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Reflectivity spectra of all rare-earth hexaboride RBg (R =La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Yb, and Y) single crystals have been measured systematically in the energy region from 1 meV to 40 eV
at 300 K in order to investigate the electronic state and the contribution of the 4f electron to the band
structure. The analysis of the optical conductivity and the loss-function spectra, which were derived
from the Kramers-Kronig transformation of the reflectivity spectra, allowed us to make clear the origin
of the peak structure in the spectrum due to the various interband transitions. The origins of the main
peaks in the spectrum were assigned to the interband transitions from the bonding to the antibonding
bands of the boron 2s and 2p states and to the rare-earth 5d state. The intra-atomic transition from the
4f and the 5p to the 5d(t,, ) states in the rare-earth ion was also observed.

I. INTRODUCTION

Rare-earth hexaborides (R Bg) are a series of the ma-
terial group in which SmB¢ shows the valence fluctua-
tion! and CeBg shows the dense Kondo effect.” These are
intrinsic properties due to the 4f electron included in
these materials. RBg forms a CaBg-type crystal structure
which belongs to the space group P,,4,,(0,).

Trivalent RB¢’s are one-carrier metals because the Bg
octahedron bonding orbits are filled with two more elec-
trons,? but the characters of SmBg¢, EuBg, and YbBg are
different from that of other materials. The valence of the
Sm ion in SmBg becomes 2.6—2.7 because of a valence
fluctuation (mixed valence) material as mentioned above.
Therefore the conduction-electron number of this materi-
al is thought to be 0.6-0.7. On the other hand, EuBg and
YbB¢ are semiconductors because the rare-earth ion in
these compounds is divalent.

Because these materials show various intersting prop-
erties, the electric, magnetic, and thermal properties have
been widely investigated by many groups. However,
their optical properties have been studied very little, ex-
cept for SmB¢ by Travaglini and Wachter* which has a
small gap structure close to the Fermi level only at low
temperature. In the previous experiment, we have mea-
sured reflectivity spectra of only lighter R B, LaB¢, CeBg,
PrB;, NdBg, SmBg, EuBg, and GdBg, in the energy region
from 1 meV to 25 eV, and we have analyzed the origin of
the peak structures in optical conductivity spectra de-
rived from the reflectivity spectra by the Kramers-
Kronig (KK) transformation.>® On LaBg, we have calcu-
lated the spectrum of the joint density of states (JDOS)
and the partial JDOS, which are equivalent to the optical
absorption, by using the result of the energy-band calcu-
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lation by Harima et al.” and compared to the optical
conductivity spectrum.® In these previous studies, we
have made clear the origin of the structures in the optical
spectrum which is given by the intra-atomic transition
from the rare-earth 4f to the rare-earth 5d states in SmB,
and GdBg and the charge-transfer excitation from the By
2s and 2p bonding to the rare-earth 5d states in all materi-
als.>® We have found that the material containing 4f
electron gives the anomalous infrared absorption at about
0.6 eV which is caused by the low-energy excitation of
the conduction electron.® However, no optical measure-
ment of heavier RBg has yet been done. We measured
reflectivity spectra of TbBs, DyBg, HoBg, YbBg, and YB
single crystals the first time in addition to previously
studied materials in the wider energy region from 1 meV
to 40 eV. In the low-energy part below 2 eV, the interest-
ing absorption structure due to the conduction electron
and to the low-energy excitation was observed. For ex-
ample, the energy gap and the absorption structure due
to the occupied and unoccupied 4 f states located near the
Fermi level were seen in SmBg at a temperature below 20
K. However, a detailed analysis of the conduction-
electron absorption structure is made in a separate pa-
per.!® The main purpose of this paper is to develop our
previous work® on the interband transition spectra to the
heavier RB¢ and to understand totally the electronic
structure of R By,

II. EXPERIMENT AND ANALYSIS

A. Sample preparation

All samples were grown to single crystals by the float-
ing zone method.!! The obtained crystals were cut into
disks with about 7 mm in diameter and 1 mm in thick-
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ness by an electric spark cutter and polished to mirror
surface with carborundum and alumina powders for the
reflectivity measurement.

