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FT Raman Spectroscopy of Some Metal Hexaborides
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Fourier-transform Raman (FT) spectra of single-crystal LaB6

and SmB6 and of sintered EuB62XCX (X+0.1) were measured at
room temperature. For excitation a Nd:YAG laser with about
2 W irradiation power was used. The spectra exhibited many
more details of the phonon densities of states than those obtained
with conventional Raman spectroscopy by other authors. In
particular two low-energy peaks were found at 104 and 204
cm21, which can be easily attributed to the acoustical and the
lowest optical branches. The FT Raman spectra of LaB6 agree
well with the phonon densities of states determined by other
experimental methods and theoretical calculation, while for
SmB6 a considerable softening of the optical modes is observed,
which is probably due to nonlinear effects in consequence of the
high excitation power used in the FT Raman spectrometer.
( 1997 Academic Press

INTRODUCTION

Octahedral B
6

clusters and single transition elements
form the CsCl-type crystal structure of the metal hexabor-
ides. Their representatives are mostly metals and sometimes
semiconductors. They exhibit interesting physical phe-
nomena like intermediate valency, superconductivity, dense
Kondo systems, and anomalous magnetism. Some MB

6
compounds belong to the best thermionic materials. For
reviews see, e.g., (1, 2) and references therein.

To determine the relation between electronic properties
and lattice dynamics a detailed knowledge of the phonon
spectra is necessary. Ishii et al. (3) determined the A

1g , Eg ,
and F

2g vibration modes of the B
6

octahedron of EuB
6

and
GdB

6
by Raman scattering; Mörke et al. (4) found addi-

tional single lines in the Raman spectra at 214 cm~1 for
LaB

6
and at 172 cm~1 for SmB

6
. Crystal defects are as-

sumed to break the selection rules for Raman scattering in
these cases. Phonon dispersion curves and phonon densities
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of states were calculated by Schell et al. (5, 6) and compared
with phonon densities determined by inelastic neutron scat-
tering. Point contact spectroscopy yielded the whole
phonon spectrum of single crystal LaB

6
(7). The dispersion

curves of acoustical and optical phonons were determined
for La11B

6
and 154Sm11B

6
by inelastic neutron scattering

(8, 9)
Using the same experimental method Smith et al. (10)

determined the dispersion curves of acoustic and optical
phonons of La11B

6
, and they measured the specific heat of

LaB
6

and YbB
6

as a function of temperature. An improved
density of states calculation was reported by Gompf et al.
(11) Schneider et al. (12) determined the phonon density of
states from electron tuneling experiments into supercon-
ducting YB

6
.

In this paper we present Fourier-transform (FT) Raman
spectra of LaB

6
, SmB

6
, and EuB

6~X
C

X
(X+0.1), which

show many more details of the phonon densities of states
than the previous Raman measurements, in particular in the
case of LaB

6
.

SAMPLE MATERIAL

The LaB
6

and SmB
6

single crystals were grown by the
induction zone melting method. The source borides used
were obtained by the reduction of high-purity oxides of the
correspondent metals with amorphous boron. According to
the chemical analysis the composition of the zone-melted
LaB

6
is slightly shifted to the boron deficite side; SmB

6
is

close to the ideal stochiometric composition. The existence
of defects in the metal and boron sublattices cannot be
excluded.

The EuB
6~X

C
X

(X+0.1) samples (ESK Kempten)
were prepared by sintering (13) leading to pellets of nearly
theoretical density. The carbon atoms are assumed to sub-
stititute for boron in the octahedra thus diluting the lattice.
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Accordingly the carbon content was derived from the lattice
constants determined by X-ray diffraction (14).

EXPERIMENTAL

For the measurements a commercial FT Raman supple-
ment equipment of the FTIR spectrometer 113v (Bruker,
Karlsruhe) was used. It contains a Nd:YAG laser (1.07 lm
"1.16 eV)) as the excitation source. This laser allows
powers up to 4 W. The measurements were performed
largely in back scattering geometry with an incident power
of about 2.5 W/mm2 of the laser at the sample. The rise in
temperature caused by this excitation was negligible in the
case of LaB

6
and SmB

6
and about 50 K in the case of

EuB
5.9

C
0.1

probably because of porosity.

RESULTS

Figures 1a—1c show the FT Raman spectra of LaB
6
,

SmB
6
, and EuB

6~X
C

X
(X+0.1); the spectral resolution is

2 cm~1. To reduce the noise of the interferograms large
FIG. 1. FT Raman spectra of (a) LaB
6
, (b) SmB

6
, and (c) EuB

5.9
C

0.1
.

The attribution of the peaks at 0.984 eV in SmB
6
, and EuB

5.9
C

0.1
to

carbon luminescence is provisional only (see text).
numbers of interferometer scans were averaged, before the
Fourier transformation was performed (2000 for LaB

6
,

10,000 for SmB
6
, and 1000 and 7000 respectively for

EuB
5.9

C
0.1

). For LaB
6

the comparison of the Stokes and
anti-Stokes ranges of the FT Raman spectrum confirms the
fine structure of the Raman band at 110 cm~1.

