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Electronic transport and thermal and optical properties of Ca1ÀxLaxB6
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We present a study of transport, thermal, and optical properties of stoichiometric CaB6 and La-doped CaB6.
For stoichiometric CaB6 a strong increase of the resistivity with decreasing temperature and anomalies in the
low-temperature behavior of the resistivity and the specific heat have been observed. The application of an
external magnetic field at low temperatures is shown to lead to an anomalous magnetoresistance in the case of
stoichiometric CaB6. The optical conductivity exhibits a strong doping dependence. Rather unexpectedly,
small changes in the chemical composition lead to significant changes in the electronic interband transitions in
the visible-UV spectral range. The relevance of our results with respect to the recently suggested excitonic
scenario for explaining the physical properties of alkaline-earth hexaborides is discussed.
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I. INTRODUCTION

Recent thermal and transport measurements on alka
earth hexaborides have revealed unexpected features in
physical properties.1–3 The most remarkable observation h
been that Ca12xLaxB6 with x'0.01, i.e., lightly doped with
electrons, shows an itinerant type of ferromagnetic ord
stable up to temperatures of the order of 600–900 K.1,3 Pre-
viously, SrB6 has been shown2 to be at the border separatin
semimetals from insulators. This finding was confirmed
band structure calculations revealing a very peculiar confi
ration of the electronic excitation spectrum,4 with a faint
overlap of the valence and conduction bands in a tiny reg
in k space around theX points of the Brillouin zone. The
discovery of weak ferromagnetism in the electron-dop
alkaline-earth hexaborides has renewed the theoretical in
est in magnetism at low electron densities,5 and particularly
in the so-called excitonic transition,6–9 where a semimeta
with a small overlap or a semiconductor with a small ba
gap can develop into an excitonic insulator involving a Bo
condensate of excitons.9 Weak ferromagnetism is then due
a spontaneous time reversal symmetry breaking upon d
ing.

The present work mainly aims at presenting additio
information on the stoichiometric binary compound CaB6 in
the absence of doping, and at discussing the physical p
erties of CaB6 in relation to an excitonic instability. As va
cancies are very likely to be present in hexaborides,10 special
precautions were taken to prepare material close to b
perfectly stoichiometric. Furthermore, doped CaB6 samples
~by La doping or via metal vacancies! have been studied to
obtain information on the effect of doping on an exciton
insulator.

II. SAMPLES AND EXPERIMENTAL METHODS

Different single-crystalline CaB6 samples have been in
vestigated. All of them were prepared by solution grow
from Al flux, using the necessary high-purity elements
PRB 620163-1829/2000/62~15!/10076~7!/$15.00
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starting materials. Hexaborides have the tendency to end
as boron rich by the formation of metal vacancies, but th
are essentially stoichiometric at the metal-rich pha
boundary.10 The sample of CaB6 that was investigated in
great detail in this study was prepared by starting the fl
growth synthesis with a mixture containing an extra amo
d of Ca. In the following this particular sample, which
close to being stoichiometric, is denoted as Ca11dB6. The
other samples that have been investigated include one C6

sample where the flux-growth synthesis was started with
an extra amount of Ca and therefore some metal vacan
are likely to be present. These defects are the most lik
cause of the enhanced conductivity of metal-deficient ma
rial. Furthermore, we studied two samples where 0.5%
1%, respectively, of the divalent Ca atoms had been
placed by trivalent La.

The electrical resistivity was measured between 35 m
and 300 K, using a four-probe low-frequency ac techniq
The measurements in magnetic fields were made usin
transverse configuration, i.e., with the external magnetic fi
HW applied perpendicularly to the direction of the electric
current IW. The specific heat was measured between 80
and 20 K, using a relaxation-type method. All our samp
for the resistivity measurements were platelets with rect
gular shapes and typical dimensions of 0.5 mm31 mm
35 mm. The samples for the specific heat and optical m
surements, always picked from the same batch as the sa
used for the resistivity measurements, had typical weight
the order of a few milligrams. Measurements of the mag
tization were performed using a commercial superconduc
quantum interference device~SQUID! magnetometer. For al
the measurements, conventional4He cryostats were used i
the temperature range above 1.4 K and a dilution cryosta
reaching temperatures below 1.4 K.

