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Charge dynamics and possibility of ferromagnetism inA1ÀxLaxB6 „AÄCa and Sr…
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Ferromagnetism was recently reported in La-doped alkaline-earth hexaboridesA12xLaxB6 (A5Ca, Sr, and
Ba!. We have performed reflectivity, Hall resistivity, and magnetization measurements ofA12xLaxB6. The
results indicate thatA12xLaxB6 can be regarded as a simple doped semimetal, with no signature of an excitonic
state as suggested by several theories. It is also found that the surface of as-grown samples (;10 mm in
thickness! has a different electronic structure from a bulk one, and a fairly large number of paramagnetic
moments are confined in this region. After eliminating these paramagnetic moments at the surface, we could
not find any evidence of an intrinsic ferromagnetic moment in our samples, implying the possibility that the
ferromagnetism ofA12xLaxB6 reported so far is not intrinsic.

DOI: 10.1103/PhysRevB.66.064407 PACS number~s!: 78.30.2j, 72.20.My, 75.50.Cc
La

on

s
t

s o
n

nt
-

e.

n
-

of
rm
ce
pi
s

th
r
a
an
le
w
th

le
r

ee

int
s of
ll as

the
ted

e-
on-

ity

re
for
the
of

opy
he
nic
ith
is

ble
to
e.

e
ure-

nd
as
form
I. INTRODUCTION

Recently, ferromagnetism with highTC (;600 K) was
reported in alkaline-earth hexaborides doped with
A12xLaxB6 (A5Ca, Sr, and Ba!.1 According to the study, the
magnitude of the ferromagnetic moment varies with La c
centrationx, and is at a maximum atx50.005, though very
tiny (,1023 mB /unit cell). Since this series of compound
has no magnetic elements, the appearance of ferromagne
is quite surprising and has stimulated a number of studie
the mechanism of ferromagnetism. The parent compou
alkaline-earth hexaboride,AB6, contains a CsCl arrangeme
of divalent alkaline-earth ions and B6 clusters, and early the
oretical work on the cluster calculation of B6 indicated that a
B6 cluster with a transfer of two electrons~from the divalent
alkaline-earth ion! takes a closed-shell electronic structur2

More detailed band calculations3–5 indicated that there is a
band overlap at theX points of the Brillouin zone betwee
the valence band formed by the B 2p state and the conduc
tion band strongly hybridized with the alkaline earthd, and
thusAB6 is a semimetal. Many theoretical models6–8 for the
ferromagnetism put their basis on an ‘‘excitonic’’ state
AB6, where the electrons and holes in a semimetal fo
triplet excitons as binding states. Extra electrons introdu
by La substitution into such a state favors a parallel s
configuration to gain paring energy of excitons, and yield
ferromagnetic state as a result.

One of the important aspects of these theories is that
magnetic properties ofA12xLaxB6 are dominated by carrie
doping. Such a doping-dependent ferromagnetism is an
gous to the ferromagnetism of perovskite manganites,
experimental studies of charge dynamics are indispensab
clarify such ferromagnetism caused by carrier doping. Ho
ever, there has been little systematic investigation of
electronic structure ofA12xLaxB6 as a function of La con-
centration. It should be stressed here that to know how e
tronic states evolve with La doping is the first step to expe
mentally understanding the possible relationship betw
0163-1829/2002/66~6!/064407~7!/$20.00 66 0644
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ferromagnetism and charge dynamics inA12xLaxB6.
Another important issue from an experimental viewpo

is how to characterize samples properly. Recent studie
A12xLaxB6 suggested a strong sample dependence as we
a spatial inhomogeneity of ferromagnetism.9–12 Here, we
have to be careful about the fact that the magnitude of
ferromagnetic moment is so small and can be easily affec
by a small amount of impurities. It is very important, ther
fore, to characterize samples properly in terms of carrier c
centration, possible spatial inhomogeneity, and impurity.

In the present study, we carry out an optical reflectiv
measurement as well as a Hall measurement ofA12xLaxB6
with systematically changingx. These measurements a
very powerful technique to obtain basic parameters
charge dynamics, for example, the effective mass and
concentration of carriers. Furthermore, the inhomogeneity
the sample can easily be checked by utilizing the microsc
technique of reflectivity measurement. The aim of t
present study is to investigate the evolution of electro
structures as well as the variation of magnetic properties w
La doping, and to clarify whether the charge dynamics
really related to the ‘‘ferromagnetism’’ ofA12xLaxB6.

