This is con-
sistent with the observed weak temperature dependence
of the Pco term.

On the other hand, as seen in Fig. 3(b) the temperature
dependence of ~ between 0.05 and 0.5 eV is rather well
fitted by the function ~,in[coo/(co+to, )], where co, is
suSciently smaller than 0.05 eV, and thus seems to corre-
spond to the phonon frequency of La or Y. In these ma-
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FIG. 3. Optical mass (a) and relaxation time (b) of I.aB6 and
Y86 as a function of the photon energy.

FIG. 4. Inverse relaxation time as a function of the squared
photon energy of La86 and YB6.
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terials, the lowest optical phonon mode is about 0.02 eV
and the highest phonon mode for the B6 molecule is near
0.15 eV. The fitting parameters were ~&=0.8X10
sec and fuu0=12 eV at 300 K and ~, =1.95X10 ' sec
and fuuo=2. 5 eV at 9 K in LaB6, r& =1.0X 10 ' sec and
fmo=2. 5 eV at 300 K and r&=2. 1X10 ' sec and
fico0=1.0 eV at 9 K in YB6. This part of the spectrum is
thought to be due to the electron-phonon scattering. The
observed temperature dependence also supports this pic-
ture. This weak co dependence indicates that the intra-
B6-molecular vibrations scatter the conduction electrons
weakly and this is also consistent with the weak tempera-
ture dependence of the static resistivity above 200 K.

B. Infrared absorption of trivalent EB6

In our previous paper, we reported that in the lighter
R B6's there is an anomalous absorption around 0.6 eV in
which the intensity is proportional to the occupation
number of 4f electrons. ' This absorption structure was
explained as due to the conduction electrons by con-
sideration of the f-sum rule. But a detailed interpreta-
tion was not made. We measured the reQectivity spectra
of the heavier RB6's and found a similar absorption
structure to the lighter RB6's. In this section, we will

discuss the origin of the absorption structure. All of the
optical conductivity spectra of trivalent RB6 s which we

measured in this study are shown in Fig. 5(a). We can see
that the absorption structure is observed around 0.6 eV
for all R B6's except LaB6.

First, we attempt to estimate the intensity of this ab-
sorption. In general, the intensity of an optical absorp-
tion can be related to the effective electron number which
contributes to the absorption. The absorption is seen to
be apparently overlapping with the normal Drude struc-
ture. So we fitted the slope of the curve in the lower-

energy region with the simple Drude model and estimat-
ed the intensity of the infrared absorption by subtracting
the Drude curve from the measured curve. The fitted
Drude curves are shown by dashed lines in Fig. 5(a). Fig-
ure 5(b) shows an example of the Drude fitting of GdB6 in

the low-energy part. Below 20 meV, the estimated error
becomes larger than that in the high-energy region as
shown in Fig. 5(b). So the fitting can be done exactly.

The estimated intensities of the infrared absorption
(N&z), the Drude absorption (ND ), and the sum of these
absorptions (ND+N, R) are shown in Fig. 6. In this
figure, each error bar shows the error of the reflectivity
(+l%%uo) and the ambiguity in the Drude fitting. The in-

tegration range for ND and N&R was limited, only up to
2.1 eV. The error for the absolute value is estimated to
be much less than 10% and the relative error among
RB6's is much less. LaB6 was not able to be fitted by the
simple Drude model as mentioned before. In the same
sense, a similar deviation seems to occur in other RB6's.
This error for N&R is evaluated to be 10% and 20% for
the heavy and light RB6 compounds, respectively. The
same analysis was done for the all materials at 9 K. The
results, however, are almost equal to those at 300 K
within the experimental error. So we deal with the spec-
tra only at 300 K. For example, in Gd86 NIR was

0.67+0. 10 f.u. ' at 300 K and 0.57+0.07 f.u. ' at 9 K.
Gd86 is in the antiferromagnetic state at 9 K. The origin
of the small difference of N&R must be investigated fur-

ther, to determine whether it originates from the magnet-
ic transition or not.

In Fig. 6, we can see that N&„ increases almost in pro-
portion to the 4f electron number from LaB6 to GdB6,
but in contrast decreases above GdB6. On the other
hand, ND decreases from LaB6 to Gd86, but increases
above GdB6 in the opposite way to N&R. The sum of ND
and N, R shows a slight decrease from LaB6 to HoB6.