The optical reflectivity was measured in a broad fr
quency range, extending from the far infrared up to the
traviolet, i.e., from 15 to 105 cm21, and at various tempera
tures. The experimental setup has been described in deta
10 076 ©2000 The American Physical Society
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Ref. 2. The optical conductivity is obtained via a Krame
Kronig transformation of the reflectivity spectra, employin
the usual extrapolation schemes at low and h
frequencies.11

III. EXPERIMENTAL RESULTS

Most of the experimental results presented in this pa
were obtained for the Ca11dB6 sample. To our knowledge
this is the first study clearly demonstrating the quasisemic
ducting behavior of close to stoichiometric CaB6 material in
a wide temperature range below 230 K. Furthermore, exp
mental results on electron-doped CaB6 are presented.

A. Electrical transport

In Fig. 1 the resistivityr(T) of Ca11dB6 is plotted as a
function of the temperatureT on double logarithmic scales
The resistivity shows very pronouncedT dependences in dif
ferentT regimes. Below room temperature the resistivity fi
drops continuously, indicating a low but metallic conduct
ity. It reaches a minimum of 0.002V cm around 230 K, a
reduction of about 8% in comparison with the resistivity
room temperature. Below 230 K,r(T) increases by abou
four orders of magnitude and reaches a maximum
14.8 V cm at 0.4 K, below which a reduction of about 40
of the resistivity is observed. The temperature derivative
r(T), not presented explicitly, is positive above 230
negative between 230 K and 0.4 K, turning positive ag
below 0.4 K and finally tending to zero below 50 mK, th
indicating a nonzero constant conductivity close toT
50 K. The very high ratio of low-temperature to room
temperature resistivity of about 13104 may be interpreted a
an indication of a very low density of Ca sublattice vaca
cies. The inset of Fig. 1 shows thatr(T) varies asT3 for T
→0 K and the resistivity reaches a residual resistivity
r058.8 V cm. The magnitude of the prefactor of theT3

term is, at 730V cm/K3, enormous.
The influence of an external magnetic field on the res

tivity of Ca11dB6 below 1.2 K is illustrated in Fig. 2. The
data resulted from temperature scans at several mag

FIG. 1. r(T), the resistivity of Ca11dB6 as a function of the
temperature on double logarithmic scales. Inset:r(T3), emphasiz-
ing theT3 dependence of the electrical resistivity at very low te
peratures.
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fieldsH, i.e.,H50, 2.5 kOe, 5 kOe, 7.5 kOe, 10 kOe, and 5
kOe. It can be seen that the application of moderate exte
magnetic fields tends to suppress the decrease of the res
ity below 0.4 K. Below 0.15 K the resistivity can best b
approximated by the sum of two termsr(T)5r01bT3,
where bothr0 and b vary with the magnetic field. In the
inset of Fig. 2 the coefficientb is plotted versusH. The solid
line is a guide to the eye. The prefactor of theT3 term al-
ready decreases by an order of magnitude for modera
intense magnetic fields. Although not shown explicitly he
we note that the temperature of the maximum in the resis
ity, Tmax, for different applied magnetic fields between 0 a
10 kOe decreases asTmax(K) 50.39420.018H (H in kOe!,
i.e., linearly, as a function of the applied magnetic field.

In Fig. 3 the normalized magnetoresistance@r(H)
2r(0)#/r(0) of Ca11dB6 is plotted for three different tem
peratures 0.1, 0.25, and 0.4 K. The most pronounced va
tion of r(H) is observed at the lowest of these temperatur
For all three temperatures the magnetoresistance is pos
and shows a maximum around 13 kOe. This magnetic fi
corresponds approximately to the value where the coeffic
b in r(T) vanishes. At 100 mK the maximum of the no
malized magnetoresistance reaches 65%.

-

FIG. 2. r(T,H), the resistivity of Ca11dB6 as a function of the
temperature in a semilogarithmic plot for different applied magne
fields between 0 and 50 kOe. Inset: Field dependence of the pa
eterb of the equationr(T)5r01bT3 ~see text!.

