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Optical conductivity {¢) and photoclectron spectrum of rare-earth hexaborides were measured at room temperature to

investigate its electronic structure.

The origin of the peak structure in the g-spectrum due to the interband transition of

irivalent rare-earth hexaborides and SmB, was analyzed with an aid of ihe photoeleciron data. In the photoelectron spec-

irum of YbB,, clear peak structure due to the trivalent Yo' siate (47
configuration). The gap energy in the divalent state was estimated to be

~14

main peak due to the divaleni Yo" state (4/

1% configuration) was resolved in addition to the

0.5 ¢V from the sharp rise in the o-specirum of which magnitude is comparable with the gap energy determined from the

photoelectron data.
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§1.

Rare-earth hexaborides (RBg) crystallize in the CsCl
type in which the octahedron molecule of B replaces Cl
and rare-earth atom (R) occupies the Cs-site. According
to the calculation of the molecular orbital struciure of
the RB," the 25-2p bonding and nonbonding states form
the main part of the valence band, and the 252
antibonding state forms the main part of its conduction
band. In the trivalent RBq, the 5d electron (£, staie) sup-
plicd by the R ion comes across the ri energy (Er)
and becomes the conduction electron. The 47 state of the
R ion modifies this main band scheme and the grade of
the modification of the electronic band s by the

Tniroduction

K

structure
Af state gives rise to an interesting physical properiies
such as a valence Fluctuation {SmByg), 2 dense Kondo
state (CeBe) and so on, Recent theoretical work cn the
hand calculation of LaB¢® confirmed this band piciure.

Our interests on the peak structure in the g-spectrum
in the following three points: (1) the structure
in the far-infrared region due to a gap formation of SmBs
at low temperature, (2) an anomalous infrared absorp-
tion which have been recently found io exist in common
with all trlvalent RBs compounds together with Smie at
the energy region of 0.5-0.7 ¢V, and (3} the interband
transition in the vacuum ultraviolet region which gives us
information on its overall electronic i

-

band structure.
The discussion on the first point (1) will be given in a
separated paper. The discussion on the second point (2}
has been already given in a separated paper.” In the pre-
sent paper, we report our recent analysis of the ex-
perimental results on (3) obtained from the optical con-
ductivity and the relevant photoelectron measurements.

§2.

a. Sample

Single phased crystals of rare-earth hexaboraides were
grown by a floating zone method. The sample surface for
the reflection measurement was mirror-polished with car-
bhorundum and alumina powder. The surface for the

Experimental

vacuum ultraviolet photoelectron (UPS) measurement
was cleaned by filing work in an ultra high vacuum sam-
ple preparation chamber (<1 % 1079 Torr} just before
the measurement so that the oxygen O2p signal at the
binding energy of eV disappeared.

b. o- and UPS specirum

Reflectivity measurement was done in a wide energy
range 3 meV-40 eV at 300 and 9 K. The observed refiec-
tivity spectrum was exirapolated by each conventional
function in the both energy sides: in the lower energy
below 3 meV by a metallic reflectivity and in the higher
energy region above 40 eV by a damping function propor-
tional to w " to obtain a o-spectrum by a Kramers-
Kronig (K-K) transformation.

Spectrum in the far-infrared region was measured ai
the synchrotron radiation (SR) facility, the UVSOR of
the Institute for Molecular Science using a Martin-
Puplett type Fourier spectromeier. The signal was
detected by Ge or InSb bolometer. The reflectivity spec-
irum in the 4-40 eV region was measured at the beamline
1B and the UPS spectrum with the energy resolution of
0.3 eV was measured ai the beamline 2B of the SR fa
ty, the SOR in the Institute for Solid State Physics, the
University of Tokyo. The SR light for the reflectivity
measurement in  the vacuum  uliraviolet  was
monochromatized by a 1 m Seya-Namioka type
monochromator and its intensity was detecied by a
photomultiplier. The reflectivity spectrum in the in-
termediate energy region between the far-infrared and
the vacuum ultraviolet measured by an usual spec-
troscopic system in the laboratory using conventional
light sources and detectors. The energy resolution
(dE/E) was kept less than 5% in the whole energy
region.

