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Electronic Band Structure and Fermi Surface of CaB6 Studied
by Angle-Resolved Photoemission Spectroscopy
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We report high-resolution angle-resolved photoemission spectroscopy (ARPES) on CaB6. The band
structure determined by ARPES shows a 1 eV energy gap at the X point between the valence and the
conduction bands. We found a small electron pocket at the X point, whose carrier number is estimated to
be �4–5� � 1019 cm�3, in good agreement with the Hall resistivity measurement with the same crystal.
The experimental results are discussed in comparison with band structure calculations and theoretical
models for the high-temperature ferromagnetism.
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FIG. 1. Magnetization curve of CaB6 single crystal used in
the present study. Insets show the expansion of magnetization
In this Letter, we report results of high-resolution
ARPES on CaB6. We have experimentally determined

curve near zero field (lower right) and the electrical resistivity
as a function of temperature (upper left).
Ca1�xLaxB6 has attracted much attention because of
the anomalous ferromagnetism: (1) it contains no ‘‘mag-
netic’’ ions, (2) the Curie temperature (600 K) is remark-
ably high, but (3) the magnetic moment is extremely
small (0:07�B=La atom), and (4) the appearance of the
ferromagnetism is restricted to a very narrow doping
region [1,2]. Two different theoretical approaches to
understand the high-temperature ferromagnetism have
been proposed, the excitonic-insulator model [3–6] and
the low-density electron-gas model [7,8]. The former is
based on the electron-hole excitation (excitons) near the
Fermi level (EF) in a small region of the Brillouin zone,
which requires an intrinsic semimetallic nature of the
parent compound (CaB6). The overlap of an electron and a
hole pocket at EF is essential for the formation of excitons
in the model. The LDA (local-density-approximation)
band calculation has predicted the semimetallic nature
of CaB6 with a small overlap of an electron and a hole
band at X point in the Brillouin zone [9–11], in support of
the excitonic-insulator model. In contrast, the LDA�
GW band calculation has reported that a relatively large
energy gap opens at X point in CaB6 when the self-energy
correction is appropriately included in the calculation,
proposing that CaB6 is intrinsically semiconductive [12].

On the experimental side, there is also considerable
confusion regarding the metallic/nonmetallic nature of
CaB6. The semimetallic nature is supported by the me-
tallic resistivity [13,14], the de Haas–van Alphen signal
[13,15], and the plasma edge in the optical spectrum
[16–18]. On the other hand, NMR [19], angle-resolved
photoemission spectroscopy (ARPES) [20], and the ther-
mopower experiment [21] suggest that CaB6 is a wide-gap
semiconductor. In order to resolve the confusion in the
theory and experiment and to reveal the mechanism of the
high-temperature ferromagnetism in doped CaB6, it is
necessary to experimentally establish the electronic
structure near EF.
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the valence-band structure of CaB6 and compare the
results with the two different band structure calculations,
LDA [10] and LDA�GW calculations [12]. By using
ultrahigh resolutions in the energy and momentum, we
have succeeded in directly observing a small electronlike
spheroidal Fermi surface at X point in the Brillouin zone.
We found that the volume of the Fermi surface, namely,
the carrier number, shows an excellent quantitative agree-
ment with Hall resistivity measurement with the
same crystal. We compare the ARPES results with two
different theoretical models, the excitonic-insulator
model [3–6] and the low-density electron-gas model
[7,8], and discuss the possible mechanism of the anoma-
lous high-temperature ferromagnetism in doped CaB6.
CaB6 single crystals were grown by the floating zone

method. As shown in Fig. 1, the grown crystal shows a
weak but distinct ferromagnetic behavior at room tem-
perature as well as the metallic nature in the electrical
resistivity down to low temperature. We also performed
Hall resistivity measurements to compare with the
2003 The American Physical Society 027202-1
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ARPES result. ARPES measurements were performed
using a GAMMADATA-SCIENTA SES-200 spectrome-
ter with a high-flux discharge lamp and a toroidal grating
monochromator. The energy and momentum resolutions
were set at 20 meVand 0:01 �A�1, respectively. The crystal
orientation was determined by Laue x-ray diffraction
prior to the ARPES measurements. The crystal was
cleaved in situ along the (001) plane at 30 K in a vacuum
of 3� 10�11 Torr. The Fermi level of the sample was
referred to a gold film evaporated on the sample substrate.
We have performed ARPES measurements with six dif-
ferent cleaves/crystals and confirmed the reproducibility
of the data.