FIG. 3. Magnetoresistance in a transverse configuration
Ca11dB6 for three different temperatures below 1 K.
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10 078 PRB 62P. VONLANTHEN et al.
The resistivity curve of the CaB6 sample where the flux
growth synthesis was started without an extra amount of
has previously been described by Paschenet al.12 It shows
an overall lower resistivity than the Ca11dB6 sample, and
has a rather complicated shape, i.e., the resistivity decre
below room temperature, passes through two minima an
maximum, and finally increases again toward the lowest te
peratures.

The doping of CaB6 with La has been shown1,3 to have
drastic consequences. In the inset of Fig. 4 the resistiv
r(T) of Ca12xLaxB6 with x50.5% andx51% are plotted.
Both samples show a metallic behavior below 300 K. In
case of x50.5%, the room-temperature resistivity isr
52.131023 V cm andr(T) decreases linearly as a fun
tion of temperature down to 80 K, where it starts to flatt
off, reaching a minimum value ofr51.631023 V cm
around 25 K; finally, toward the lowest temperatures, it
creases slightly again by about 0.5%. The application of
external magnetic field of about 30 kOe in a transverse c
figuration results in a suppression of the slight increase of
resistivity below 25 K, i.e., the resistivity around 1.5 K in a
applied magnetic field exceeding 30 kOe is the same a
zero field at 25 K. The second sample withx51% shows a
very similar behavior, with slightly smaller absolute valu
of the resistivity. In Fig. 4 the resistivity curves of the di
ferent CaB6 samples have been plotted for comparison
can be seen that a small amount of La doping induce
drastic change in the resistivity below room temperature. T
overall resistivity of the La doped samples is larger than
the Ca deficient crystal, most likely indicating that some d
order is induced by La doping.

B. Specific heat

In Fig. 5 we present our specific heat data for Ca11dB6 as
a function of temperature between 80 mK and 20 K. Bel
20 K, the specific heatCp(T) decreases with decreasing tem
perature as commonly expected. Below 1 K, however,
specific heat increases with decreasing temperature and,
reaching a maximum at 0.3 K, finally decreases again be
that temperature. The lattice contribution to the specific h
may, as usual, be evaluated by plottingCp /T versusT2 as

FIG. 4. r(T), the resistivity as a function of the temperature f
Ca11dB6 , CaB6 ~taken from Ref. 12! and Ca12xLaxB6 (x50.005
and 0.01). Inset: Part of the data plotted on a linear scale.
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shown in Fig. 6. The solid line, extrapolating to zero atT
50 and representing the low-temperature phonon spe
heat below 11 K, is compatible with a vanishing electron
contribution toCp(T) at temperatures above 8 K. The pl
reveals, however, a significant excess specific heat belo
K. From the slope of the solid line in Fig. 6, a measure of t
lattice contribution to the specific heat,Cph, we may calcu-
late the Debye temperatureQD , and we obtain QD
5783 K. The same plot reveals an excess specific heat
low about 7 K. The inset of Fig. 6 shows the low
temperature part ofCp /T below 0.5 K. It can be seen tha
Cp /T increases monotonically down to 0.15 K where it sa
rates at a value of approximately 7 mJ mol21 K22. The
cause of this excess specific heat is not clear at present
has previously been observed in a similar manner for SrB6,2

and is obviously also present in La-doped Ca0.995La0.005B6
~see Fig. 5!.

From the excess specific heat, the excess entropy belo
K may be calculated. It saturates around 8 K at a value
4.7 mJ mol21 K21, i.e., less than 0.1% ofR ln 2.

C. Magnetization

In Fig. 7 the magnetization versus applied magnetic fi
is plotted for Ca11dB6 and for a CaB6 sample with metal

FIG. 5. Low-temperature specific heat of Ca11dB6 and
Ca0.995La0.005B6 as a function of temperature between 80 mK a
20 K.