B. Reflectivity measurement method

We measured the reflectivity spectrum in the wide en-
ergy range from 1 meV in the far-infrared region to 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 at the
Institute for Molecular Science and SOR-RING at the
Institute for Solid State Physics, the University of Tokyo,
respectively. In the former, the SR light was mono-
chromatized by a Martin-Paplett—type Fourier spectrom-
eter from Specac Ltd. and its intensity was detected by
Ge and InSb bolometers from Infrared Laboratories,
Inc.!? In the latter, the SR was monochromatized by a
1-m Seya-Namioka—type monochromator from Kohzu
Ltd. and its intensity was detected by photomultipliers
from Hamamatsu Photonics Ltd.

For the measurement in the intermediate-energy region
between 50 meV and 5 eV, appropriate combinations of
conventional light sources, monochromators (a prism
double monochromator from Carl Leiss Ltd. and a
single-plane grating infrared monochromator from Hita-
chi Ltd.), and detectors were adopted. The spectra ob-
tained by different spectrometers were connected smooth-
ly. The expermental error of the absolute value of the
reflectivity was estimated at less than 3% in the energy
region above 2 eV.

The energy resolution (E /AE) was higher than 20 at
each energy. The measurements were both done at 80
and 300 K in the energy region above 2 eV, but the
reflectivity spectra at both temperatures did not show any
significant difference from each other. Therefore we dis-
cuss the reflectivity spectra only at 300 K in this paper.

C. Analysis method

Figure 1 shows the whole reflectivity spectra of all ma-
terials. In this figure, the energy position of the plasma
edge of trivalent R By and SmB¢ can be seen as a sharp
decrease structure in the spectrum at about 2 eV, but
those of EuB4; and YbBg are located at a much lower en-
ergy than those of the other materials. This fact means
that the number of the conduction electrons in EuB4 and
YbBg is smaller than that of the other trivalent R B¢ be-
cause of their semiconductorlike character.

In this paper, we consider the electronic states through
the analysis of the optical conductivity and the loss-
function spectra. The optical conductivity
[o(w)=we,/4m; €, is an imaginary part of the dielectric
constant] and the loss-function [ —Im(1/¢); € shows the
complex dielectric constant] spectra were obtained using
the KK transformation of the reflectivity spectra. The
KK transformation requires a reflectivity spectrum for a
wide range of photon energy from zero frequency to
infinity in principle.!> Then we adopted two kinds of ex-
trapolation functions in the energy region below 1 meV
and above 40 eV. In the energy region below 1 meV, we
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FIG. 1. Reflectivity spectra of all rare-earth hexaborides R B¢
(R=Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Yb) in the
energy region from 1 meV to 40 eV at 300 K. The energy reso-
lutions at 10 and 30 eV were 0.06 and 0.5 eV, respectively, and
are indicated by the vertical double lines.

adopted a Hagen-Rubens function, R (0)=1— Aw'/%"
because of the metallic reflectivity spectrum. Here,
A =[70(0)/2]""? and 0(0) is the conductivity at zero
frequency. In this case, we adopted the dc conductivity
by the transport measurement as ¢(0). In the energy re-
gion above 40 eV, we adopted the usual extrapolation
function for the electronic interband transition
R(w)=Bw ™ *.'* Here, we decided on the constant B so
that the extrapolation functions connect with the actual
reflectivity spectra. In this case, the typical B value was
1X10° eV*.

Figures 2 and 4 show the optical conductivity spectra
and Figs. 3 and 5 show the loss-function spectra. Figure
2 shows the optical conductivity spectra of trivalent R By
and SmBg¢ and Fig. 3 shows the corresponding loss-
function spectra. Figure 4 shows the optical conductivity
spectra of EuBg and YbBg together with LaBg and Fig. 5
shows the corresponding loss-function spectra. We dis-
cuss the origin of the peak structure in the each spectrum
in the following section.

III. DISCUSSION
A. Trivalent R B; and SmBy

The profile of the optical conductivity spectra of
trivalent R B4 and SmBg shown in Fig. 2 is quite similar
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to one another below 21 eV. This means that the struc-
ture in these spectra in this energy region is mainly due
to the interband transition between the common electron-
ic states to these compounds. LaBg has eleven peaks in
the energy region below 40 eV; these peak positions are
3.5 eV (4 peak), 5.3 eV (B), 6.8 eV (C),9.0eV (D), 11.0
eV (E), 12.5 eV (F), 15.0 eV (G), 18.0 eV (H), 21.0 eV
(I), 23.5 eV (J), and 25.5 eV (K). Other materials have
the corresponding peaks to LaBg in almost the same ener-
gy. SmBg and GdBg have special peaks, labeled L at
about 14 eV and M at about 15 eV, respectively, which
overlap with the F and G peaks.