ifi-

§3. Resulis and Discussions

(i) Elecironic structure of irivalent RBs and SmBs
Figure 1 shows the o-spectrum of trivalent RB¢ and

SmB obtained by the K-K iransformation of each reflec-
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Fig. 1. Optical conductivity spectra of trivalent rare-earth hexa-
borides and SmBy at 300 K.

tivity spectrum. The sharp dip at 2 eV in the o-spectrum
is a so-called ‘‘plasma-window’’ which corresponds to an
onset of an absorption due to a plasmon excitation in a
metal. The lower energy part below the plasma-window
corresponds to a metallic reflectivity, a so-called Drude
reflection. The plasma-window for all trivalent RBg was
found at the almost same energy. This means that the
rare-earth 5d(FE,) state which forms the conduction band
exists at the almost same energy position across the Eyp
nearly independently of the R ion. The effective electron
number contributing to the conductivity in LaBe was esti-
mated to be almost one per unit cell? if we take the effec-
tive mass of 0.7 m, which is consistent with the band
mass obtained by the dHvA measurement.?

In the g-spectrum of LaBs, eleven peaks were resolved.
They are the A-peak (at 3.5eV), B(5.3¢eV), C(6.8¢eV), D
(9.0eV), E (11.0eV), F (12.5eV), G (15.0eV), H (18.0
eV), 1(21.0eV), J (23.5¢V) and K (25.5 V). The origins
of these peaks were assigned as Follows with the aid of
the results of the band calculation,? its density-of-state
(DOS) spectrum on LaB¢” and the relevant UPS measure-
ment.

a. Onthe A, E, G and I peak

As mentioned in §1, the overall electronic structure of
the valence and the conduction band of RBs are deter-
mined by the boron network. Therefore, the peak of
which energy position is almost insensitive to the sort of
the R ion can be attributed to the intra-atomic transition
of boron and to the rare-earth 5d(1,,) from the boron 2s-
2p bonding state. According to the recent band calcula-
tion on LaBg,>” the peaks in the DOS spectrum of the
boron 2s-2p bonding state distributes at 0-10 eV region
and the 5d at 4-5 eV above the £¢. The all A, E, G and |
peaks are attributed to the intra-atomic interband transi-
tion of the boron 2s-2p bonding state to the boron 2s-2p
antibonding state.

b. On the B, C and D peak
First, the B and C peaks were assigned to be due to
the 2s-2p (boron)-5d (rare-earth) interband transition be-

T. NaANBA ef al. 101

cause the two peaks showed a gradual red shift of 0.5 eV
from La to Ho and a definite blue shift only in SmBs.
SmBs is a homogencous valence fluctuating compound in
which the ratic of Sm?* to Sm®" is about 4:6. In the
divalent Sm*" state, SmBs is a semi-conductor and conse-
quently the 5d state, which is crossing the Er in the
trivalent Sm** state, is pushed up apart from the Ey level.
This is the reason of the blue shift seen in SmBe. Similar
blue shift on the corresponding peaks was found also in
YbB, which is fundamentally divalent. The D peak also
was assigned to be due to the same interband transition
with the B and C peak because the transition energy of 9
eV is consistent with the energy separation between the
boron 2s-2p state at 5 eV below the Er and the rare-earth
5d (1) state at 4 eV above the Er in the DOS spectrum of
L&B(,.,S)

¢. Onthe Jand K peak

As seen in the figure, the energy position of the J and K
peak changes. The peak showed a large blue shift as the
rare-earth ion becomes heavier from La to Ho. We
measured the UPS spectrum of trivalent RBg to know the
initial state of the interband transition corresponding to
the J and K peak.