Next, we consider the origin of the infrared absorption.
It is certain that the occupied 4f electrons are closely re-
lated to this absorption because the fundamental elec-
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FIG. 5. (a) Optical conductivity spectra of RB6(E.=La, Ce,
Pr, Nd, Gd, Tb, Dy, and Ho) at 300 K in the photon energy re-

gion from 50 meV to 10 eV (solid line). Dashed lines show the
fitted Drude curves. (b) Optical conductivity spectrum (dotted
line) of GdB6 at 300 K in the photon energy region from 1 meV
to 40 eV and fitted Drude function (dashed line).
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FIG. 6. Estimated effective electron number of the infrared

absorption (N&R), the Drude absorption (Nz), and the sum of
these absorptions (Nz+N&R). The error bars show the error of
the intensity which originates from the error of the measured
reflectivity and of Drude parameters.

tronic structure of R B6 does not change but only the 4f
bands change as the rare-earth element changes. It is
also certain that the origin is due to absorption by con-
duction electrons because of the f-sum rule.

If the absorption is assumed to be due to interband
transitions or the exciton of the 4f 5d transition-, ND
alone becomes the number of conduction electrons. In
this case, mD =2.4' p in GdB6, considering that
ND =N X(mo/mD), where N is the number of conduc-
tion electrons, mp the rest mass of the electron, and mD
the optical effective mass, and that all of these materials
are monovalent metals. This value is three times larger
than 0.8mp of LaB6 and this is contrary to the fact that
the conduction band of each material has almost the
same structure. Therefore we may consider that another
term in addition to ND may contribute to the number of
conduction electrons. Note that the mD of LaB6 is al-
most equal to the effective mass of 0.6mp —0.7plp which
is estimated by band calculation and de Haas —van Al-
phen measurement.

Let us consider the case that the sum of ND +N, R cor-
responds to the number of conduction electrons.
ND+N&R is almost constant among all the materials as
seen in Fig. 6. This results from the constant energy po-
sition of the plasma edge. These materials have the same
number of conduction electrons, as mentioned before. So
we may say that N, R is a part of the number of conduc-
tion electrons and the absorption at 0.6 eV is due to con-
duction electrons. Before, we mentioned that the in-
frared absorption originates from the 4f electrons.
Therefore the infrared absorption is thought to be due to

the relation between conduction and 4f electrons, i.e, it is
thought to originate from the interaction between the 4f
and the conduction electrons.

In Fig. 6, we can clearly see that Nz+N&R gradually
decreases as the 4f electron number increases. This
means that the optical mass (mD) increases as the num-
ber of 4f electrons increases because all of these materials
are monovalent metals. This is considered to be because
the conduction band approaches the valence band as the
atomic number increases. We can explain the origin of
the increase of mD from LaB6 to YB6, which is a refer-
ence material for the heavy RB6 compounds, as follows.
In YB6, ma=1. 01mo because ND=0. 99 f.u. '. This
value is larger than that of LaB6. This is because the
overlapping between the conduction band and the
valence band of YB6 is larger than that of LaB6, as shown

by the calculated band structures of LaB6 (Ref. 24) and
YB6. Note that the effective mass of the conduction
electron originates from the energy position of the 4f
band in general. In La86, however, the unoccupied 4f
state is known to be located at the far energy position of
about 6 eV about the Fermi level. So the contribution of
the 4f band to mD is small. It is considered that the bo-
ron 2s, 2p bonding state mainly contributes to mD.
Therefore the mD of YB6 may become larger than that of
LaB6 because the conduction and the valence bands of
YB6 are hybridized more strongly than in LaB6. The lat-
tice constant of YB6 is almost the same as that of the
heavy RB6 compounds from GdB6 to HoB6. So the con-
duction band of heavy R B6 compounds is thought to go
down in energy as in YB6. Therefore mD becomes larger
with the heavier R B6 compounds.