Let us start to discuss some peak structures which are
seen commonly in these materials. According to the re-
sults of the energy-band calculation on LaBg by Harima
et al.,’ the framework of the occupied state is composed
of the boron 2s and 2p bonding states and that of the
unoccupied state up to 15 eV from the Fermi level is
composed of the rare-earth 5d state in addition to the bo-
ron 2s and 2p antibonding states. Beyond 15 eV from the
Fermi level, the orthogonalized plane-wave states dom-
inate. The 4f state of the rare-earth ion modifies this
main structure. In the RBg, the grade of the modification
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FIG. 2. Optical conductivity [o(w)] spectra of trivalent
rare-earth hexaborides RBs (R=Y, La, Ce, Pr, Nd, Gd, Tb, Dy,
and Ho) and SmBg in the energy region from 1 meV to 40 eV at
300 K. They were obtained from the Kramers-Kronig transfor-

mation of the corresponding reflectivity spectra in Fig. 1. See
the text for the notation of each peak.
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FIG. 3. Loss-function [—Im (1/€)] spectra of trivalent rare-
earth hexaborides RBg (R=Y, La, Ce, Pr, Nd, Gd, Tb, Dy, and
Ho) and SmBg in the energy region between 1 meV and 40 eV at
300 K. See the text for the notation of each peak.
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FIG. 4. Optical conductivity [o(w)] spectra of divalent rare-
earth hexaborides R B; (R=Eu and Yb) compared with LaBg in
the energy region from 1 meV to 40 eV at 300 K. See the text
for the notation of each peak.
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FIG. 5. Loss-function [—Im(1/¢)] spectra of divalent rare-
earth hexaborides RBg (R=Eu and Yb) in comparison with

LaBg in the energy region between 1 meV and 40 eV at 300 K.
See the text for the notation of each peak.

of the electronic state by the 4f state generates various
interesting physical properties. In Fig. 6, we show the
density of states (DOS) and the partial DOS of the LaBg
band calculation shown in a previous publication® to
make the following discussions clear.

In general, the lattice constant and the band structure
of rare-earth compounds are known to change as the 4f
electron number increases because of the phenomenon
known as the lanthanide contraction. However, the
change of the lattice constant in R B is small in compar-
ison with other rare-earth compounds such as rare-earth
monochalcogenide and rare-earth monopnictide.!® This is
because the crystal structure of R B is constructed by the
strong covalent bonding of boron 2s and 2p states.® The
main change of the lattice constant is due to the change
of the distance between the B¢ and B octahedrons. How-
ever, the distance between the boron and boron in the By
octahedron changes only a little. Therefore the main
band structures of the boron 2s and 2p bonding and anti-
bonding states within the By octahedron are expected to
change very little. However, the bonding and the anti-
bonding bands due to the mixing between the By and Bg
changes systematically with the change of the lattice con-
stant. On the other hand, the magnitude of the screened
Coulomb force of the rare-earth atomic core charge act-
ing on a 5d state is similar in these materials because the
main part of the 5d orbital is located outside of the 4f or-
bital. Therefore the similarity of the optical conductivity
spectra of trivalent RBy and SmBg below 21 eV can be
understood naturally by the above considerations.