FIG. 6. Cp /T vs T2 for Ca11dB6 below 11 K. The solid
line represents the estimated lattice contribution to the spe
heat,Cph.
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PRB 62 10 079ELECTRONIC TRANSPORT AND THERMAL AND . . .
vacancies. The presence of metal vacancies in the C6
sample may be deduced from the electrical resistivity of t
particular sample, not shown here, which below 80 K
more than two orders of magnitude smaller than for
Ca11dB6 sample. The data shown for the CaB6 sample were
taken at 30 K and those for the Ca11dB6 sample at 2 K. The
sample with metal vacancies is ferromagnetic, as can cle
be inferred from the hysteresis loop in the magnetizat
curve. It has been verified that this hysteresis loop is es
tially temperature independent between 2 and 300 K. On
other hand, in the case of the Ca11dB6 sample, no trace o
ferromagnetism at any temperature between room temp
ture and 2 K could be observed. The tiny signal observed
the lower end of the covered temperature regime is of
order of the background signal. Naturally, the observat
that close to stoichiometric CaB6 does not reveal any ferro
magnetic order down to low temperatures is one of the
results of this work.

D. Optical properties

Figure 8 shows the reflectivity spectra of Ca11dB6 and
Ca12xLaxB6 (x50.5% and 1%! and the corresponding rea
part of the optical conductivity at 300 K. We have not fou
any significant temperature dependence in the optical spe
of these compounds between 300 and 6 K. A remarka
feature in the optical reflectivity of Ca12xLaxB6 is the ab-
sence of the plasma edge, seen at about 3000 cm21 in the
SrB6 compound~see Fig. 6 in Ref. 2!. Several absorptions
appear inR(v) of Ca12xLaxB6, notably a broad and very
intense peak at 150 cm21 and a weak but sharp signa
around 860 cm21, indicated by an arrow in Fig. 8~a!. Both
features are most likely related to phonon modes. The m
around 150 cm21 appears at a lower energy than t
200 cm21 expected from the mass renormalization of t
corresponding frequency in CsI,13 assuming doubly charge
ions. This type of estimate is quite successful for identifyi
this phonon mode of SrB6 ~Ref. 2! and EuB6.14 The mode at
860 cm21 reflects the intramolecular-type vibration of the
octahedra, typical for the hexaboride lattice.14 Besides these
phonon modes, two additional absorptions appear inR(v).
For Ca11dB6, there are two narrow features adjacent to
high-frequency tail of the optical phonon at 150 cm21 @see

FIG. 7. Magnetization per mole of compound versus appl
field for CaB6 and Ca11dB6. The data for CaB6 were taken at 30 K
and for Ca11dB6 at 2 K.
B
s

e

rly
n
n-
e

ra-
t
e
n

y

tra
le

de

e

inset of Fig. 8~a!#. Whereas for the 0.5% La-doped com
pound we clearly recognize two strong absorptions at ab
700 cm21 and 1200 cm21, these are quite damped an
broad for the 1% La-doped compound.

At this point we note that the results of reflectivity me
surements in the far infrared~FIR! on a Ca-deficient CaB6
sample are very similar to those obtained for Ca11dB6, al-
though the temperature dependences of the respective r
tivities r(T) are substantially different~see Fig. 4!. Quite
generally,R(v) is lower for the Ca-deficient crystal in th
visible and UV spectral ranges, where the electronic int
band transitions develop~see below!. Our spectra for both
CaB6 crystals are distinctly different from previously pub
lished results, obtained by Tsebulyaet al.15 on a CaB6 single
crystal in a limited spectral range and revealing the onse
a plasma edge around 3500 cm21. At present, we do not
know the origin of this discrepancy.

While Fig. 8~b! gives an overall view ofs1(v), Fig. 9
emphasizes the mid and far infrared spectral ranges.
central features of Fig. 9 are the absorptions at 700
1200 cm21, observed for 0.5% La-doped CaB6 and already
identified before in theR(v) spectra. Here it is more obviou
that these two absorptions are absent for Ca11dB6 and very
much damped for the material with a La concentration
0.01.