II. EXPERIMENT

Single crystals ofA12xLaxB6 (A5Ca and Sr, 0<x
<0.02) were grown by an Al flux method. CaCO3 ~4N!,
SrCO3(4N),LaB6(3N), boron (5N), and Al (4N) were used
as starting materials and flux. CaB6 or SrB6 was made by
borothermal reduction, and was put into an alumina cruci
together with LaB6 and Al. The materials were heated up
1500 °C and slowly cooled down under an Ar atmospher13

Plate-like samples with a~100! surface with a typical dimen-
sion of 13130.1 mm3 were obtained. The detail of th
sample characterization is discussed in Sec. V. Hall meas
ment was performed by applying magnetic field between25
and 5 T. The electrode was attached by directly melting a
bonding Au wire onto the sample surface. Reflectivity w
measured between 0.07 and 0.6 eV using a Fourier-trans
©2002 The American Physical Society07-1
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infrared spectrometer equipped with a microscope.
checked the dependence of the spectra on the surface
ment, and the result is discussed in detail in Sec. IV. Mag
tization was measured by a superconducting quantum in
ference device magnetometer. Since the volume of e
single crystal was too small, more than ten pieces were c
bined for the magnetization measurement. In each meas
ment, a background signal was measured separately and
tracted from a total signal.

III. HALL MEASUREMENT

The Hall resistivity rxy vs magnetic field H for
Sr12xLaxB6 at room temperature is shown in Fig. 1. In typ
cal ferromagnetic metals, nonlinear behaviors ofrxy(H) are
often observed~the so-called anomalous Hall effect!, particu-
larly aroundTC . This effect comes from an anomalous ter
of Hall resistivity proportional to magnetization,RsM .14

However,rxy(H) of Sr12xLaxB6 shows a linear dependenc
with no sign of the anomalous Hall effect for any compo
tion, as shown in Fig. 1~a!.

When the anomalous term does not exist, the Hall re
tivity is given only by an ordinary term proportional to th
magnetic field,RHH. Figure 1~b! plots the inverse Hall co-
efficient 1/RH as a function ofx. The negative values ofRH
mean that the majority carriers are electrons. The solid
gives the relation 1/RH52xe. The agreement between th

FIG. 1. ~a! Hall resistivity vs magnetic field for Sr12xLaxB6 at
300 K. The solid lines are least-square fits of the results torxy

5RHH. ~b! Inverse Hall coefficients (1/RH) as a function of La
concentrationx for Sr12xLaxB6. The solid line shows the relation
1/RH5xe, and the dotted line, the dashed line, and the dot-das
line show the calculated values of 1/RH with the band overlap (Eol)
of 0.05, 0.1, and 0.15 eV, respectively.
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experimental results and the simple relation 1/RH52xe in-
dicates that La doping introduces the same number of e
trons into the conduction band. If the effect of band over
in a semimetal is taken into account, the relation between
Hall coefficient andx becomes more complicated. This iss
will be discussed in Sec. IV.

IV. REFLECTIVITY MEASUREMENT

Hall coefficients are dominated only by the number
carriersn, but do not reflect their effective massm* . On the
other hand, a reflectivity spectrum can reveal the value
n/m* through its plasma frequencyvp5A4pne2/e`m* ,
wheree` is the dielectric constant at higher than the plas
frequency.

Figure 2 shows the reflectivity spectra of Ca12xLaxB6 and
Sr12xLaxB6 on as-grown surface as well as on a sligh
polished surface~by ,1 mm in depth!. As can be seen
almost all the spectra have a clear plasma edge, as typic
shown by an arrow, but the values of\vp with the same
composition are fairly scattered. In fact, it is found that ev
pieces from the same crucible show different\vp values. As
a result, a systematic variation of\vp with x, which is ex-
pected from the Hall-coefficient measurement, is barely
served. As an overall feature, the Sr series have larger va
of \vp than the Ca series, similar to what was found
previous reports.11,15

It should be noted here that reflectivity measurements
tect only a sample surface with a penetration depth of li

d

FIG. 2. Reflectivity spectra of~a! Ca12xLaxB6 and ~b!
Sr12xLaxB6 on an as-grown surface. The arrow shows the posit
of the plasma edge of a typical spectrum.
7-2



th
en
ur
its
c

se

os
s

od
t

re
ke
s

th

c-

en

de-
tly.

the
tion

fre-
c-

nt
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~the order ofmm). Thus if a sample surface of severalmm in
thickness has a different characteristic from the bulk one,
optical result can be inconsistent with the Hall measurem
To check for this possibility, we have filed the sample s
face by;10 mm in depth, then polished it, and measured
reflectivity again. The reflectivity spectra after such surfa
treatment are shown in Fig. 3. The scattering of the\vp
values with the same composition is drastically suppres
and it is clearly observed that\vp shifts to higher energy
with increasingx. We have also checked that there is alm
no position dependence of the spectra along the sample
face.