Let us consider the origin of each peak structure in de-
tail. We first discuss the origin of the A4 peak at about 3.5
eV as shown in Fig. 2. We can see that this peak appears
to be in common with all materials. The energy position
of this peak corresponds to the energy separation be-
tween the top of the occupied state and the bottom of the
unoccupied state of the boron 2s and 2p band in the band
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calculation.” Note, however, that the energy difference in
the band calculation is about 1 eV larger than the ob-
served value. The virtual exciton character may be im-
portant. In the molecular-orbital picture, the former cor-
responds to the boron 2s and 2p bonding states (7,,) and
the latter to the bonding orbit between the 5d (e, ) state
and the boron 2s and 2p antibonding states (f,,).> As
shown in the result of the band calculation in Fig. 6,
there are no remarkable peak structures on the unoccu-
pied 2s and 2p antibonding states. Actually, the JDOS
calculated between the occupied bonding bands and the
unoccupied antibonding bands shows no marked peak.®
Therefore, hereafter, the other observed peaks are attri-
buted to other characters, the 5d bands and the 4f bands,
which show sharp peaks. It is also important to notice
that the boron s character has marked peaks. This is im-
portant in the sense that even if its DOS is small com-
pared with the boron p character, it can contribute
strongly on the optical absorption because of the boron
intra-atomic transition between the 2p and the 2s states.
It is expected that the B, C, and D peaks are due to the
charge-transfer excitation from the boron 2s and 2p
bonding states to the rare-earth 5d (z,, ) state which is lo-
cated at about 5 eV above the Fermi level. In our previ-
ous papers,”® we could make clear the origin of the C and
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FIG. 6. The total and the partial density of states and these
number of states (boron s,p and La d,f) in LaBg derived from
the model band structure calculation by Harima et al. (Ref. 7)
in which the unoccupied 4f level is shifted upward by 0.10 Ry
(1.36 €V) in comparison with the self-consistent augmented
plane-wave band structure. For further details of this explana-
tion, see Ref. 8.
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D peaks but not the B peak. Now the origin of the B
peak can be identified for the first time by our measure-
ment of the reflectivity spectra on YBg, TbBg, DyBg, and
HoBg. At the reference of the band calculation in LaBy
(Ref. 7) and YB,'® the overlap between the valence band
(boron 2s and 2p bonding states) and the conduction band
(rare-earth d state) is larger in YB¢ than in LaBg. This is
due to the fact that in heavy RB, including YBg, the
binding energy of the 5d electron decreases systematically
relative to the boron 2s and 2p bands. This effect appears
in the B, C, and D peaks, i.e., the energy positions of
these peaks decrease (the so-called redshift) from LaBg to
YB¢. YBg is a reference material of the heavier R By than
GdBg, because its 4d state is similar to the 5d state in
heavy RB¢ and these lattice constants are also similar to
each other. Therefore the same effect is expected to ap-
pear in heavier RBg. This effect is certainly seen in the B,
C, and D peaks in heavy R Bg, but only a little. This fact
indicates that in R By, the energy level of the 5d electron
changes little relative to the boron 2s and 2p bands. Note
that in the LaB, DOS spectrum in Fig. 6, both the bond-
ing 2s and 2p valence band and the 5d band (z,,) split
into the doublet structure, which causes three absorption
peak structure in agreement with the B-, C-, and D-peak
structure. Note also that the D peak in LaBg and CeBg is
sharp and much clearer than that in other RB¢. This
suggests that another peak with the above character is
overlapping with the D peak. This is considered later.
Therefore we can conclude that the origin of all B, C, and
D peaks is the charge-transfer excitation from the boron
2s and 2p bonding states to the rare-earth 5d (z,,) state.

It was shown that the mixing of the 4f state to the bo-
ron 2s and 2p bonding valence bands is fairly strong
which causes the 4f (I'g) ground state with a large excita-
tion energy for the 4f (I";) in CeBg, but the mixing with
the boron 2s and 2p antibonding state as well as the 5d
conduction bands is weak.!” This is consistent with the
fact that there is no systematic change for the peak struc-
ture in the optical conductivity spectra depending on the
energy position of the unoccupied 4f state.

It is found that the energy positions of the E, G, and I
peaks do not change among all R B¢ but those of the D
and F peaks show the redshift and their intensity be-
comes smaller from LaB, to NdBg as well as in YB,. We
assign that the transition from the occupied boron 2s and
2p bonding states to the unoccupied 4f state gives these
D and F peaks because of the following reasons. It is well
known that, as the number of the occupied 4f electrons
increases, the 4f level decreases due to the_incomplete
Coulomb screening among them. This is the origin of the
redshift. In addition, the peak intensity becomes weaker
from LaBg to NdBg as the number of the unoccupied 4f
state decreases. It is also remarkable that the peak in
LaBg is particularly sharp. This fact supports the transi-
tion to the unoccupied 4/ state because then we expect a
sharp 4! level in LaBg but broadened 4f" peak in other
RBg and no peak in YBg. The band calculation shows a
substantial mixing of the 4f states at the top of the boron
2s and 2p bonding states, the #,, molecular orbit’ as was
discussed before. Therefore, from the D peak, the unoc-
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cupied 4f level in LaBy is assigned to be about 6 eV above
the Fermi level, which is larger than the result of the
band calculation.” Note that usually the band calculation
leaves the unoccupied 4f level too low.!* In LaBy, the F
peak is about 4 eV higher than the D peak. From the
band calculation, "'® this peak is assigned to be from the
bottom of the boron 2s and 2p bonding states. Note that
it is possible to assign these peaks as the intra-atomic d-f
transition in which the d characters are mixed into the
boron 2s and 2p bonding state through the d-p mixing
effect.

