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We present a study of transport, thermal, and optical properties of stoichiometrica@edR a-doped CaB
For stoichiometric CaBa 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 CaB. 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.

[. INTRODUCTION starting materials. Hexaborides have the tendency to end up
as boron rich by the formation of metal vacancies, but they
Recent thermal and transport measurements on alkalinere essentially stoichiometric at the metal-rich phase
earth hexaborides have revealed unexpected features in théisundary’® The sample of Cathat was investigated in
physical properties-® The most remarkable observation hasgreat detail in this study was prepared by starting the flux-
been that Ca.,La,Be with x~0.01, i.e., lightly doped with  growth synthesis with a mixture containing an extra amount
electrons, shows an itinerant type of ferromagnetic orders of Ca. In the following this particular sample, which is
sfcable up to temperatures of the order of 600—90b3ll?.re-. close to being stoichiometric, is denoted as, CiBs. The
viously, SrB; has been showro be at the border separating o samples that have been investigated include ong CaB

Eem(;mtetali from Ilns,lu[{ators. Th|s|_f|nd|ng was colr_lflrmedf_ bysample where the flux-growth synthesis was started without
r;cinonsorfuihueree(I::c(t:ruoﬁiLor:aiéiet\éﬁirlwng ae\éterré/ peit%u frf;i?wr: '9U31 extra amount of Ca and therefore some metal vacancies
P my are likely to be present. These defects are the most likely

overlap of the valence and conduction bands in a tiny region o -
. . o cause of the enhanced conductivity of metal-deficient mate-
in k space around th& points of the Brillouin zone. The

discovery of weak ferromagnetism in the electron-dopedlal' Furthermore, we studied two samples where 0.5% and

alkaline-earth hexaborides has renewed the theoretical inte?‘-%’ respectively, of the divalent Ca atoms had been re-

est in magnetism at low electron densiffesnd particularly ~ Placed by trivalent La.
in the so-called excitonic transitin® where a semimetal The €électrical resistivity was measured between 35 mK

with a small overlap or a semiconductor with a small bangnd 300 K, using a four-probe low-frequency ac technique.

gap can develop into an excitonic insulator involving a Bose! N Measurements in magnetic fields were made using a

condensate of excitorfaVeak ferromagnetism is then due to tEansverse configuration, i.e., with the external magnetic field
a spontaneous time reversal symmetry breaking upon dogd applied perpendicularly to the direction of the electrical
ing. currenti. The specific heat was measured between 80 mK

The present work mainly aims at presenting additionaland 20 K, using a relaxation-type method. All our samples
information on the stoichiometric binary compound GaB  for the resistivity measurements were platelets with rectan-
the absence of doping, and at discussing the physical proguular shapes and typical dimensions of 0.5 ¥in mm
erties of CaR in relation to an excitonic instability. As va- x5 mm. The samples for the specific heat and optical mea-
cancies are very likely to be present in hexaborffesecial  surements, always picked from the same batch as the sample
precautions were taken to prepare material close to beingsed for the resistivity measurements, had typical weights of
perfectly stoichiometric. Furthermore, doped Gamples the order of a few milligrams. Measurements of the magne-
(by La doping or via metal vacanciebave been studied to tization were performed using a commercial superconducting
obtain information on the effect of doping on an excitonic quantum interference devi¢8QUID) magnetometer. For all
insulator. the measurements, conventiorfade cryostats were used in
the temperature range above 1.4 K and a dilution cryostat for
reaching temperatures below 1.4 K.

The optical reflectivity was measured in a broad fre-

Different single-crystalline CaBsamples have been in- quency range, extending from the far infrared up to the ul-
vestigated. All of them were prepared by solution growthtraviolet, i.e., from 15 to 10 cm™ !, and at various tempera-
from Al flux, using the necessary high-purity elements astures. The experimental setup has been described in detail in

Il. SAMPLES AND EXPERIMENTAL METHODS

0163-1829/2000/625)/100767)/$15.00 PRB 62 10076 ©2000 The American Physical Society