Compared with the results of Mörke et al. (4) our spectra
obtained on LaB

6
and SmB

6
show distinctly broader A

1g,
Eg , and F

2g bands though the resolution of our spectra is
four times higher than theirs (2 and 8 cm~1 respectively).
Accordingly this broadening must be attributed to physical
reasons within the materials investigated. These physical
reasons could have their origin either in the quality of
crystals or in the method of measurement, which could lead
to non-linear effects because of the high excitation intensity.
The clarification of this question requires further investiga-
tions. Otherwise some more detailed structures of the al-
ready known bands and some additional weak bands can be
seen in our FT Raman spectra. In particular our spectra of
LaB

6
and SmB

6
exhibit two strong structured Raman

bands in the range of the acoustical and low-frequency
optical phonons, while in the spectra of Mörke et al there is
only one weak band, each. However, in the Raman spec-
trum of EuB

5.9
C

0.1
the position of the acoustical phonons

can be at best guessed from some weak but obviously
reproducible structures in that range.

DISCUSSION

For LaB
6

the FT Raman spectra can be compared with
results on the phonon densities obtained by other methods.
Figure 2 shows the comparison with the phonon branches
determined by inelastic neutron scattering on La11B

6
by

Smith et al. (10). This allows the attribution of the 104 cm~1

Raman band to the acoustical phonon branch at the bound-
ary of the Brillouin zone and of the 204 cm~1 band to the
lowest optical phonon branches at the ! point. At least
some of the weaker density of states maxima of these
branches at the boundary of the Brillouin zone are discern-
ible in the FT Raman spectrum.

In Fig. 3 the FT Raman spectra are compared with the
density of states derived experimentally from inelastic neu-
tron scattering by Schell et al. (6), determined by point
contact spectroscopy by Samuely et al. (7) and theoretically
calculated by Schell et al. (6) and Gompf et al. (5). In
particular at low energies the agreement is quite good in all
cases. According to the authors the neutron scattering ex-
periments failed at higher energies. The two theoretical
calculations fit the different phonon bands differently well.
The agreement with the point contact spectrum is quite
good; only the double peak at about 1100/1200 cm~1 is
shifted.

Mörke et al. (4) assume that the selection rules forbidding
Raman scattering of phonon modes apart form those, which



FIG. 2. Low frequency part of the FT Raman spectrum of LaB
6

compared with the phonon branches obtained on La11B
6

by inelastic neutron
scattering reproduced from Smith et al. (10) (the results for all crystallographic directions are collected in the diagram).
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are Raman active for symmetry reasons, are lifted in their
samples because of crystal defects. Obviously in our spectra
of LaB

6
and SmB

6
the selection rules are considerably more

lifted. We attribute this to the very strong optical excitation
FIG. 3. Entire phonon spectrum of LaB
6
. (a) FT Raman spectrum compa

circles, density of states determined by inelastic neutron scattering (reproduce
Schell et al. (6); and broken line, theoretically calculated by Gompf et al. (5
density. Probably similarly to the icosahedral boron-rich
solids, the boron cages are distorted because of an elec-
tron—phonon interaction of optically excited carriers. How-
ever, it is surprizing that in the FT Raman spectra of
red with point contact spectrum reproduced from Samuely et al. (7). (b) Solid
d from Schell et al. (6)); solid line, theoretically calculated density of states by
).



FIG. 4. Low frequency part of the FT Raman spectrum of SmB
6

compared with the phonon branches obtained on 154Sm11B
6

by inelastic neutron
scattering reproduced from Alekseev et al. (8, 9) (the results for all crystallographic directions are collected in the diagram).
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EuB
5.9

C
0.1

, despite the crystal defects doubtlessly intro-
duced by the carbon atoms substituting for boron in the
octahedra, the acoustical phonons can be guessed at best.

For SmB
6

there is a considerable difference between the
phonon resonance frequencies obtained from the FT
FIG. 5. Entire phonon spectrum of SmB
6
. Full lines, FT Raman spectru

reproduced from Moerke et al. (4); and dotted line, inelastic neutron scatter
Raman spectrum and the phonon dispersion curves ob-
tained by inelastic neutron scattering on 154Sm11B

6
by

Alekseev et al. (8, 9) (see Fig. 4). While the acoustical
phonon branch is exactly confirmed, the next maximum in
the FT Raman spectrum, which is obviously to be attributed
m (present work); broken line, conventionally measured Raman spectrum,
ing, reproduced from Alekseev et al. (9).
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to the lowest optical phonon branch, is distinctly shifted
toward lower frequencies compared with the density of
states maximum at f"0 of the neutron scattering results.
This is confirmed for the phonons at higher frequencies as
well: Compared with the Raman spectrum obtained by
Moerke et al. (5) all the FT Raman peaks are considerably
shifted toward lower frequencies (see Fig. 5) In this spectral
range Alekseev’s results obtained by inelastic neutron scat-
tering seems to exhibit peaks at intermediate positions be-
tween both Raman results. It seems that in intermediate
valent SmB

6
the well-known phonon softening depends

considerably on the actual condition of measurement. In
particular the high excitation intensity in the FT Raman
equipment enhances this phonon softening in SmB

6
con-

siderably.
In the spectra of SmB

6
and EuB

5.9
C

0.1
there are distinct

narrow peaks at 0.984 eV, while there is no such peak in the
spectrum of LaB

6
. We attribute this peak provisionally to

the luminescence of carbon, because its intensity roughly
agrees with the carbon content in EuB

5.9
C

0.1
being

distinctly higher than in SmB
6
, and because a strong

luminescence line due to a carbon complex in silicon at
almost the same energy (0.969 eV) is known (see (15)). Of
course, the final attribution requires further systematic in-
vestigations.
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