It is remarkable that the intensity of the E and G peaks
is strong compared with that of other peaks indicating a
strong intra-atomic-allowed transition. In the partial
DOS spectrum in Fig. 6, we find a sharp boron s peak at
10 eV below the Fermi level extending to the higher-
energy region. Therefore the transition from the boron
2s state to the intra-atomic boron 2p state in the boron 2s
and 2p unoccupied state of predominantly p character
should be the origin of these peaks. The energy position
of the E peak corresponds to the energy separation from
this boron s peak to the Fermi level and that of the G
peak corresponds to the energy separation to the peak of
the boron 2s and 2p antibonding states at about 4 eV
above the Fermi level. Then the I peak is naturally
identified to the transition to the peak of the boron 2s and
2p band at 11 eV above the Fermi level. Note that there
is another sharp boron 2s peak at 14.5 eV below the Fer-
mi level and the same story mentioned above is applic-
able. Then the energy position of the H peak corre-
sponds to the energy separation from this peak to the bo-
ron 2s and 2p states at about 4 eV above the Fermi level
and the origin of the broad peak at about 27 eV common
to all RB¢ seems to be due to the transition to the boron
2s and 2p peaks at 13 ev above the Fermi level in the
DOS spectrum.

Next, let us consider the J and K peaks. Their energy
positions increase strongly as the number of the occupied
4f electrons increases. We can assign that the J and K
peaks are due to the transition from the spin-orbit dou-
blet of the rare-earth 5p core state to the 5d (1,,) state.
For example, the spin-orbit doublet of the 5p state of
LaBg is known to be located at 18 eV (5p;,,) and 20 eV
(5p,,,) below the Fermi level by the resonant ultraviolet
photoemission spectroscopy (UPS) data by Aono et al.'’
In the DOS spectrum it appears at 16.5 eV below the Fer-
mi level as shown in Fig. 6. The peak of the 5d (¢,,) state
is located at about 5 eV above the Fermi level as we have
described before in relation to the assignment of peaks B,
C, and D. Therefore the interband transitions from the
5p3,, and 5p , to the 5d (1,,) states give two peaks at 23
and 25 eV. These transition energy positions are very
close to those of the J and K peaks. In addition, the ener-
gy separation between this spin-orbit doublet is in good
agreement with the energy difference of the J and K
peaks. This result holds also for CeBg and PrBs. From
the resonant UPS data on CeBg and PrB¢ by Sugawara
et al.,” the spin-orbit doublet structure of the 5p state is
located at 18.5 eV (5p;,,) and 22 eV (5p, ,,) in CeBg and
19 eV (5p;,,) and 23 eV (5p,,,) in PrBg, respectively,
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below the Fermi level. The observed energy difference
between the J and K peaks is also consistent with the
UPS data of CeBg¢ and PrBg. In other materials, the J
and K peaks shift to the higher-energy side (the so-called
blueshift) and the spin-orbit splitting energy increases as
the atomic number of rare-earth ion increases. This
means that the energy position of the 5p core state be-
comes deeper and the spin-orbit splitting energy between
the 5p,,, and 5p;,, levels becomes larger as the atomic
number of the rare-earth ion increases. The splitting en-
ergy of the 5p core level is decided as 3.5 eV in YBy, 2.0
eV in LaBg, 3.5 eV in CeBg, 4.0 eV in PrBg, 4.5 eV in
NdBg, 5.6 eV in SmBy, 6.0 eV in GdBg, 6.0 €V in TbBg,
6.0 eV in DyBg, and 6.0 eV in HoB¢. These values will be
observed by the photoelectron spectroscopy.

