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Abstract

Phonon spectra of CaB6 and RB6 (R=Yb, Ce, and Pr) have been investigated by Raman scattering. We found clear spectral

difference between divalent cation hexaboride and trivalent one. Eg mode shows the doublet spectra for only the divalent crystals of

CaB6 and YbB6. The doublet spectra are understood by the two-dimensional charge distribution on B6 without lattice distortion. In

addition, the scattered intensities of the phonons change at around the ferromagnetic Curie temperature for YbB6 and at TC600K

for CaB6. These are the characteristic temperatures due to the change of the electronic system.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Young et al. have reported ferromagnetism in a La
doped Ca hexaboride with a small La concentration,
which has high Curie temperature in spite of a small
magnetic moment [1]. Ferromagnetism has been ob-
served even in the host crystal of CaB6 and in CaB2C2
[2]. However, recent experimental results claim that
ferromagnetism of CaB6 and CaB2C2 originated from
the small amount of iron compounds at the surface and
also the disappearance of ferromagnetism has been
already reported for the surface-removed Ca0.995
La0.005B6 by Kunii [3]. However, the possibility of
ferromagnetism is not completely excluded for CaB6,
because the observation of ferromagnetic transition at
150K has been reported for Yb1�xLaxB6 (0pxp0:006),
where YbB6 with a completely filled f 14 shell is
diamagnetic [4].
The appearing mechanism of ferromagnetism in these

crystals is quite different from a conventional one, since
the crystals do not contain transition elements. For the
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theoretical approaches, two different models have been
proposed: dilute electron gas model [5] and the exciton
condensate model [6]. In the latter model, the band
calculation concluded the existence of the overlap of the
electron- and hole branches at X-point in Brillouin zone.
This overlap suggests two-dimensional distortion of
electronic system.
According to the report by Akimitsu [2], the similar

properties between the CaB2C2 and CaB6 suggest that
the crystal structure of CaB6 is slightly distorted from
cubic structure to tetragonal one. Therefore, to check
the distortion, the measurement of the symmetry-
sensitive method is necessary. In this study, Raman
scattering measurements have been employed to clarify
whether CaB6 is distorted or not.
2. Experimental

The samples of the present study were prepared by the
following methods. Polycrystalline samples of CaB6
were grown by a solid-state reaction of CaO and B
powder. The powder mixtures were pressed into pellets
and sintered at 1650�C for 2.5 h in the reduction
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Fig. 1. Raman scattering spectra of RB6 (R=Ca, Yb, Ce, and Pr) at

room temperature in the (x þ y; x þ y) geometry. The asterisks,

arrows, and triangles are the additional peak, CEF excitations, and

anomalous low energy excitations, respectively.
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atmosphere. The sample characterization was done
by a powder X-ray diffraction, and the obtained
patterns have confirmed the single phase of the cubic
hexaboride structure. The Curie temperature of CaB6
was 650K, determined by the magnetic susceptibility
measurements.
The single crystal YbB6 was grown by a floating-zone

method using an imagefurnace with four Xe lamps [7].
Other single crystals of RB6 (R=Pr, Ce) were grown by
a floating-zone method [8].
Raman scattering spectra were measured by the

following multichannel detection systems. An Ar ion
laser operated at 514.5 nm with an output power of
10mW was used. We employed two different measure-
ments: the so-called macro- and micro-Raman systems.
The scattered light was analyzed by a triple mono-
chromator, and the analyzed light was detected by a
liquid N2 cooled CCD detector. In order to avoid a local
heating due to the incident beam, a He gas was
employed for both measurements of high and low
temperatures.
Three phonons are Raman-active for the hexaborides

with the cubic symmetry: A1g þ Eg þ T2g: These vibra-
tions are due to only B atoms (Fig. 2(c)), because Ca
atom is located on an inversion center. The assignment
of observed phonons is given by the following polariza-
tion dependence. A1g appears in the (x; x) geometry, Eg

in (x; x) and (x þ y; x � y), and T2g in (x; y), where x and
y correspond to [100] and [010] axes, respectively.
According to the theory [2,6], the most plausible
symmetry is tetragonal. In this symmetry, the Eg mode
in the cubic phase becomes A1g þ B1g:
3. Results and discussion