PRB 62 ELECTRONIC TRANSPORT AND THERMAL AND . .. 10 077

Caq 5B L
ol U — —_ 1435 ] 16
12+
100¢
. = °® 800
£ ° e
G = g 8t & 600
g 1 £ - ® H=0kOe %
L < H=2.5k0e E 400
H=5kOe < 200
4 o H=7.5k0e = ]
102} ‘ | + H=10kOe % 5 10
1103 2109 + H=50kOe H{KkOe)
78 (K3 0 ) '
0 (K%) 10-1 109
10! 109 10! 102 TK

T(K
® FIG. 2. p(T,H), the resistivity of Ca, ;B¢ as a function of the

FIG. 1. p(T), the resistivity of Cq, sBs as a function of the temperature in a semilogarithmic plot for different applied magnetic
temperature on double logarithmic scales. Ingét3), emphasiz-  fields between 0 aqd 50 kOe. Inset:sFieId dependence of the param-
ing the T3 dependence of the electrical resistivity at very low tem- €ter 8 of the equatiom(T) =po+ ST~ (see text
peratures.

) o . ] fieldsH, i.e.,H=0, 2.5 kOe, 5 kOe, 7.5 kOe, 10 kOe, and 50
Ref. 2. The optical conductivity is obtained via a Kramers-yoe |t can be seen that the application of moderate external
Kronig transformation of the reflectivity spectra, employing magnetic fields tends to suppress the decrease of the resistiv-
the usu.al lextrapolauon schemes at low and hig ty below 0.4 K. Below 0.15 K the resistivity can best be
frequencies: approximated by the sum of two termgT)=py+ BT°,
where bothp, and B vary with the magnetic field. In the
ll. EXPERIMENTAL RESULTS inset of Fig. 2 the coefficiens is plotted versu#i. The solid

Most of the experimental results presented in this pape‘Jne is a guide to the eye. The prefactor of thé term al-
were obtained for the Ga ;B¢ sample. To our knowledge ready decrease; py an order of magnitude for 'rr}oderately
this is the first study clearly demonstrating the quasisemicon'—mense magnetic fields. Although not sh_own e_pr|C|tIy h_ert_a,
ducting behavior of close to stoichiometric Gamaterial in W& Note that the temperature of the maximum in the resistiv-
a wide temperature range below 230 K. Furthermore, experilys Tmax for different applied magnetic fields between 0 and

mental results on electron-doped Gade presented. 10 kOe decreases d%,(K) =0.394-0.0181 (H in kOe),
i.e., linearly, as a function of the applied magnetic field.

In Fig. 3 the normalized magnetoresistangpg(H)
—p(0))/p(0) of Ca ., sBg is plotted for three different tem-

In Fig. 1 the resistivityp(T) of Ca,, 5B is plotted as a peratures 0.1, 0.25, and 0.4 K. The most pronounced varia-
function of the temperatur& on double logarithmic scales. tion of p(H) is observed at the lowest of these temperatures.
The resistivity shows very pronounc&dlependences in dif- For all three temperatures the magnetoresistance is positive
ferentT regimes. Below room temperature the resistivity firstand shows a maximum around 13 kOe. This magnetic field
drops continuously, indicating a low but metallic conductiv- corresponds approximately to the value where the coefficient
ity. It reaches a minimum of 0.002) cm around 230 K, a B in p(T) vanishes. At 100 mK the maximum of the nor-
reduction of about 8% in comparison with the resistivity atmalized magnetoresistance reaches 65%.
room temperature. Below 230 Ka(T) increases by about
four orders of magnitude and reaches a maximum of 100
14.8 () cm at 0.4 K, below which a reduction of about 40%
of the resistivity is observed. The temperature derivative of
p(T), not presented explicitly, is positive above 230 K,
negative between 230 K and 0.4 K, turning positive again
below 0.4 K and finally tending to zero below 50 mK, thus
indicating a nonzero constant conductivity close To
=0 K. The very high ratio of low-temperature to room-
temperature resistivity of aboutd10* may be interpreted as
an indication of a very low density of Ca sublattice vacan-
cies. The inset of Fig. 1 shows tha(T) varies asT® for T 20¢ Loo o o o
—0 K and the resistivity reaches a residual resistivity of ° °
po=28.8 . .cm. The magnitude of the prefactor of tAé 0p-=== L 55 2 i

; 3
term is, at 730() cm/K®, enormous. H (kOe)

The influence of an external magnetic field on the resis-
tivity of Ca;, sBg below 1.2 K is illustrated in Fig. 2. The FIG. 3. Magnetoresistance in a transverse configuration of
data resulted from temperature scans at several magnetiy, , sB, for three different temperatures below 1 K.