Figure 8~b! also emphasizes the spectral rangev
.104 cm21) of the electronic interband transitions, involv
ing mainly s-, p- and d-type bonding-antibonding bands.2,4

The overall trend and the main features are similar in
compounds. Quite remarkable and rather unexpected
however, the difference in spectral weight for the three m

d

FIG. 8. ~a! Reflectivity spectra and~b! the corresponding rea
parts of the optical conductivity s1(v) of Ca11dB6 ,
Ca0.995La0.005B6, and Ca0.99La0.01B6 at 300 K. Note the logarithmic
frequency scale. Inset: low-frequency part of the reflectivity spec
The arrow in~a! indicates a phonon mode~see text!.
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10 080 PRB 62P. VONLANTHEN et al.
terials above 13104 cm21. The small differences in chemi
cal composition cannot justifya priori such a remarkable
change of the electronic interband transitions at energy sc
above 10 000 K. Naturally, experimental artifacts, due
surface corrugation, surface oxidation, or surface segre
tion, might be expected. The surface scattering due to co
gation can be very important at wavelengths of a few m
crometers, while surface oxidation and segregation m
alter the electronic structure at the surface layers. Never
less, we tend to exclude those effects as the reason for
observation, because different samples with the same n
nal chemical composition from the same as well as ot
batches gave equivalent results.

IV. DISCUSSION

A. Resistivity and specific heat

In comparison with other measured resistivity curves
metal-deficient CaB6,1,12 our close to stoichiometric
Ca11dB6 sample shows a much strongerT dependence of the
resistivity and, as will be argued later, reveals
semiconductor-type behavior in an extended tempera
range. Semiconducting behavior of CaB6 has previously
been reported by Johnson and Daane.16 Their measuremen
were made on polycrystalline material and the resistiv
showed an exponential behavior as

r5r0 exp~e/2kBT! ~1!

only in the temperature range above 800 K, implying
activation energye50.4 eV. The authors argued that th
deviation from the exponential behavior at lower tempe
tures resulted from the fact that electron conduction due
impurity atoms was not negligible in comparison with co
duction due to thermally excited electrons. The room te
perature resistivity of CaB6 reported by Johnson and Daane16

is about two orders of magnitude higher than what we
serve for our single-crystalline specimens.

Most important for the understanding of the electron
properties of the alkaline-earth hexaborides is their pecu
electronic energy band structure in the vicinity of the Fer
energy. The calculations of Massidaet al.4 suggest a semi
metallic character, due to the overlap of an almost filled
lence band with an almost empty conduction band around

FIG. 9. Expanded view of the mid and far infrared spect
range for the optical conductivity of Ca0.99La0.01B6 ,
Ca0.995La0.005B6, and Ca11dB6.
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X point in the Brillouin zone. A local maximum in the va
lence band around theG point is responsible for a small pea
in the calculated total density of states at about20.3 eV.
Massiddaet al.4 argued that, due to the low concentration
carriers in the ground state, the high-temperature trans
will be dominated by thermally excited quasiparticles a
they tentatively identified the energy difference between
highest occupied state around theG point and the Fermi leve
with the activation energy of 0.4 eV quoted by Johnson a
Daane.16 However, it should be noticed that the details of t
band structure depend rather sensitively on the choice of
potential in the Kohn-Sham17 equation. Local density ap
proximation~LDA ! calculations4,6 yield a small band overlap
of aboutEG52200 meV at the Fermi energy around theX
point in the Brillouin zone, whereas the modified LDA1U
method yields a small band gap of aboutEG5150 meV.

Our measurements on Ca11dB6 reveal a strongT depen-
dence of the resistivity below 230 K, which is well illustrate
when plotting lnr vs T21 as in Fig. 10. If we assume that th
change in resistivity is due to a thermally activated proce
then a linear fit in the appropriate temperature regime p
vides, according to Eq.~1!, an estimate of the activation
energye. The dashed line in Fig. 10 represents such a fi
the temperature range between 170 and 70 K, leading to
activation energye5168 meV, or its equivalent in tempera
ture T51960 K. This activation energy is considerab
smaller than the calculated energy difference between
local maximum in the valence band around theG point and
the Fermi energy.4 Therefore we tentatively associate th
measured activation energy with a band gap at theX point of
the Brillouin zone.