Figure 2 shows the energy distribution curves for LaB,
DyB¢ and HoBs at the excitation energy of 100 eV. The
data for LaBs agreed well with the data by Aono ef ¢l.9
In LaBs, the structure at the binding energy of 0-10 ¢V
region below the Fr are due to the structure in the DOS
spectrum of the boron 25-2p bonding and non-bonding
states. In LaBs, the peak ai 17 eV corresponds to the
5p3/2 core hole state and the peak at 19.3 eV to the 5p,,,
(spin-orbit doublet}. In the curve of DyBs and HoBs, the
two peak structure due to the spin-orbit splitting of the
4/ core hole state with its multiplet in the valence band
was resolved at 5.1 ¢V and 9.4 ¢V for DyBq, and at 6.2 eV
and 9.0 eV for Holis of which peaks exist overlapping
with the background spectrum composed of the boron
2s-2p bonding and non-bonding state barely seen in
LaBe. The peak at 23.1 eV for DyBg and at 24.1 ¢V for
HoBq are the 5p;,, state.

Figure 3 shows the plotting of the energy positions of

Photoelectron Intensity (arb.units)

L J j i i 1

50 20 1o 0
Binding Fnergy (eV)

Fig. 2. Photoelectron spectra of LaBg (a), DyBs (b) and HoBq; (c) at
300 K. Thick solid line in each curve shows the 5p;,, core hole peak.
Thin vertical line shows the £ position.
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Fig. 3. The energy posiiions of the 5py,, peak in the UPS spectrum of
some irivalent rarc-earth hexaborides againsi ithe peak positions of
the J peak in the g-spectrum of the corresponding compound. Bash-

ed line is drawn as a guide for the eyes.

the 5ps/, peak in the UPS spectram for cach RBs against
the energy positions of the J peak in the o-spectrumm of
the corresponding RBs. The peaks in both specira show-

mm‘y smu (ZM th

ed an almost same amount of the

slope of the curve is nearly one) and

between the peaks in both spectra is
RBs. This means that (1} the J peak is
terband transition from Lhr* M\:@«
rare-carth 5d{d,) state
trum exists in common at a.bom

and (2) consequently the 54 state
of Lh@ J and X peak exists at the san

D T

comraon with trivalent RBq. This is cox
resuli of the g-spectrum showing t}
almost same in all trivaleni comp "‘ff“h@ ENergy
separation between the 503/2 aﬁa the 55, &w(;s agme& an
the J peak energy. The K peak is 2 spin-
5p core state because the energy separa
and K is nearly equal to the spin-o
the rare-earth 5p state for each RB;q

s}

rbit splitting en

d. On the
In the v-spectrum, the F pea
decreasing its intensity a
background intensity as t
La to Nd. We assigned {b?w‘ ‘
band transition corresponding to
cupied 41 It is known that
approaches to the Fr because of the
screening from the rare-carth aton
crease Of the number of the occu mc
the reason for such red-shift o
aumber m’" ‘he unoccupied 45 stam a
becomes heavier. This is the reason Tor
tensity
To know the energy }Q@oi
unoccupied 45 state in the ¢
pound, the BIS (b"emstr?‘l-
spectrum, which is powerful io

F peak

OCCup
mmbl@ e Ci

fstate.
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ation on an unoccupied band, was meas uma for LalBs,
TbBs, and DyBs by Suga ef al.” For LaBs an intense and
broad with the FWHM of 2.9 eV corre spondmg to the
unoccupied 4/ state was observed at 5.4 ¢V in addition t

e

the bro d 0@ iless background spectrum which is co
ms%‘ of the rare-earth 54 and boron 2s-2p antibonding
ban h eak position shifted towards the Fp with

&

d@cze@sﬁ,.,g th@ mwnsiay as the R ion becomes heavier
from La to Dy. From these results, the final staie of the
interband transition c@rfespondmg to the F peak is con-
sidered to be the unoccupied 4f state. That is, the F-peak
is the interband transition from the boron 2s-2p bonding
i which exists at 6 eV below the By in common with
Bs to the unoccupied 41 state.

il n

Flectronic struciure of YbBs near the Fermi leve!