Fig. 1 shows the Raman spectra of RB6 (R=Ca, Yb,
Ce, and Pr) measured at room temperature. The
geometry of the presented spectra is (x þ y; x þ y),
where all Raman-active phonons in the cubic symmetry
appear. The valence of cation R for the upper two
spectra of CaB6 and YbB6 is divalent, and that for the
lower two spectra of CeB6 and PrB6 is trivalent. The
figure gives us the following remarkable difference
between the divalent and trivalent cation crystals; the
line shape of the Eg mode, the additional peak at about
1400 cm�1 marked by asterisks, crystal-electric-field
(CEF) excitations (arrows), and anomalous low energy
excitations (triangles). The Eg peak is doublet for only
the divalent crystals, while that is a very broad single-
peak for the trivalent ones. The other features of the
peak at 1400 cm�1, CEF and anomalous low energy
excitations are observed for RB6 with the trivalent
crystals. In addition, the line shape of the T2g peak is
asymmetric for rare-earth hexaboride with the trivalent
cation. For the CEF and anomalous excitations
observed below 500 cm�1, the detailed discussions will
be reported elsewhere [9]. In this paper, we report about
the high-energy excitations above 500 cm�1.
It is well known that trivalent rare-earth hexaborides

are monovalent metals. Actually, LaB6 is one of the
most typical monovalent metal [10]. SmB6 is a semi-
conductor and special compound since the 4f 6 and 4f 5

configurations in the Sm ions (4f 6 : 4f 5C3 : 7) [11–13].
On the other hand, non-magnetic divalent rare-earth
hexaborides such as YbB6 are known as a typical
narrow gap semiconductor [14]. These properties are in
good agreement with the band calculation [15]. There-
fore, the spectral difference between the divalent and
trivalent-cation hexaborides is caused by the difference
of electronic states.
Fig. 2 shows the polarization dependence of the

Raman scattering spectra of CaB6 and YbB6 at room
temperature. The spectra of CaB6 were measured by the
micro-Raman scattering from the rectangular-shaped
micro-crystal, 20� 10 mm. By this polarization depen-
dence, three strong peaks are assigned as phonon and
their corresponding irreducible representations are also
depicted in the figures. As described above, if the
doublet peak is due to tetragonal symmetry of CaB6, the
Eg mode should change to the A1g þ B1g symmetry.
However, the polarization dependence clearly shows
that both doublet peaks at B1150 cm�1 have the
symmetry of Eg: Thus, the doublet peak of the divalent
crystals is not caused by the change of the crystal
symmetry.
An isotope effect of B10 and B11 is expected as one

possible origin of the doublet structure. We have
evaluated the possibility of the selective isotope ordering
of B by the simple normal mode analysis, using the
reported force constants by Takegahara and Kasuya
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Fig. 2. Polarization dependence of Raman scattering spectra of (a)

CaB6 and (b) YbB6 at room temperature. (c) Ionic displacement of

three Raman-active phonons in the cubic symmetry.

N. Ogita et al. / Journal of Solid State Chemistry 177 (2004) 461–465 463
[16]. We have obtained that such ordering increases the
energy by 20–30 cm�1 for all phonon modes. Thus, the
doublet of Eg is not caused by such isotope ordering.
The atomic displacement of the Raman-active pho-

nons in the cubic symmetry is shown in Fig. 2(c). The Eg

mode is quite different from the other phonons, that is,
the displacement of two apical-B atoms is twice of that
of four planar-B atoms, while that is the same for A1g

and T2g: Such displacement of Eg works as the
anisotropic pressure for the B6 octahedron. We label
two Eg peaks by E1