From the discussion of the origin of N,R, it is impor-
tant to define what the conduction-electron absorption is
and what the interband absorption is. As mentioned in
our previous paper, the interband transition which begins
from 2 eV was assigned to be the transition from the top
of the B 2s, 2p bonding band with a large density of states
to the unoccupied conduction band. The first peak of
absorption at 3.7 eV was identified as the transition from
the first peak in the density of states of the B 2s, 2p, bond-
ing state at 3 eV below the Fermi energy to the first peak
of the unoccupied conduction band at 1.5 eV above the
Fermi energy. It was argued that this energy difference is
decreased and the intensity is enhanced by the virtual-
exciton effect. Note that such a virtual-exciton effect has
been emphasized to be essentially important to under-
stand the gap state in SmB6. The transition from the 4f
to the 5d states and the opposite one appear at a higher
energy than 2 eV except for SmB6. On the other hand,
conduction-electron absorption means the process in
which the initial state is the occupied conduction band.
Then, by the f-sum rule, the intensity should be nearly
the same for all the trivalent R 86 compounds under con-
sideration. This consideration identifies the infrared ab-
sorption as due to the conduction band. The narrow lo-
calized character of the infrared absorption suggests that
this process is also a virtual-exciton-like process. Then
the only possibility is the transition from the saddle point
of X, to the saddle points of I,2 and I 25 existing at the
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first peak of the density of states. Because of the saddle
points, this transition is expected to be a virtual-exciton-
like one which lowers the excitation energy from 1.5 to
0.6 eV and enhances the intensity. The expected electron-
ic transition from which the infrared absorption origi-
nates is shown in Fig. 7. This process cannot be a direct
transition because there are no corresponding band states
above the necks.

Because the 5d 4f in-tra-atomic Coulomb exchange in-
teraction is much stronger than the electron-phonon in-
teraction, the former should be the main origin of this in-
direct transition. For GdB6, the usual spherical exchange
interaction IdfSf Sd is the dominant interaction. Here
Sd and Sf denote the 5d and 4f spin angular momenta,
respectively. Because the transition is proportional to the
square of this interaction, this cannot explain the ob-
served (Sf ) linear dependence. For the light rare-earth
compounds, the quadrupole interaction is the main key to
solving the discrepancy. In CeB6, it was calculated that
the inverse lifetime due to quadrupole scattering is
several times larger than that of the spherical exchange
interaction. In PrB6, they are nearly equal and even in
NdBs the quadrupole scattering has a substantial contri-
bution. Dur experimental result is actually explained sat-
isfactorily. For the heavy RB6 compounds, the inverse
lifetime of TbB6 is consistent with the square dependence
of (Sf ) but the results for Dy86 and Ho86 are anoma-
lous. This is again explained by an anomalous quadrupo-
lar interaction. It is well known that crystals of the
heavy R B6 compounds are unstable because the atomic
size of the heavy rare earth is too small. Indeed it was
observed in DyB6 and Ho86 that the 4f quadrupolar in-

teraction couples strongly with the lattice quadrupolar
interaction, causing various anomalies. The anomalous
enhancement Ho86 and DyB6 is thought to be related
with this mechanism. For a more detailed quantitative
evaluation, however, more extensive studies are needed.

The infrared absorption is seen not only in R 86 but
also in Gd monochalcogenides as shown by Beckenbaugh
et al. From the re6ectivity spectra of GdS, GdSe, and
GdTe, the infrared absorption of these materials has al-
most the same magnitude as that of GdB6. The rare-
earth monochalcogenide RX has a similar band structure
to R 86. RX for a trivalent R is also a monovalent metal
and has the conduction-band bottom at each X point in

c—f Exchange Scattering

Exclton ~==
g/

25 Dipole Transition

the Brillouin zone. Therefore there are also saddle points
at the I point above the Fermi energy and at the neck
below the Fermi energy. In fact, Vlasov and Farberovich
calculated the LaS band structure and found a similar
neck structure between the I and W points. Takegahara
also derived a similar band structure of RX (R =La,Gd
and X =S,Se,Te). ' Therefore the corresponding infrared
absorption may occur for the same reason in R86.

C. Absorption structure of SmB6

In SmB6, the absorption structure which is seen in
trivalent RB6 compounds below 2 eV is also observed
(Fig. 8), but the intensity seems to be larger than in
trivalent RB6's. At 300 K, Drude-type conduction-
electron absorption is observed, but another absorption
peak is seen around 0.5 eV. Below 20 K, this material
has an energy gap of about 14 meV. So there are few
conduction electrons in this material below 20 K. At 13
K, two peaks appear in place of one broad peak at 300 K.
From the comparison between these shapes and intensi-
ties, the spectrum at 13 K seems to have lower thermal
broadening than at 300 K, so we discuss the intensity of
the absorption at 13 K.