To compare the experimental results with theoretical m
els, thevp value has been calculated based on the parame
from a band calculation.5 First, holes in the valence band a
ignored and only electrons in the conduction band are ta
into account. The band structure ofAB6 has electron pocket
at the triply degenerateX point @~100!, ~010!, and~001!#, and
the effective mass of the pocket is anisotropic between
longitudinal direction~parallel to theGX direction! and the
transverse direction~perpendicular to theGX direction!. Ac-
cording to a band calculation,5 the longitudinal mass (mel) is
0.50m0 (m0 is the free-electron mass! and the transverse
mass (met) is 0.21m0. In this case, the plasma frequencyvp
is given by the equation

vp5A4pe2

e`
S ne/3

mel
1

2ne/3

met
D , ~1!

FIG. 3. Reflectivity spectra of~a! Ca12xLaxB6 and ~b!
Sr12xLaxB6 on the surface with filing (;10 mm in depth! and
polishing.
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wherene is the number of electrons.e` is estimated to be 8
from a band calculation, which is consistent with the refle
tivity value far abovevp in the experiment (;0.22). Thex
dependence of\vp calculated from Eq.~1! assumingne
5x ~solid lines! as well as the experimental values of\vp
~closed circles! are plotted in Fig. 4. The agreement betwe
the experiment and the calculation is quite satisfactory~ex-
cept forx50 as discussed later!, indicating that the effective
mass of the conduction band by the band calculation
scribes the charge dynamics of these compounds correc

One may note an evident discrepancy atx50 between the
experiment~finite values of\vp) and the calculation (\vp
50.! To calculate the\vp value atx;0, holes on the va-
lence band, which exist even forx50 in a semimetallic
state, have to be taken into account. For the calculation,
effective mass of the valence band by the band calcula
was used@the longitudinal mass (mhl) is 2.13m0 and the
transverse mass (mht) 0.20m0#, but the band overlap (Eol)
was taken as a free parameter. In this case, the plasma
quency is given by the sum of the contribution from ele
trons and holes as

vp5A4pe2

e`
S ne/3

mel
1

2ne/3

met
1

nh/3

mhl
1

2nh/3

mht
D , ~2!

wherenh is the number of holes, andx5ne2nh . The result
of the calculation is shown in Fig. 4 forEol50.05 eV ~the
dotted line!, 0.1 eV ~the dashed line!, and 0.2 eV~the dot-
dashed line!. From a comparison between the experime
and the calculation, the band overlapEol is estimated to be
;0.05 eV for CaB6, and;0.1 eV for SrB6.

FIG. 4. Calculated values of\vp for several values of band
overlap Eol ~lines!, and the experimental values of\vp ~closed
circles! for ~a! Ca12xLaxB6 and ~b! Sr12xLaxB6.
7-3
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A similar calculation taking account of both electrons a
holes can be made for Hall coefficients. In this case, the t
Hall coefficient is given by the subtraction of the hole co
tribution from the electron contribution. The result is show
in Fig. 1~b!, and, from the comparison in Hall coefficient
Eol is estimated to be,0.05 eV for SrB6. The discrepancy
of the Eol values from reflectivity and Hall coefficients ca
be attributed to the deviation of the band structure fr
simple parabolic ones.

V. MAGNETIZATION MEASUREMENT

Since it has been clarified that the sample surface w
10 mm in thickness has a different electronic structure fro
the bulk one, the next question is how the magnetic prop
ties of this part are different from the bulk magnetic prop
ties. To answer this question, we first measured the ma
tization ofA12xLaxB6, then etched the surface of the samp
by HNO3, and measured its magnetization again. Figur
shows the magnetization of Ca12xLaxB6 as a function of
magnetic field before and after etching the sample. A dra
change of the magnetization before and after etching
clearly observed. Roughly speaking, a positive componen~a
ferromagnetic or a paramagnetic component! decreases, and
a diamagnetic component survives with etching the sam
surface. As most clearly seen in Fig. 6, the positive com
nent is likely composed of both a ferromagnetic compone

FIG. 5. Magnetization vs magnetic field at 5 K for CaB6 ~the
upper panel! and Ca0.97La0.03B6 ~the lower panel! before ~white
circles! and after~closed circles! HNO3 etching.
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which saturates far below 10 000 Oe, and a paramagn
component, which gradually saturates up to 50 000 Oe.
know which component changes most with etching, the m
netization curve has been fitted by the sum of th
components—a paramagnetic, ferromagnetic, and diam
netic components—as

M5NgmBSBS~X!1aM ferro~H !1xdiaH, ~3!