g and E2
g for the lower- and higher-

energy peaks, respectively. The experimental evidence of
the doublet structure of the Eg peak confirms the
existence of different force constants caused by the
anisotropic charge distribution. If the charge distribu-
tion on B6 is two-dimensional pancake, such charge
distribution will affect on Eg strongly and on T2g

slightly. In fact, the spectral shape of T2g is slightly
doublet at low temperature. Furthermore, the intensity
ratio of E1

g to E2
gðIðE1

gÞ=IðE2
gÞC2Þ supports the two-

dimensional charge distribution on B6. Thus, from the
above discussions, the Raman scattering results of
the divalent hexaborides CaB6 and YbB6 suggest that
the electronic distribution of B6 is the two-dimensional
pancake type without lattice distortion.
To check this possibility, the Rietveld analysis has

been made for two models; isotropic charge distribution
on B6 molecule (cubic case) and anisotropic distribution
with slightly two-dimensional distortion (tetragonal
one). The obtained profile R-factor Rp was 6.43 and
6.35 for the cubic and the tetragonal case, respectively.
However, among several R factors, we have found the
better R factor for the cubic case than that for the
tetragonal one. At this stage, it is hard to judge which
model is appropriate by the Rietveld analysis. To
determine the final charge distribution, precise measure-
ment of X-ray analysis using single crystals is necessary.
Temperature dependence of Raman scattering spectra

of CaB6 is shown in Fig. 3(a) in the temperature region
between 13 and 850K. The presented spectra are
regarded as the average spectra of many micro-crystals,
since these spectra were measured by the macro-Raman
system. To see the temperature dependence quantita-
tively, the symmetric lorentzian fitting has been made
for E1

g ; E2
g and A1g: The energy and line width of the

phonons gradually change. However, as shown in Fig.
3(b), the intensities of A1g and E1g show the slope-
change around TC600K. We note here that the same
results have been obtained for the other sample with a
very small amount of ferromagnetism (0.033 emu/mol at
5K). Thus, the obtained phenomena are regarded as the
intrinsic property of CaB6. The results for YbB6 are
shown in Fig. 4. The energy and line width also
gradually change like CaB6. As shown in Fig. 4(b), the
peak intensity changes around 150K for YbB6, not at
600K. The temperature of 150K coincides with the
ferromagnetic transition temperature of YbB6 reported
by Iga et al. [4]. The intensity change gives us the
following knowledge. The change of the intensities
suggests the change of the electronic polarizability or
electronic state, because the Raman intensity is propor-
tional to the square of the electronic polarization
induced by the incident laser.
In the trivalent crystals, the above intensity change

has not been found and the broad single peak of Eg

suggests that the charge distribution is isotropic. Thus,
for the present phenomena for divalent hexaborides, the
two-dimensional charge distribution is important. As
the related experimental evidence of the characteristic
electronic distribution, we can point out the recent
results of the photoemission experiment. Tohoku group
and the Allen group observed the electron pocket at
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Fig. 4. Temperature dependence of (a) the phonon spectra, and (b) the

peak intensities of YbB6.

Fig. 3. Temperature dependence of (a) the phonon spectra, and (b)

the peak intensities of CaB6.
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X-point, instead of the overlap of electron and hole
branches [17,18].
In the relationship with ferromagnetism, we have found

the good correlation for YbB6, as described above. For
CaB6, the recent experimental research is suspicious for
the high Curie temperature. It is not easy to conclude the
correlation for CaB6, however, the change of electronic
state occurs at around 600K even for the samples with
very small ferromagnetism. The microscopic origin of the
change of electronic state is the remaining problem.
4. Conclusion

Temperature and polarization dependence of Raman
scattering spectra of CaB6, YbB6, and trivalent hex-
aborides have been measured. From the observation of
the doublet Eg peak and the change of peak intensity in
the divalent hexaborides of CaB6 and YbB6, it has been
concluded about the existence of the anisotropic charge
distribution without lattice distortion and the change
of charge distribution on B6. The appearance of
ferromagnetism may be correlated to this charge
distribution of B6.
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