Figure 2(a) shows valence-band ARPES spectra of
CaB6 measured along the [100] (�X) direction with the
He I� resonance line (21.218 eV) at 30 K. Figure 2(b)
shows the expansion of the same spectra near EF.
Prominent structures in the valence-band ARPES spec-
tra, which show a systematic dispersion in the binding
energy of 1–4 eV, are ascribed to the B 2p-2s hybridized
states of B6 octahedron in the crystal. We also find addi-
tional small structures in the higher binding-energy re-
gion, also ascribable to the B 2p-2s states with a
relatively higher B 2s weight. In contrast, no or negligible
features are seen in the vicinity of EF in the intensity
scale of Fig. 2(a), although the expansion of spectra near
FIG. 2. (a) Valence-band ARPES spectra of CaB6 along the
�X direction in the Brillouin zone measured with He I�
photons (21.218 eV) at 30 K. Polar angle (�) referred to
the surface normal is indicated. (b) Expansion of the spectra
near EF.
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EF suggests a small structure around the X point. We
discuss this small structure in detail later.

Figure 3 shows the ARPES-derived ‘‘band structure’’
of CaB6, which is obtained by taking the second deriva-
tive of ARPES spectra in Fig. 2(a) after moderate
smoothing and plotting the intensity as a function of
the wave vector and the binding energy. The bright areas
correspond to the experimental bands. The dispersion of
experimental bands matches quite well with the perio-
dicity of the bulk Brillouin zone, suggesting that the
peaks/structures in the ARPES spectra originate in the
bulk electronic structure, in particular, from the high-
symmetry lines in the bulk Brillouin zone, �X and XM
[22]. The experimental result in Fig. 3 is consistent with
the previous ARPES study [20]. Figure 3 also shows
comparison of the ARPES-derived band structure with
two different band calculations, LDA [10] and LDA�
GW [12].

It is obvious that the LDA band calculation is shifted as
a whole toward EF with respect to the experiment,
although the gross feature in the band dispersions looks
similar. The fatal disagreement lies in the region near EF
at the X point, where the LDA calculation predicts a
dispersive band which forms a hole pocket at the X point
while the corresponding experimental band is situated far
away (about 1 eV) from EF at the X point. In contrast, the
LDA�GW calculation is found to be in good agreement
with the ARPES result; a highly dispersive band from
��X� to X�M� shows an almost perfect agreement, and a
relatively flat band near EF around the X point is quali-
tatively well reproduced in the calculation. The present
study unambiguously shows that the band structure ob-
tained by ARPES reflects the bulk property because
(1) the measured band dispersion periodicity matches
well with that of the bulk Brillouin zone, and (2) the
FIG. 3 (color). Experimental band structure of CaB6 along
the �X direction determined by ARPES. Bright areas corre-
spond to bands. LDA [10] and LDA�GW [12] band calcu-
lations are also shown by white and red lines, respectively, for
comparison.
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FIG. 4 (color). (a),(b) Plots of ARPES intensity near EF around the X point in two directions, MXM and �X�. (c) Location and
shape of Fermi surface of CaB6 determined by plotting the ARPES intensity integrated from �20 meV to �20 meV with respect to
EF. (d) Intensity map of jgradkn�k�j together with jgradkn�k�j cut along �X� (bottom panel) and MXM (right panel). Broken
yellow lines trace kF positions determined from the local maximum of jgradkn�k�j.
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carrier number estimated from ARPES shows a quanti-
tatively good agreement with the Hall resistivity mea-
surement. The latter will be discussed in detail later. Thus,
the present ARPES result shows that a large (1 eV) gap
opens between the conduction and the valence bands at
the X point in CaB6.

The next question is whether this energy gap is an
intrinsic semiconducting gap as predicted from the
LDA�GW calculation [12] or an energy gap created
by the formation of excitons (excitonic-insulator gap) as
proposed by the excitonic-insulator model [3–6]. Ac-
cording to the theory [3–6], the energy of the excitonic-
insulator gap is comparable to the transition temperature
of ferromagnetism, 600 K ( � 50 meV) [1,2]. In contrast,
as shown in Fig. 3, the observed gap has an energy of
1 eV, which corresponds to 12 000 K. This large difference
in the energy scale indicates that the 1 eVenergy gap at the
X point is an intrinsic semiconducting energy gap, not
due to the formation of excitons. A large energy gap
between the conduction and the valence bands has also
been suggested by the previous ARPES and x-ray spec-
troscopy [20].