A. Electrical transport
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FIG. 4. p(T), the resistivity as a function of the temperature for ~ FIG. 5. Low-temperature specific heat of ;GgBgs and
Cay, ;Bs, CaBy (taken from Ref. 1Ppand Ca_,La,Bs (x=0.005  Cag9d-ay 0B as a function of temperature between 80 mK and
and 0.01). Inset: Part of the data plotted on a linear scale. 20 K.

The resistivity curve of the CaBsample where the flux- shown in Fig. 6. The solid line, extrapolating to zeroTat
=0 and representing the low-temperature phonon specific

growth synthesis was started without an extra amount of C%eat below 11 K, is compatible with a vanishing electronic

has previously been described by Pascheal!? It shows el
b y Y contribution toC(T) at temperatures above 8 K. The plot

an overall lower resistivity than the Bg sample, and o o
y A:Bo b %veals, however, a significant excess specific heat below 7

has a rather complicated shape, i.e., the resistivity decreas F the sl fh lid line in Fia. 6 f1h
below room temperature, passes through two minima and a- . rom the siope ot e solid line In ™1g. b, a measure ot the
attice contribution to the specific hea,;,, we may calcu-

maximum, and finally increases again toward the lowest tem- .
peratures. late the Debye temperatur®,, and we obtain®p

The doping of CaB with La has been showr to have =783 K. The same plot reveals an excess specific heat be-

drastic consequences. In the inset of Fig. 4 the resistivitiel@XW about 7 K. The ins?t of Fig. 6 shows the l?]W'
p(T) of Ca,_,La,Bs with x=0.5% andx=1% are plotted. temperature part o€, /T below 0.5 K. It can be seen that

Both samples show a metallic behavior below 300 K. In theCD/T increases monotonically down to 0.15 K where it satu-

case of x=0.5%, the room-temperature resistivity js 'a1eS at a value of approximately 7 mJ mbK 2. The
=2.1x10"3 Q cm andp(T) decreases linearly as a func- Cause of.th|s excess specific hgat is not clear at present, but
tion of temperature down to 80 K, where it starts to flattenN@S Previously been observed in a similar manner for, SrB

off, reaching a minimum value op=1.6x10"2 Qcm and |s_0bV|oust also present in La-dopedyGsd-ag 0oBs
around 25 K: finally, toward the lowest temperatures, it in-(5€€ Fig. 3

creases slightly again by about 0.5%. The application of an From the excess specific heat, the excess entropy below 8

external magnetic field of about 30 kOe in a transverse conl-< may be C?lcﬂlf‘t‘?d' It saturates around 8 K at a value of
.7 mIJmol~K™ -, i.e.,, less than 0.1% dRIn2.

figuration results in a suppression of the slight increase of thé
resistivity below 25 K, i.e., the resistivity around 1.5 K in an
applied magnetic field exceeding 30 kOe is the same as in
zero field at 25 K. The second sample with 1% shows a In Fig. 7 the magnetization versus applied magnetic field
very similar behavior, with slightly smaller absolute valuesis plotted for Ca, ;B¢ and for a CaB sample with metal

of the resistivity. In Fig. 4 the resistivity curves of the dif-

C. Magnetization

ferent CaRB samples have been plotted for comparison. It 8 ‘ "

can be seen that a small amount of La doping induces a el ™,

drastic change in the resistivity below room temperature. The Z_g

overall resistivity of the La doped samples is larger than for o 6 EfT e

the Ca deficient crystal, most likely indicating that some dis- % £l

order is induced by La doping. 2 4l Ry . ‘
= 0.0 0.1 0.2
£ T2 (K2)

i =~
B. Specific heat }2 /
In Fig. 5 we present our specific heat data foy C#Bg as / *