X5gmBSH/kBT,

whereN is the number of paramagnetic moments,g the g
factor of the spin,mB the Bohr magneton,BS(X) the Bril-
louin function, a the amount of ferromagnetic moment
M ferro(H) the magnetization curve for a ferromagnet, a
xdia the diamagnetic susceptibility of core electrons.xdia was
fixed to the value calculated from the diamagnetic susce
bility of Ca and six B (xdia525.931025 cm3/mol). Figure
6 shows one of the fitting results. HereS51/2 for BS(X) is
adopted, which fits the data best. From this fitting, it is fou
that parametera, representing the amount of ferromagne
moments, does not change by etching, butN, the number of
paramagnetic moments, decreases to;40%. Similar results
were obtained for other samples. Therefore, it can be c
cluded that the ferromagnetic moments are distributed o
the sample uniformly, whereas the paramagnetic mome
are localized at the sample surface.

This result implies the importance of removing samp
surface when one correctly estimates the bulk ferromagn
moment ofA12xLaxB6. Therefore, we carefully removed th
sample surface by HNO3 etching, and measured the magn
tization curve ofA12xLaxB6 with various values ofx and
estimated the ferromagnetic moment. The size of the fe
magnetic moment as a function ofx in the present experi-
ment is shown by closed circles in Fig. 7, where the d
from Ref. 1 are also plotted by closed squares. As can
seen, the ferromagnetic moment in the present experime
substantially smaller than that of Ref. 1, except for o
sample (x50.01), the same one shown in Fig. 6. These

FIG. 6. Magnetization vs magnetic field for Ca0.99La0.01B6 at 5
K before ~white circles! and after~closed circles! HNO3 etching.
Solid lines are fitting results by Eq.~3! ~see text.!
7-4
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CHARGE DYNAMICS AND POSSIBILITY OF . . . PHYSICAL REVIEW B 66, 064407 ~2002!
sults suggest that the ferromagnetic moment is not intrin
but is caused by some impurities in the sample.

To investigate what kind of and how much impurities e
ist in the sample, we took the following way. First, the ma
netic impurities were searched qualitatively by x-ray fluor
cence spectrometry. It was found from this technique tha
is the main magnetic impurity in the sample. Then, we qu
titatively determined the amount of Fe impurity by indu
tively coupled plasma atomic emission spectrometry~ICP-
AES!. Figure 8 shows the amount of Fe impurity~closed
triangles!, as well as the experimentally observed ferroma
netic moment of the same samples~closed circles!. As can be
seen, there is a rough correspondence between the amou
Fe impurity and the ferromagnetic moment. Thex50.01
sample with the largest ferromagnetic moment~as shown in
Fig. 7! turned out to be the one containing the largest amo
of Fe impurity (;1000 ppm, more than one order of ma
nitude larger than other samples!. Furthermore, if we assum

FIG. 7. Ferromagnetic moment vs La concentrationx for
Ca12xLaxB6. Closed circles correspond to the present result,
closed squares to the result in Ref. 1.

FIG. 8. Concentration of the Fe impurity~closed triangles, left
axis! and ferromagnetic moment~closed circles, right axis! as a
function of x for Ca12xLaxB6.
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1mB moment per Fe, 7.3 emu/mol is expected in total, wh
exceeds the experimentally observed ferromagnetic mom
1.4 emu/mol. On the other hand, other samples show
much smaller sizes of ferromagnetic moment~less than 0.1
emu/mol! have much smaller amounts of Fe impurity~less
than 50 ppm!, but they are also enough to produce the o
served ferromagnetic moment. Therefore, we conclude
the ferromagnetic moment observed in the present exp
ment is caused by an Fe impurity.16

VI. DISCUSSION

One of the conclusions from the reflectivity measurem
is thatA12xLaxB6 can be regarded as a simple doped se
metal, and no signature of an ‘‘excitonic state’’ has be
observed in our reflectivity spectra for anyx. Though we
cannot completely exclude the possibility that such a feat
exists outside of our experimental range (,0.07 eV), fur-
ther evidence against the excitonic state in doped sam
can be derived in the following way: The calculated lines
the finite values ofEol in Fig. 4 merge into the solid line~for
Eol50) at largex, where the Fermi level is located highe
than the top of the valence band and the holes in the vale
band are filled up. As can be seen in Fig. 4, thevp values in
the experiment forx>0.005 are in such a region, indicatin
that 0.5% La doping is enough to fill up the holes in t
valence band. This indicates that the excitonic state, even
exists forx50, has already disappeared forx50.005.