In our previous paper,’ we have already assigned the L
and M peaks in SmBy and GdBg¢ to the transitions from
the occupied 4f to the 5d (,,) states. The 4f-5d transi-
tion should also exist in other RB¢. Actually, in compar-
ison with the spectrum of LaBy, there is an extra broad
and unclear structure with the center at about 8 eV, 10
eV in PrB¢ and NdBy, respectively, overlapping with the
C, D, and E peaks. The peak positions are consistent
with the energy separation between the unoccupied 5d
(254) level as mentioned above and the occupied 4f level
of the x-ray photoemission spectroscopy (XPS) data by
Champagna et al.?! The broadening of this structure in
the optical conductivity spectra is also consistent with
the data of the occupied 4f state of the XPS. This means
that the reason for the broadening of the 4 f-5d transition
structure is due to the broadening of the occupied 4f
state. This reason for this is thought to be that the final
4f" "1 state has a multiplet structure and furthermore
has lifetime broadening with the occupied boron 2s and
2p states, i.e., the mixing effect between the boron 2s and
2p bonding states and the occupied rare-earth 4f state.
The situation is more complicated in heavy R B¢ because
there are two kinds of occupied 4f states, the majority
up-spin state with deeper binding energy and the minori-
ty down-spin 4f state with shallower energy. In TbB,
DyBg, and HoBg, the former corresponds to the L and M
peaks and shows blueshift. The latter corresponds to the
broad structure due to the transition from the 4f state in
PrBg and NdBg and also shows blueshift. Naturally they
should show broad structures. Actually we can identify
these peaks by subtracting the result for LaB,. The form-
er structure can be seen more clearly as shown by M’ in
Fig. 2. Note that the peak for GdBy is sharpest because
of the lower energy splitting in the final 41" ~! state.?! It
is possible to estimate the 4f-5d oscillator strength in
GdBg¢ to be about 0.5 as mentioned in our previous pa-
per.’ Note that is it expected that the unoccupied 4f
states in CeBg, PrBg, and NdBg are spin-orbit split into
the up-spin state and the down-spin state where the latter
have more states and the splitting energy becomes larger
as the number of occupied 4f states increases. However
it is difficult to estimate the amount of splitting because
of its relatively weak intensity of the absorption structure
to these states.

Loss-function spectra shown in Fig. 3 confirm the
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above assignment. Four large peak structures labeled 1,
2, 3, and 4 appear in the spectra. It is obvious that peak
1 shows the excitation of the plasmon of the conduction
electron. Peak 2 can be assigned to the excitation of the
plasmon of the valance band which consists of the boron
2s and 2p bonding state including the occupied 4f state.
Peaks 3 and 4 are due to the 5p;,, and the 5p,,, absorp-
tion, respectively. In YBq, the peak at 8 eV labeled 2’ ex-
ists. This is thought to be the plasmon of the boron 2s
and 2p bonding states up to the gap at 7.5 eV below the
Fermi level in Fig. 6. In other R By’s, too, we can see this
peak even though it is not so clear.

B. Divalent R Bg

Figure 4 shows the optical conductivity spectra of
EuB; and YbB¢ in comparison with LaBs. EuBg are
YbB¢ are known as divalent RBg’s. In EuBg, 12 peaks
appeared at the energy position of 1.0 eV (a peak), 3.0 eV
(b),4.0eV (c),52eV (d),7.5eV (e), 10.0eV (f), 11.5eV
(g), 13.0 eV (h), 15.0 eV (i), 20.0 €V (), 22.5 eV (k), and
28.0 eV (I). In YbBq, we can see several peaks that corre-
spond to those of EuB;. Both EuBg and YbBg have a
characteristic structure below 4 eV that is different from
LaBg, but the other structure is almost the same as that
of LaB¢. This fact confirms that the main profile of the
spectrum of the divalent R B, compound is determined by
the similar interband transition from the boron 2s and 2p
bonding states to the boron 2s and 2p antibonding states
and to the rare-earth 5d state with trivalent RBg. It is
clear that the boron 2s and 2p bonding and antibonding
band structure does not depend on the valence of rare-
earth ion nor the energy position of the Fermi level.
Therefore we expect the same absorption structure in all
RBg’s. On the other hand, the 5d level is pushed up by
about 1-2 eV relative to the boron 2s and 2p bands. This
causes the overlapping of the boron 2s and 2p bonding
bands and the conduction band is nearly zero and thus
puts the Fermi level at the top of the valence band. Be-
cause of the insulator character, some exciton peaks are
expected. Based on the above picture we analyze the
data for EuBg and YbBy in detail compared with LaBy.
At first, we discuss the common structures seen in LaBy,
EuBg, and YbBg.