a function of temperature between 80 mK and 20 K. Below NI

20 K, the specific hedaf ,(T) decreases with decreasing tem- 05 20 a0 120

perature as commonly expected. Below 1 K, however, the 7 K2

specific heat increases with decreasing temperature and, after

reaching a maximum at 0.3 K, finally decreases again below F|G. 6. C,/T vs T2 for Ca. sBg below 11 K. The solid
that temperature. The lattice contribution to the specific heaine represents the estimated lattice contribution to the specific
may, as usual, be evaluated by plottiGg/T versusT? as heat,Cpp.
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. Lo 5 1000
vacancies. The presence of metal vacancies in thegCaB
sample may be deduced from the electrical resistivity of this p
particular sample, not shown here, which below 80 K is B y
more than two orders of magnitude smaller than for the 0 e e T s
10 10 10 10 10
Ca . sBg sample. The data shown for the Gagample were . 1
taken at 30 K and those for the CaBg sample at 2 K. The requency (cm)

sample with metal vacancies is ferromagnetic, as can clearly g g (5 Reflectivity spectra andb) the corresponding real
be inferred from the hysteress !oop in thg magnetizatioyarts  of the optical conductivity oy(w) of Cay sBg,
curve. It has been verified that this hysteresis loop is ESSEIta, 6od-30,00Bs aNd Caod 3y 01Bs at 300 K. Note the logarithmic
tially temperature independent between 2 and 300 K. On thgequency scale. Inset: low-frequency part of the reflectivity spectra.
other hand, in the case of the £gBg sample, no trace of The arrow in(a) indicates a phonon modsee text
ferromagnetism at any temperature between room tempera-
ture arl 2 K could be observed. The tiny signal observed atnset of Fig. 8a)]. Whereas for the 0.5% La-doped com-
the lower end of the covered temperature regime is of thgpound we clearly recognize two strong absorptions at about
order of the background signal. Naturally, the observation700 cm* and 1200 cm®, these are quite damped and
that close to stoichiometric CaRloes not reveal any ferro- broad for the 1% La-doped compound.
magnetic order down to low temperatures is one of the key At this point we note that the results of reflectivity mea-
results of this work. surements in the far infrare@FIR) on a Ca-deficient CaB
sample are very similar to those obtained for, C#¢, al-
though the temperature dependences of the respective resis-
tivities p(T) are substantially differentsee Fig. 4. Quite
Figure 8 shows the reflectivity spectra of GgB¢ and  generally,R(w) is lower for the Ca-deficient crystal in the
Ca ,LaBg (x=0.5% and 1% and the corresponding real visible and UV spectral ranges, where the electronic inter-
part of the optical conductivity at 300 K. We have not found pand transitions develofsee below. Our spectra for both
any significant temperature dependence in the optical spect@aB; crystals are distinctly different from previously pub-
of these compounds between 300 and 6 K. A remarkabl@shed results, obtained by Tsebulgtaall® on a CaR single
feature in the optical reflectivity of Ga,La,Bgs is the ab-  crystal in a limited spectral range and revealing the onset of
sence of the plasma edge, seen at about 3000*dmthe  a plasma edge around 3500 thi At present, we do not
SrBs compound(see Fig. 6 in Ref. R Several absorptions know the origin of this discrepancy.
appear inR(w) of Ca_,LaBg, notably a broad and very While Fig. 8b) gives an overall view ofr;(w), Fig. 9
intense peak at 150 cm and a weak but sharp signal emphasizes the mid and far infrared spectral ranges. The
around 860 cm?, indicated by an arrow in Fig.(8). Both  central features of Fig. 9 are the absorptions at 700 and
features are most likely related to phonon modes. The mode200 cm!, observed for 0.5% La-doped CaBnd already
around 150 cm® appears at a lower energy than theidentified before in th&®(w) spectra. Here it is more obvious
200 cm! expected from the mass renormalization of thethat these two absorptions are absent foy GBg and very
corresponding frequency in C5l,assuming doubly charged much damped for the material with a La concentration of
ions. This type of estimate is quite successful for identifying0.01.
this phonon mode of SiB(Ref. 2 and EuB.'* The mode at Figure 8b) also emphasizes the spectral range (
860 cm ! reflects the intramolecular-type vibration of the B >10* cm™ 1) of the electronic interband transitions, involv-
octahedra, typical for the hexaboride lattiéeBesides these ing mainly s-, p- and d-type bonding-antibonding band4.
phonon modes, two additional absorptions appedR(i@).  The overall trend and the main features are similar in all
For Ca . ;B, there are two narrow features adjacent to thecompounds. Quite remarkable and rather unexpected is,
high-frequency tail of the optical phonon at 150 ch[see  however, the difference in spectral weight for the three ma-