YbBs is comnsidere J to be divalent compound which
shows in principle a semiconductor-like property. The
measured  eleciric  resistivity, however, is metallic
although the magnitude is smaller by the magnitude of
two order than trivalent RBe,® and the metallic behavior
has been considered o be due to the existence of the
small amount of the impurity like as a lattice defect. ]
low energy part of the optical conductivity spectrum of
YbBs at 300 K is shown in Fig. 4. The sharp peaks at 13.7
and 108.3 meV at 300 K arc due to the phonon absorp-
tion.” The plasma-window ai 0.5 eV in the reflection spec-
irum at 300 K did not change its position even as the tem-

perature decreased to 9 Ka The energy is smaller by the
factor of 4 than that of trivalent RB¢. Thercfore, the

number of the elecirons mmﬁ‘ouuﬂg to the conductivity
is more few by more than one order than a :yp?c”“
irivalent RB, if we assume the same effective mass {(m™)
for the conduction eleciron because the plasma-fre
quency {(w,), which gives a plasma-window, is given by
w ;,‘:/“ne N/m®*. Here, N is he number of the conduci-
ing electrons per unit volume. The fact that the w, is in-
ependent on the temperature means that the conduction

I

ectrons are not thermally excited one to the conduction
bam":i but the almost same amounts of u@ﬂduc ion elec-

‘rons with at 300 K exist even at the low termperature.
To know the electronic structure near he Fr of YbBs,

the UPS spectrum was measured at 300 K. The UPS spec-
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Fig. 4. The low energy part of the optical conductivity spectrum of
YbBg at 300 X. The dashed curves show the decomposition of the
spectrum into the Drude part and the interband transition part.
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tra of YbBs at the excitation energy of 32 and 100 eV are
shown by the curves (b) and (c), respectively, in Fig. 5.
The spectrum of LaB which is a good reference sample
to know the 4f contribution to the spectrum is also
shown in the curve (a). The Fy position was calibrated by
a usual way from the UPS spectrum of Au which was
measured in the same apparatus.

The curve for LaBg shows the DOS spectrum of the
boron 2s-2p bonding and antibonding state. The profile
of the UPS spectrum (b) of YbB; at the excitation energy
of 32 eV agrees well with that of LaBs. The existence of
the band gap for the 2s-2p state can be seen in the UPS
spectrum of LaBs and the magnitude agrees with the
result of the band calculation on LaBg.2® This means
that the boron 2s-2p bonding state does not change with
the sort of the rare-earth ion.

At the excitation energy of 100 eV which approaches
to the threshold energy of the 4d-4f transition, however,
the intense doublet structure appeared at the binding
energy of 0-3 eV overlapping with the 2s-2p state seen in
the curve (b). The intense doublet structure is due to the
spin-orbit pair with the multiplet structure of the core
hole state in the 4™ configuration of the divalent Yb?*.
The important point is the existence of the intense struc-
ture at the binding energy of 6-12 eV. We assigned their
peaks to be due to the trivalent Yb** state. If so, the ratio
of Yb** to Yb** is about 1:4 from the ratio of the crossec-
tional areas of the two bands. This value is coraparable
with that obtained by the similar way from the XPS data
given by Iga ef al.'” Iga et al. reported similar structure at
the same energy region in the XPS spectrum of YbBg and
concluded that the structure originates from the existence
of the Yb,0; compound which was trivially formed at
the surface due to the sample oxidization. In our case,
the sample was prepared in good conditions and we don’t
think that the peak structure at the 6-10 eV region is due
to the oxidization. Recently, the same structure was
reported by Kakizaki e /. in the UPS spectrum of
YbBs'" and they referred to the possibility that such struc-
ture at the binding energy of 6-12 eV region might be due
to the surface induced Yb’*(4f") state with multiplet
structure. Another type of experiment, for example,
Mossbauer isomer shift measurement will be useful to
determine if the trivalent Yb** exist as an intrinsic proper-
ty in YbBs.

Anyway, at present, we consider that the 4 felectron in
the major divalent state (4/' configuration) and the 5¢
electron in the minor trivalent state crosses the Fy level
and contributes to the metallic electric resistivity as well
as the Drude part of the g-spectrum of YbEBs.
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Fig. 5. The photoeleciron spectra of YbBg at 300K at the excitation
energy of 32 eV (b) and 100 eV (¢). For comparison, the spectrum of
LaBy at 300 K at the excitation energy of 32 eV is shown also in the
curve (a).
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