In LaBg, the origins of the B, C, and D peaks were at-
tributed to the transition from the boron 2s and 2p bond-
ing states to the La 5d (t,,) state. The corresponding
peaks (labeled d, e, and f) show the blueshift, respective-
ly, by 0.3 eV in EuB¢ and 0.7 eV in YbBy, as we expected.
It is also clear that another type of peak is overlapping at
the f- peak.

It seems that main part of the f peak is due to the tran-
sition from the occupied 4f to the 5d (t,,) states in Eu?*
and Yb2" for the following reason. The unoccupied 5d
(2,4) state of LaBg is located at about 5 eV above the Fer-
mi level. The Fermi level of EuBg and YbBg is located at
the lower energy position by 1-2 eV than that of LaB
relative to the boron 2s and 2p bands. The occupied 4f
level of both materials stays about 1-2 eV below the Fer-
mi level according to the photoelectron data by Taka-
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kuwa et al. for EuBg (Ref. 22) and Iga et al. for YbBg.2
Considering the blueshift of about 1 eV in the 5d level
from LaBg to these divalent R Bg’s, the energy separation
between the occupied 4f and the unoccupied 5d (235)
states is expected to be about 9 eV in both materials.
This energy separation is consistent with the observed en-
ergy position of the f peak. Furthermore, the strong ab-
sorption intensity is consistent with the large oscillator
strength of the intra-atomic 4f-5d transition as estimated
before.’ The f peak in YbB; has a doublet structure.
This is also consistent with the 4f spin-orbit doublet in
YbB of about 1 eV observed by UPS.?

Both EuBg and YbBg possess characteristic structures
below 4 eV which do not exist in trivalent RB,. The de-
tailed experimental®* and theoretical®® studies on europi-
um chalcogenide compounds EuX (X=0, S, Se, and Te)
give useful information for EuBy. First, we refer to EuX.

The Eu chalcogenides form NaCl-type crystal struc-
tures and Eu is divalent. Therefore the p band of the
chalcogen ion is occupied perfectly and the 5d band of
the Eu ion is unoccupied. The energy gap between the
valence (chalcogen p state) and the conduction (Eu 5d
state) bands is about 2—-5 eV. The occupied 4f level with
up-spin exists in the main gap. Therefore the lowest ab-
sorption band is due to the intra-atomic transition from
the 4f to the 5d states in the Eu ion. In the metallic
states in which some 5d bands are occupied, the created
4f hole is screened by other 5d band electrons and thus
the excited 5d electron is not trapped to the 4f hole but
makes a 5d band. Therefore in metals such as trivalent
R By, we observe the 4f-5d transition. In the insulator
such as EuX, the 4f hole is not completely screened and
thus the excited 5d electron is trapped to the 4f hole.
This is the magnetic exciton state studied in detail in
EuX.?*?> When the 5d electron is completely trapped at
the same ion as the 4f hole, all of the 4/-5d transition be-
comes an exciton. Because the excited 5d electron is,
however, usually extended to the neighbor sites, the 4f-
5d transition splits into the exciton peak and the transi-
tion to the 5d band in which the ratio of the exciton tran-
sition is proportional to the ratio of the excited 5d elec-
tron sitting at the 4f hole site, which is about a half in
EuX.

The same situation is expected in EuBg and YbBy.
However, the situation is more complicated because the
4f hole level overlaps with the top of the borons 2s and
2p bonding states and the 5d levels overlap with the lower
part of the boron 2s and 2p antibonding bands. This
means that the 4f-5d exciton and the boron 2s and 2p
bonding-antibonding excitons as well as the 2s and 2p
bonding-state—5d exciton coexist and interact with each
other forming more complicated exciton structures. Ac-
tually, this strong and complicated exciton structure is
observed both in EuBg and YbBg as the a, b, and ¢ peaks,
and is much stronger than the A4 peak in LaB,. It should
be noted that, compared with EuBg, the a and ¢ peaks in
YbB¢ have doublet structures with similar splitting as the
4 f spin-orbit splitting mentioned before. This fact seems
to suggest that the a peak is predominantly a 4f-5d (e, )-
type symmetry exciton of the fairly extending 5d (e,)

g
state and the ¢ peak is the 4f-5d (z,,) state of the local-
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ized character of the 5d (¢, ) state.