D. Optical properties



10 080 P. VONLANTHEN et al. PRB 62

1000 '
Cay,5Bs
800 | —-- Lag.005Ca0.995B6
- -~ Lag 01Ca0.09Bs
§ 600+ — Cay.sBs 1 0.0}
g ;
= A Q
2 400t n <
) H ———Inp =-11.5+980T"1 (90-180 K)
200 + i 4.0
0 N 7 i
0 1000 2000 3000 /
frequency (em™) 0.00 0.02 0.04
) . . 1 (11
FIG. 9. Expanded view of the mid and far infrared spectral KT

range for the optical conductivity of GadagoBs,

FIG. 10. Inp vs T~! of CaB; for temperatures between 5 and
Cay.994-89,00P6: and Ca, ;Be. P B P

300 K. The dashed line represents the exponential increase in resis-

. 1 . . ~ tivity between 90 and 180 K.
terials above X 10" cm™!. The small differences in chemi-

cal composition cannot justifa priori such a remarkable X point in the Brillouin zone. A local maximum in the va-
change of the electronic interband transitions at energy scalégnce band around tHe point is responsible for a small peak
above 10000 K. Naturally, experimental artifacts, due toin the calculated total density of states at abet@.3 eV.
surface corrugation, surface oxidation, or surface segregddassiddaet al* argued that, due to the low concentration of
tion, might be expected. The surface scattering due to corrusarriers in the ground state, the high-temperature transport
gation can be very important at wavelengths of a few mi-will be dominated by thermally excited quasiparticles and
crometers, while surface oxidation and segregation mighthey tentatively identified the energy difference between the
alter the electronic structure at the surface layers. Neverthélghest occupied state around th¢oint and the Fermi level
less, we tend to exclude those effects as the reason for owith the activation energy of 0.4 eV quoted by Johnson and
observation, because different samples with the same nomPaane'® However, it should be noticed that the details of the
nal chemical composition from the same as well as otheband structure depend rather sensitively on the choice of the

batches gave equivalent results. potential in the Kohn-Shah equation. Local density ap-
proximation(LDA) calculation&®yield a small band overlap
IV. DISCUSSION of aboutEg=—200 meV at the Fermi energy around tke
point in the Brillouin zone, whereas the modified LBAJ
A. Resistivity and specific heat method yields a small band gap of ab&g=150 meV.

In comparison with other measured resistivity curves of ~Our measurements on Ca,Be reveal a strong’ depen-
metal-deficient CaB''? our close to stoichiometric dence of the resistivity below 230 K, which is well illustrated
Ca ; sBs Sample shows a much strongedependence of the when plqttlng !rp_ vs Tfl as in Fig. 10. If we assume that the
resistivity and, as will be argued later, reveals achange in resistivity is due to a thermally activated process,
semiconductor-type behavior in an extended temperaturl€n @ linear fit in the appropriate temperature regime pro-
range. Semiconducting behavior of GaBas previously vides, according to Eq(l),_ an estimate of the activation
been reported by Johnson and Da¥h&heir measurement €Nergye. The dashed line in Fig. 10 represents such a fitin
were made on polycrystalline material and the resistivityth€ temperature range between 170 and 70 K, leading to an

showed an exponential behavior as activation energye =168 meV, or its equivalent in tempera-
ture T=1960 K. This activation energy is considerably
p=poexple/2kgT) (1)  smaller than the calculated energy difference between the

local maximum in the valence band around theoint and

only in the temperature range above 800 K, implying anthe Fermi energ§. Therefore we tentatively associate the
activation energye=0.4 eV. The authors argued that the measured activation energy with a band gap aipeint of
deviation from the exponential behavior at lower temperathe Brillouin zone.
tures resulted from the fact that electron conduction due to The energy gap value af=168 meV for the Ca, ;B4
impurity atoms was not negligible in comparison with con- material is rather close to the theoretical prediction of Zhito-
duction due to thermally excited electrons. The room temmirsky et al® who, with a modified LDA+U calculation,
perature resistivity of Cafreported by Johnson and Dadhe found a simple band gap with a value of 150 meV. However,
is about two orders of magnitude higher than what we oba simple band gap seems not to be compatible with the ob-
serve for our single-crystalline specimens. served properties at low temperatures discussed below. We