The energy gap value ofe5168 meV for the Ca11dB6
material is rather close to the theoretical prediction of Zhi
mirsky et al.6 who, with a modified LDA1U calculation,
found a simple band gap with a value of 150 meV. Howev
a simple band gap seems not to be compatible with the
served properties at low temperatures discussed below.
therefore assume that our result has to be discussed i
excitonic scenario,6 where an originally overlapping ban
structure4 at theX point of the Brillouin zone develops into
an excitonic gap. Assuming this scenario to be valid,
attribute the measured gap of 168 meV to the excitonic
~see also Sec. IV B!.

l

FIG. 10. lnr vs T21 of CaB6 for temperatures between 5 an
300 K. The dashed line represents the exponential increase in r
tivity between 90 and 180 K.
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Both the low-temperature resistivity and the specific h
data indicate a crossover phenomenon occuring below 0.
The main characteristics are a strong decrease of the r
tivity below 0.4 K, aT3 dependence of the resistivity belo
150 mK, the suppression of the resistivity decrease by m
erate magnetic fields, and a maximum in the specific hea
0.3 K, with a subsequent decrease, linear in temperat
below 0.15 K. Similar features have previously been
ported for SrB6.2 Even though there is no understanding y
of the low-temperature behavior of the resistivity and t
specific heat in an excitonic scenario, it has be
conjectured6 that low-lying magnetic collective excitations i
the stoichiometric compound, which are the spin waves
the triplet exciton condensate, might be observed. We th
fore tentatively associate the low-temperature behavior in
resistivity and the specific heat with these low-lying ma
netic excitations.

We now turn our attention to the magnetoresistan
@r(H)2r(0)#/r(0) of the Ca11dB6 sample at temperature
below 1.2 K. Understanding the influence of applied ma
netic fields on the resistivity at low temperatures is n
straightforward. In the case of simple metals a positive tra
verse magnetoresistance is usually observed. For low app
magnetic fields a quadratic magnetic field dependence is
pected, whereas for high magnetic fields a saturation o
quadratic behavior may be observed, depending on the e
tronic orbits being closed or open.18 In our Ca11dB6 sample
two different regimes can be distinguished. First, the mag
toresistance increases very fast and already reaches a m
mum at about 13 kOe. At 100 mK this maximum can be
high as 65%. For higher applied magnetic fields the mag
toresistance decreases slowly, without reaching negative
ues in the covered magnetic field and temperature ra
This seems to imply two different contributions to the tran
verse magnetoresistance. In fact, we observe that up to
kOe the application of magnetic fields suppresses the re
tion of the resistivity~see Fig. 2! and the temperature depe
dence weakens, i.e.,b tends to zero~see inset of Fig. 2!.
Above 13 kOe, however, the entire resistivity curve bel
0.4 K shifts to lower values, implying a negative contributi
to the transverse magnetoresistance in our CaB6 sample.
Anomalous magnetoresistances have been observed p
ously in weakly disordered electronic systems in connec
with weak localization,19 but it seems very unlikely that thi
theory will apply in our highly ordered but weakly conduc
ing system. If we assume that the low-temperature prope
of Ca11dB6 are dominated by low-lying magnetic excitation
as mentioned above, the observed magnetoresistance m
then be due to the influence of the applied magnetic field
these excitations. To our knowledge, however, the influe
of external magnetic fields on the resistivity of a Bose co
densate of excitons has not yet been considered theoretic

A comparison of the resistivities of Ca11dB6 and La-
doped CaB6 reveals that at high temperatures, above 230
they exhibit a similar temperature dependence~inset of Fig.
4! and that only below 230 K is the behavior distinctly d
ferent. The low-temperature behavior of the resistivity
Ca11dB6, with a maximum around 0.4 K and a reductio
towards lower temperatures, is very different from the mu
smaller resistivity for La-doped CaB6, with a minimum
around 25 K and a small increase towards lower temp
t
K.
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tures. In the specific heat measurements, however, no ap
ciable differences were noted~see Fig. 5!. This observation
may indicate that the low-energy excitations of these syste
are not significantly affected by doping.