Recent band calculation by the so-calledGW approxima-
tion indicated that stoichiometric CaB6 is not a semimetal
but a narrow-gap band insulator,17 and an angle-resolved
photoemission experiment indicated the existence of a b
gap and a Fermi level located at the conduction band, res
ing in only electron pockets.18 These results are inconsiste
with the interpretation of our experimental results based o
semimetal model. For this issue, we cannot exclude the p
sibility that the plasma edge forx50 comes from doped
electrons into the conduction band of a band insulator.
other words, it is possible that the size of the band overla
zero~solid lines in Fig. 4!, but thex axis in Fig. 4 is shifted
by ;0.002 for Ca series and by;0.005 for Sr series becaus
of off-stoichiometry~most probably a B defect!. However, it
should be pointed out that we measured a number of pie
of the same composition, and found that\vp is ;0.1 eV
for all CaB6 samples and;0.2 eV for all SrB6 samples.
This can be easily explained by a semimetal model, as
cussed in Sec. IV. From the doped insulator model, on
other hand, we have to assume that the amount of def
barely depends on samples, which seems fairly unlikely.

It is also found from the reflectivity measurement that t
sample surface of;10 mm in thickness has a different elec
tronic structure from the bulk one. This phenomenon see
generic for single crystals of these compounds grown un
Al flux, judging from the results of previous optical studie
by other groups.11,15 Since the phonon peak in the optic
spectra around 0.11 eV, which is assigned to an inte
mode of the B6 cluster,19 is the same in energy before an
after surface treatment, the surface state should be clos
the bulk A12xLaxB6 in terms of crystal structure. Possib

d
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origins of the surface state could be a slightly oxidized ph
or an off-stoiciometric phase precipitated at low tempe
tures during single-crystal growth. Whichever is the ca
such an effect changes the Fermi level, or even changes
band structure, and thus varies the plasma frequency.

Let us move on to the magnetism ofA12xLaxB6. As dis-
cussed in Sec. V, both a ferromagnetic and a paramagn
component coexist in the magnetization. The existence
paramagnetic component in addition to a ferromagnetic co
ponent has not been explicitly discussed so far, but was
ready observed in various experiments~for example, high-
field magnetizations in Ref. 20!. It is found from the presen
experiment that paramagnetic moments are confined to
sample surface. What is the origin of these paramagn
moments at the surface? The amount of the Fe impurity
the surface is estimated from ICP-AES, but the value is
large enough to explain the experimentally obtained size
the paramagnetic moment. It is reasonable to think that
electronic structure of the surface, which is different from t
bulk one as shown in the reflectivity spectrum, is related
the appearance of the paramagnetic moment. One possi
is that the defect of Ca or B at the sample surface yield
local magnetic moment, as suggested by a rec
calculation.21 However, further studies are necessary to u
derstand the origin of the paramagnetic moment at
sample surface.

Regarding the ferromagnetism ofA12xLaxB6, the conclu-
sion of the present experiment is that there is no intrin
bulk ferromagnetic moment in our samples, but there is
romagnetic moments caused by an Fe impurity. It should
stressed here again that our sample is well characterize
terms of carrier concentration, and it is unlikely that w
missed the concentration range for an intrinsic ferromagn
phase, if there is such a phase. Therefore, our best state
concerning this issue is that the ferromagnetism
rs
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A12xLaxB6 is not dominated by carrier doping. A plausibl
explanation is that any ‘‘ferromagnetism’’ ofA12xLaxB6 re-
ported so far is caused by an Fe impurity, as is the case
our samples.

VII. SUMMARY

We have investigated the charge dynamics ofA12xLaxB6
by reflectivity and Hall measurement. It is found that L
doping introduces the same number of electrons into a se
metallic state, and its effective mass is consistent with a ba
calculation. No evidence of an excitonic state is observ
but the system should be regarded as a simple doped s
mental. It is also found that the as-grown sample surfa
with ;10 mm in thickness has a different electronic stru
ture from a bulk one. From magnetization measurements
is found that this surface part contains a large number
paramagnetic moments. We have carefully measured the
romagnetic moment ofA12xLaxB6 after removing the sur-
face part by an etching process, and found that the ferrom
netic moments in our samples are substantially smaller th
those observed so far. This result, together with a good c
respondence between the size of the ferromagnetic mom
and the amount of the Fe impurity in the sample, indica
that the ‘‘ferromagnetism’’ ofA12xLaxB6 is not intrinsic, but
most probably caused by an Fe impurity.
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