Most important for the understanding of the electronictherefore assume that our result has to be discussed in an
properties of the alkaline-earth hexaborides is their peculiagxcitonic scenari8, where an originally overlapping band
electronic energy band structure in the vicinity of the Fermistructuré at the X point of the Brillouin zone develops into
energy. The calculations of Massigaal* suggest a semi- an excitonic gap. Assuming this scenario to be valid, we
metallic character, due to the overlap of an almost filled vaattribute the measured gap of 168 meV to the excitonic gap
lence band with an almost empty conduction band around th&ee also Sec. IV B
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Both the low-temperature resistivity and the specific heatures. In the specific heat measurements, however, no appre-
data indicate a crossover phenomenon occuring below 0.5 Kiable differences were notddee Fig. 5. This observation
The main characteristics are a strong decrease of the resigay indicate that the low-energy excitations of these systems
tivity below 0.4 K, aT® dependence of the resistivity below are not significantly affected by doping.

150 mK, the suppression of the resistivity decrease by mod-
erate magnetic fields, and a maximum in the specific heat at
0.3 K, with a subsequent decrease, linear in temperature,
below 0.15 K. Similar features have previously been re- Unlike the dc conductivity data, the optical spectra do not
ported for SrB.2 Even though there is no understanding yetreéveal any dramatic change between, CiBg and the La-

of the low-temperature behavior of the resistivity and thedoped material. The enhanced metallic behavior of the La-
specific heat in an excitonic scenario, it has beerdoped compounds is, as expected, confirmed by a slightly
conjectureflthat low-lying magnetic collective excitations in higher reflectivity in the far infrared, which allows a so-
the stoichiometric compound, which are the spin waves ofalled Hagen-Rubens extrapolation usimg. values in

the triplet exciton condensate, might be observed. We therédgreement with the transport res(ffig. 4). Even in the La-

fore tentatively associate the low-temperature behavior in théoped samples the FIR phonon modes and the absorptions at
resistivity and the specific heat with these low-lying mag-700 and 1200 cm" are strong enough to screen the plasma
netic excitations. resonance so that a plasma edge is recognized in the reflec-