B. Optical data

Unlike the dc conductivity data, the optical spectra do n
reveal any dramatic change between Ca11dB6 and the La-
doped material. The enhanced metallic behavior of the
doped compounds is, as expected, confirmed by a slig
higher reflectivity in the far infrared, which allows a so
called Hagen-Rubens extrapolation usingsdc values in
agreement with the transport result~Fig. 4!. Even in the La-
doped samples the FIR phonon modes and the absorptio
700 and 1200 cm21 are strong enough to screen the plas
resonance so that a plasma edge is recognized in the re
tivity at frequencies lower than the phonon mode excitat
at 150 cm21. In the infrared the central features of the o
tical reflectivity of the 0.5% La-doped material~Fig. 8! are
the absorptions at 700 and 1200 cm21 ~87 meV and 150
meV!. These two absorptions are substantially damped in
1% material. It has been conjectured20 that these absorption
could be, within the excitonic scenario, the optical eviden
for the band gaps of minority and majority spin charge c
riers. It seems most surprising that at the same energie
evidence for absorption is observed in the Ca11dB6 data.
Instead, in the latter we observe two narrow absorptions
240 and 275 cm21, respectively@see inset of Fig. 8~a!#.
Even more puzzling is the fact that minor changes in
chemical composition provoke substantial variations
R(v). The origin of the two absorptions in the Ca11dB6
compound remains unclear at present. Our dc transport
optical data, together with the model of Zhitomirskyet al.,6

seem to imply the following scenario for stoichiometr
CaB6 and its La-doped alloys.

In the case of stoichiometric CaB6, the model
calculations6 suggest a single energy gap, the same
spin-up and spin-down quasiparticles. Evidence for this
ergy gap is clearly observed in the resistivity data withe
5168 meV, i.e., within 10% of the value following from
the theoretical interpretation6 of the optical data of the 0.5%
La-doped material. In the spectrum of stoichiometric CaB6,
the corresponding gap absorption seems to be hidden
broad background contribution tos1(v), which increases
almost linearly withv in this frequency region~Fig. 9!.

In the case of the La-doped CaB6, the model calculations6

suggest two energy gaps for small La doping, correspond
to the energy gap for spin-up and spin-down quasipartic
respectively~see Fig. 2 in Ref. 6!. The calculations seem to
overestimate the effect of doping. Figure 2 of Ref. 6 impl
that already at 0.7% La doping ferromagnetism should
quenched, in contradiction with experiment.1 In spite of this
deficiency of the model we use its implications for the fo
lowing brief discussion. In the optical conductivity two dis
tinct absorptions are observed. The one at about 1200 c21

~corresponding to 150 meV) may tentatively be associa
with the energy gap for spin-up quasiparticles. This ene
gap is very similar in size to the gap obtained from the
sistivity measurements of the Ca11dB6 sample, discussed
above. This is in agreement with the model of Ref. 6, su
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gesting an almost doping-independent energy gap for spin
quasiparticles. The absorption at about 700 cm21, however,
may tentatively be associated with the energy gap for s
down quasiparticles. Comparing the optical conductivities
the 0.5% and 1% La-doped samples, we note that for
higher La concentration the absorption is not only broade
but also shifted toward lower frequencies, in agreement w
the model calculations6 showing a reduction of the energ
gap for spin-down quasiparticles as a function of the dopi
The resistivity measurements of the La-doped CaB6 samples
seem to be dominated by extra conduction electrons,
observed in the optical data as a small Drude weight at z
frequency, such that the activation of additional charge c
riers is irrelevant and therefore not observed in the resisti
measurements.

V. SUMMARY

We have presented a study of transport, thermal, and
tical properties of CaB6 and La-doped CaB6, which illus-
trates the strong sensitivity of alkaline-earth hexaborides
n,
re

.
n

er
B

r,
up

-
f
e
d
h

.

so
ro
r-
y

p-

to

metal vacancies and doping. Close to stoichiometric Ca6
exhibits quasisemiconducting behavior in an extended t
perature range below 230 K. We tentatively associate
behavior with the opening of an excitonic gap at the Fer
energy of CaB6, as suggested by model calculations of Zh
tomirsky et al.6 Support for this approach is gained fro
measurements of the optical properties. In La-doped C6
two absorption peaks around 700 and 1200 cm21 are ob-
served, which may be the optical evidence for the band g
of minority and majority spin charge carriers. Furthermo
we tentatively associate the low-temperature behavior in
resistivity and the specific heat with low-lying magnetic e
citations in the Bose condensate of excitons.
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