The observed large semiconducting gap seems to ap-
parently contradict the metallic nature of the sample
shown in Fig. 1. However, this discrepancy may be re-
solved by the small structure near EF around the X point
as shown in Fig. 2(b). In order to study the detailed
electronic structure near EF, we have measured ARPES
spectra along many cuts in the Brillouin zone and found
that this small structure is localized around the X point.
Figures 4(a) and 4(b) plot the ARPES intensity near EF
around the X point in the two directions, XM and X�,
respectively, where we clearly find a small dispersive
feature indicating a small electronlike Fermi surface
centered at the X point. The ARPES intensity distributes
more widely in the X� direction than in the XM direc-
027202-3
tion, indicative of a spheroidal shape of the Fermi surface.
This is more clearly seen in Fig. 4(c) where the ARPES
intensity near EF ( � 20 meV with respect to EF) is
plotted in the two dimensional Brillouin zone. Fig-
ure 4(c) clearly shows that the CaB6 single crystal used
in the present ARPES measurement has a small electron-
like spheroidal Fermi surface elongated along the X�
direction centered at the X point. This means that the
CaB6 crystal is already doped, probably due to defects or
deficiencies in the crystal. In return, this small Fermi
surface gives the metallic nature to the sample, consistent
with the electrical resistivity shown in Fig. 1.

Next we estimate the volume of the Fermi surface,
namely, the carrier number, from the ARPES experiment.
Figure 4(d) shows the intensity of jgradkn�k�j, where
n�k� is the momentum distribution function defined
with the ARPES spectral intensity near EF integrated
from 50 meV above EF to 150 meV below EF. We have
estimated the Fermi vectors measured from the X point in
the XM and X� directions (ka and kb) by taking the
maximum point of jgradkn�k�j [23] as shown in
Fig. 4(d). They are 6:5� 10�2 �A�1 and 9:2� 10�2 �A�1

for the shorter (ka) and longer (kb) axes, respectively. By
assuming a perfect spheroidal shape, we have estimated
the volume of the Fermi surface to be 2:8� 10�3 of the
whole Brillouin-zone volume, which corresponds to the
carrier number of 3:9� 1019 cm�3. In order to indepen-
dently estimate the character and the number of carriers,
we also performed Hall resistivity measurements with the
same crystal as used in the ARPES measurement. It is
important to compare the ARPES result with the bulk
transport property. The Hall resistivity measurement
shows that the sign of the carrier is negative and the
number of the carrier at 30 K is 5:2� 1019 cm�3, which
shows an excellent agreement with the ARPES result. All
these indicate that the CaB6 single crystal used in the
027202-3
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present study has a small electronlike spheroidal Fermi
surface centered at the X point in the Brillouin zone and
the volume (carrier number) is �4–5� � 1019 cm�3.

Finally, we discuss possible mechanisms for the novel
ferromagnetism in doped CaB6 based on the present
ARPES results. The band structure determined by
ARPES (Fig. 3) clearly shows that a large (1 eV) intrinsic
gap opens between the conduction and the valence bands
at the X point in the Brillouin zone. This is in sharp
contrast to the essential starting point of the excitonic-
insulator model [3–6], which assumes overlap of an elec-
tron and a hole pocket at EF. The 1 eVenergy gap is hardly
accounted for in terms of the formation of excitons. In
contrast, the present ARPES results seem to favor the low-
density electron-gas model [7,8]. In fact, the obtained
carrier density [�4–5� � 1019 cm�3] lies in the predicted
polarized-fluid region (1018–1020 cm�3) between the
Fermi-liquid and the Wigner-crystal regions [7,8]. A re-
maining problem is how the electrons in the small Fermi
surface with a strongly anisotropic t2u molecular-orbital
nature give rise to the high-temperature ferromagnetism
as almost free electrons in the low-density electron-gas
model [7,8].

In conclusion, the present ARPES study on CaB6 has
revealed a large (1 eV) intrinsic energy gap at the X point
between the conduction and the valence bands as well as a
small electronlike spheroidal Fermi surface at the X
point. The experimentally determined band structure as
well as the 1 eVenergy gap are in good agreement with the
LDA�GW band calculation [12], but not with the LDA
calculation [10]. The absence of overlap of an electron and
a hole Fermi surface in CaB6 strongly suggests that the
ferromagnetism in doped CaB6 is not accounted for by
the formation of excitons [3–6]. The estimated carrier
number in the small Fermi surface at the X point lies in
the region where the spin polarization of electrons is
predicted in the low-density electron-gas model [7,8].
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