At 13 K, we can estimate that the elf'ective electron
number below 2 eV is 0.79 f.u. ' using the integral of the
optical conductivity as mentioned before. It is certain
that the absorptions due to the transition from the 4f to
the 5d states and the opposite case are included in the es-
timated value. The reason is that the occupied 4f states
in Sm + ion and the unoccupied 4f states in Sm + ion
are located near the Fermi level, as observed in the pho-
toemission of SmB6 (Ref. 32) and the inverse photoemis-
sion of Sm metal.

We consider the transition from 4f to Sd states. The
4f states after photoemission are the three symmetric
states I', H, and P. But only I' and H states are able
to contribute to the absorption below 2 eV. In fact, the
splitting energy between double peaks in the optical con-
ductivity spectrum is consistent with the splitting energy
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FIG. 7. Possible mechanism to explain the origin of the in-
frared absorption in the band structure of LaB6.

FIG. 8. Optical conductivity spectra of SmB6 at 300 (solid
line) and 13 K (dotted line).
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between F and H states in the photoemission data.
The electron number in the F and H states is estimated
to be about 1.8 f.u. '. The 5d density of states near the
Fermi level is almost constant at 0.10 states
f.u. 'eV 'spin ' from the band structure. So the 5d
state number becomes 0.20 f.u. ' spin '. Therefore the
effective electron number of the transition from 4f to 5d
states is estimated at 0.20 f.u. ', because the oscillator
strength of the 4f-5d transition is about 0.55, the in-
tegral upper limit of the energy is 2 eV, and the conserva-
tion of spin must be included in the optical absorption.

The Sd-4f transition is considered in the same way.
The number of 4f unoccupied states is estimated as 1.3
f.u. 'spin '. The state number of the 5d initial state is
about 0.20 f.u. ' spin '. Therefore the estimated intensi-
ty of the absorption from Sd to 4f states is concluded to
be 0.14 f u .' . In. this case, the oscillator strength of the
5d-4f transition is assumed to be the same as for the
4f-5d transition.

Consequently the sum of the intensities of the 4f 5d-
transition and the opposite one becomes 0.34 f.u. ' So
we can get the intensity of 0.45 f.u. which is the
difference between 0.79 f.u. ' for the total absorption
below 2 eV and 0.34 f.u. ' for sum of the intensities of
the 4f 5d and Sd--4f transitions. This value is in perfect
agreement with the line of N&z in Fig. 6.

This result is thought to mean that the same infrared
absorption of trivalent R B6's exists in Sm86. Therefore it
is thought that the infrared absorption due to the transi-
tion between neck points of X& and I'&z is not seen only in
trivalent RB6 but also in SmB6. It is thought that the
Fermi level of Sm86 is located at the same energy posi-
tion as in trivalent R 86's and SmB6 has a similar band
structure to trivalent RB6. But further investigation of
the Fermi level of SmB6 must be done.

fitted by the simple Drude model. This is mainly attri-
buted to a frequency-dependent relaxation time. In the
low-frequency region, this was attributed to the electron-
phonon scattering and in a higher-frequency region to
electron-electron scattering. (2) It was found that the
effective electron number below the plasma edge of about
2 eV in trivalent R 86's decreases gradually as the atomic
number increases. This reason is thought to be that the
effective mass of the conduction electrons becomes
heavier in the heavy RB6 compounds because the over-

lapping between the conduction and the valence bands in-
creases as R becomes heavy. (3) We found an absorption
structure around 0.6 eV, which is common to all the ma-
terials and of which the intensity is nearly proportional to
the 4f spin angular momentum. From the band struc-
ture of LaB&, interband transitions or the virtual exciton
from the saddle points of X& to the neck point of I &2 and
I 2s, assisted by the scattering of the intra-atomic Sd-4f
Coulomb exchange interaction, seem to be the most prob-
able origin of the infrared absorption. To explain the ob-
served (Sf ) dependence of N,„, the 4f quadrupole
scattering for light R and the lattice quadrupolar scatter-
ing for the heavy R due to crystal instability should be
considered. (4) In Sm86, the similar absorption structure
below 2 eV to that in trivalent R86 was also observed.
The absorption structure was seen to consist of two parts,
one due to the transition from 4f to 5d states and the op-
posite one and the other due to the same absorption
which is seen in trivalent R B6 s. The latter absorption in-

tensity perfectly fits with the line of Rut. This can be in-

terpreted that the Fermi level is located at the same posi-
tion as in trivalent R 86.
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