The E, F, and G peaks in LaBg also appear in EuBg and
YbBg in the nearly same energy region, although the E
peak overlaps with the peak structure due to the 4f-5d
transition as mentioned before and is thus not clear.

It is obvious that the k and / peaks are due to the tran-
sition from the 5p,;,, and 5p,,,, states, respectively, to
the 5d (1,, ) state which corresponds to the J and K peaks
in LaBg. The spin-orbit splitting energy between the
5pi1,, and 5p;,, states is about 4.5 eV in EuBg and 6.0 eV
in YbBg. In these spectra, it is seen that both the k and /
peaks have the doublet structure with an energy
difference of 1.5 eV in EuBg and 2.0 eV in YbBy4. This
splitting structure seems to be caused by the two-peak
structure of the 5d (z,,) band as mentioned before. Due
to the nonmetallic character of EuBg and YbBg, the
intra-atomic exciton character of the 5p-5d transition is
much clearer in the present materials causing a sharper
structure.

Loss-function spectra in Fig. 5 confirm the assignment
as mentioned above. It is obvious that peak 1 corre-
sponds to the plasmon of conduction electron. The ener-
gy positions of peak 1 of EuBg and YbB, are reduced
strongly from that of LaB¢ because the number of con-
duction electrons in EuBg and YbBg is much smaller than
that in LaB. Peak 2 shows the plasmon of the valence
band including the occupied 4/ band and peaks 3 and 4
show the transition or exciton from the 5p;,, and 5p,,,
states, respectively.

IV. CONCLUSIONS

Reflectivity spectra of all rare-earth hexaborides R B,
(R=La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, and
Y), in which interesting valence fluctuating materials,
CeBg and SmBy, are involved, were measured in the ener-
gy region from 1 meV to 40 eV. The electronic state of
R B¢ was investigated by the analysis of the optical con-
ductivity and the loss-function spectra which were ob-
tained from the Kramers-Kronig transformation of the
reflectivity spectrum. The following results were ob-
tained. (1) For the trivalent R By including SmBy, LaBg
and YBg were chosen as the reference materials for the
light and heavy R B¢ without occupied 4f electrons, re-
spectively. From different spectra we can obtain the 4f
contribution. (2) Except for the 4f contribution, the ob-
served spectra could be explained very well by the LaBg
band calculation, in which the partial DOS for the boron
s and p and the rare-earth d and f are shown separately.
(3) It was shown that the boron 2s and 2p bonding and
antibonding bands seem not to change in all the RBg’s
even though the lattice distance changes. The calculated
JDOS between the boron 2s and 2p bonding and anti-
bonding bands has no remarkable peaks. This seems to
be consistent with the experimental results. The main
peaks are identified as the sharp peaks in the boron 2s
and the rare-earth 5d and 4f characters. (4) The spectra
of SmBy is essentially equal to other trivalent RBg’s ex-
cept for a small blueshift of the 5d bands. The spectra of
CeBy is essentially equal to other trivalent RBg’s. (5) It
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FIG. 7. The schematic figure of the electronic structure and optical transitions of LaBg and 4f state of GdBg estimated by the opti-
cal conductivity spectra in Figs. 2 and 4. The indexes 4 —M mean the optical transitions of the origin of the peaks 4 —M in Fig. 2.

was possible to identify the occupied 4f levels due to the
strong intra-atomic 4f-5d transition. They show a
smooth systematic change as expected, consistent with
the photoelectron results. On the other hand, the unoc-
cupied 4f level position was not so clearly observed due
to the weak intensity of the transition to this state. (6) In
the divalent semiconducting materials EuBg and YbBg,
strong complex exciton peaks were found at the absorp-
tion edge below 4 eV. These origins are thought to be the
mixture of the 4f-5d exciton and the excitons from the
boron 25 and 2p bonding state to the 2s and 2p antibond-
ing and the 5d states. The blueshifts of the 5d bands
from LaBg to EuB¢ and YbBg are also observed. In these
divalent RBg’s the occupied 4f levels were found at
about 1 eV below the Fermi level to the consistent with
other experiments. (7) In all RB’s the transition from
the 5p to the 5d (1,,) states was observed and the struc-
ture due to the spin-orbit splitting between the 5p; , and
the 5p, , states was clearly revolved in the spectrum.

From these conclusions, a schematic figure of the elec-
tronic structure and optical transitions of LaBg which
were estimated by the optical conductivity spectra was
shown in Fig. 7.
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