We now turn our attention to the magnetoresistancdivity at frequencies lower than the phonon mode excitation
[p(H)—p(0)]/p(0) of the Ca, ;B sample at temperatures at 150 cm L. In the infrared the central features of the op-
below 1.2 K. Understanding the influence of applied mag-ical reflectivity of the 0.5% La-doped materigfig. 8) are
netic fields on the resistivity at low temperatures is notthe absorptions at 700 and 1200 ¢h(87 meV and 150
straightforward. In the case of simple metals a positive transmeV). These two absorptions are substantially damped in the
verse magnetoresistance is usually observed. For low applie material. It has been conjectuf@that these absorptions
magnetic fields a quadratic magnetic field dependence is exould be, within the excitonic scenario, the optical evidence
pected, whereas for high magnetic fields a saturation or for the band gaps of minority and majority spin charge car-
quadratic behavior may be observed, depending on the elegers. It seems most surprising that at the same energies no
tronic orbits being closed or opéfiin our Ca ., sBs sample  evidence for absorption is observed in the; C#s data.
two different regimes can be distinguished. First, the magnetstead, in the latter we observe two narrow absorptions at
toresistance increases very fast and already reaches a ma®#0 and 275 cm', respectively[see inset of Fig. @)].
mum at about 13 kOe. At 100 mK this maximum can be asEven more puzzling is the fact that minor changes in the
high as 65%. For higher applied magnetic fields the magneshemical composition provoke substantial variations in
toresistance decreases slowly, without reaching negative vaR(w). The origin of the two absorptions in the CaBg
ues in the covered magnetic field and temperature rangeompound remains unclear at present. Our dc transport and
This seems to imply two different contributions to the trans-optical data, together with the model of Zhitomirskyal,®
verse magnetoresistance. In fact, we observe that up to 1em to imply the following scenario for stoichiometric
kOe the application of magnetic fields suppresses the redu€&aB; and its La-doped alloys.
tion of the resistivity(see Fig. 2and the temperature depen- In the case of stoichiometric CgB the model
dence weakens, i.e tends to zerqgsee inset of Fig. @2 calculation§ suggest a single energy gap, the same for
Above 13 kOe, however, the entire resistivity curve belowspin-up and spin-down quasiparticles. Evidence for this en-
0.4 K shifts to lower values, implying a negative contribution ergy gap is clearly observed in the resistivity data with
to the transverse magnetoresistance in our Ca&mple. =168 meV, i.e., within 10% of the value following from
Anomalous magnetoresistances have been observed pretiie theoretical interpretatiBrof the optical data of the 0.5%
ously in weakly disordered electronic systems in connectiorba-doped material. In the spectrum of stoichiometric g;aB
with weak localizatiort? but it seems very unlikely that this the corresponding gap absorption seems to be hidden by a
theory will apply in our highly ordered but weakly conduct- broad background contribution te;(w), which increases
ing system. If we assume that the low-temperature propertiealmost linearly withw in this frequency regiortFig. 9.
of Ca, . 5B are dominated by low-lying magnetic excitations  In the case of the La-doped CgBhe model calculatiofis
as mentioned above, the observed magnetoresistance mighiggest two energy gaps for small La doping, corresponding
then be due to the influence of the applied magnetic field oo the energy gap for spin-up and spin-down quasiparticles,
these excitations. To our knowledge, however, the influenceespectively(see Fig. 2 in Ref. 6 The calculations seem to
of external magnetic fields on the resistivity of a Bose con-overestimate the effect of doping. Figure 2 of Ref. 6 implies
densate of excitons has not yet been considered theoreticallthat already at 0.7% La doping ferromagnetism should be

A comparison of the resistivities of Ga;Bg and La-  quenched, in contradiction with experimérin spite of this
doped CaRB reveals that at high temperatures, above 230 Kdeficiency of the model we use its implications for the fol-
they exhibit a similar temperature dependefioset of Fig.  lowing brief discussion. In the optical conductivity two dis-

4) and that only below 230 K is the behavior distinctly dif- tinct absorptions are observed. The one at about 12001cm
ferent. The low-temperature behavior of the resistivity for(corresponding to 150 meV) may tentatively be associated
Ca;, sBg, with a maximum around 0.4 K and a reduction with the energy gap for spin-up quasiparticles. This energy
towards lower temperatures, is very different from the muchgap is very similar in size to the gap obtained from the re-
smaller resistivity for La-doped CgB with a minimum  sistivity measurements of the CaBg sample, discussed
around 25 K and a small increase towards lower temperaabove. This is in agreement with the model of Ref. 6, sug-

B. Optical data
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gesting an almost doping-independent energy gap for spin-Ugetal vacancies and doping. Close to stoichiometric {aB
quasiparticles. The absorption at about 700~ ¢phowever,  exhibits quasisemiconducting behavior in an extended tem-
may tentatively be associated with the energy gap for spinperature range below 230 K. We tentatively associate this
down quasiparticles. Comparing the optical conductivities olhehavior with the opening of an excitonic gap at the Fermi
the 0.5% and 1% La-doped samples, we note that for thenergy of CaB, as suggested by model calculations of Zhi-
higher La concentration the absorption is not only broadeneg¢bmirsky et al® Support for this approach is gained from
but also shifted toward lower frequencies, in agreement With'neasurements of the Optica| properties_ In La-doped GCaB
the model calculatiofisshowing a reduction of the energy two absorption peaks around 700 and 1200~ &nare ob-
gap for spin-down quasiparticles as a function of the dopingserved, which may be the optical evidence for the band gaps
The resistivity measurements of the La-doped £a@8mples  of minority and majority spin charge carriers. Furthermore,
seem to be dominated by extra conduction electrons, als@e tentatively associate the low-temperature behavior in the
observed in the optical data as a small Drude weight at zergesistivity and the specific heat with low-lying magnetic ex-
frequency, such that the activation of additional charge cargijtations in the Bose condensate of excitons.
riers is irrelevant and therefore not observed in the resistivity
measurements.
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