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Ce3Cu3Sb4: A semimetal with a spontaneous magnetic moment

P. Wachter, L. Degiorgi, G. Wetzel, and H. Schwer
Laboratorium für Festkörperphysik, Eidgeno¨ssische Technische Hochschule (ETH) Zu¨rich, 8093 Zürich, Switzerland

~Received 22 March 1999!

It has been claimed by Patilet al. @Solid State Commun.99, 419 ~1996!# that Ce3Cu3Sb4 is a Ce-based
semiconducting ferromagnet. In this paper it is shown, mainly with Hall effect and far-infrared spectroscopy,
that no gap in the excitation spectrum exists, above as well as below the Curie temperatureTC . A maximum
in the resistivity nearTC is due to trapped magnetic polarons. The resistivity is an effect of the mobility of the
charge carriers.@S0163-1829~99!02137-2#
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INTRODUCTION

Ce-based compounds are always very interesting. The
monochalcogenides and monopnictides are well investig
materials1 and no other class of compounds has evoked
much theoretical interest as the Ce pnictides. Magnetic
ceptibilities are dominated by crystal-field effects but ne
300 K the full effective magnetic moment of 2.54mB is
achieved. However, the saturation moment of the free i
gJ52.14mB is rarely obtained, even in fields of 100 kOe1

Crystal-field effects may be the reason for this. The ma
magnetic phases of CeSb are famous, and it is also the
terial which exhibits the largest Kerr rotation.2 In many cases
hybridization effects and moment quenching of the magn
moments go in parallel with phenomena of the intermed
valence, e.g., in CeN~Ref. 3! or heavy fermion behavior as
e.g., in CeCu2Si2 ~Ref. 4!, which even becomes a superco
ductor at 0.7 K, and are abundant. The so-called Kondo
sulators like Ce3Pt3Bi4 ~Ref. 5! or CeNiSn~Ref. 6! are ma-
terials which seem to have a gap and the Fermi level in
gap, so they behave like semiconductors. Whereas this
been verified by far-infrared optical measurements in
case of Ce3Pt3Bi4 ~Ref. 7! ~a material in which Ce is formally
tetravalent!, it has been shown recently that in carefully pr
pared CeNiSn single crystals the features of a g
disappear.8 Even in the high-Tc superconductor
Nd22xCexCuO4, Ce again plays an anomalous role, ina
much as this is ann-type high-TC superconductor.9

Recently10,11 it has been reported that with Ce3Cu3Sb4, a
semiconducting ferromagnet based on Ce has been dis
ered, which certainly adds to the anomalous properties o
compounds. Magnetic data suggest that the Curie temp
ture TC is near 12 K and the band gap of a semiconduc
has been calculated from resistivity data. Using the form
r}expEg /2kT yields Eg>84 K or > 7 meV.

In Ref. 10 the resistivity is rising with decreasing tem
perature without showing a maximum, but in Ref. 11 by t
same group of researchers, a maximum of the resistivit
19 K is reported. In Ref. 12 a maximum of the resistiv
near 4 K isshown. A fit of the rising branch with decreasin
temperature with the above formula yields an activation
ergy of 5.2 meV, but these authors never claim Ce3Cu3Sb4 to
be a ferromagnetic semiconductor. It is obvious that
quality of the samples determines these differences. Bu
general it is not legitimate to interpret a material with
PRB 600163-1829/99/60~13!/9518~7!/$15.00
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maximum in the resistivity to be a semiconductor on t
high-temperature side and a metal on the low-tempera
side. The electrical conductivity is still a product of the ca
rier concentration and the mobility, and as long as it is n
proven which of the two parameters is changing, the claim
a semiconductor is not convincing. In fact, between 300 a
30 K, covering most of the rise of the resistivity toward
lower temperature, the Hall effect has been measured12 and
no change in carrier concentration has been observed.
mobility, however, can also be thermally activated, in whi
case one speaks of a trapped magnetic polaron13,14 ~and ref-
erences quoted therein!, which becomes liberated below th
TC of a ferromagnet.

The Hall effect of a ferromagnet near and belowTC must
be analyzed and separated into the normal and anoma
Hall effect and one must look also for other means to de
the essential part of a semiconductor, namely the gap. O
cal measurements, especially in the far infrared and at
temperatures, supply a simple and critical means to dete
gap. The mobility alone can be measured with photoelec
methods, especially when the intrinsic carrier concentrat
is small.

The motivation to reinvestigate Ce3Cu3Sb4 is based on
theoretical assumptions15 to be discussed below, that a sma
Kondo-like electronic gap, with the Fermi level in the ga
can only exist with an evenf -d electron count. This is only
the case for Sm and Yb compounds and Tm compou
when they are antiferromagnets, because then the mag
unit cell is twice the chemical unit cell and thef -d count is
even again.16 In trivalent and ferromagnetic Ce compoun
the f -d electron count is odd.

SAMPLE PREPARATION AND CHARACTERIZATION

Polycrystalline, single phase Ce3Cu3Sb4 was synthesized
under Ar atmosphere by arc melting, followed by an anne
ing of the sample under vacuum. In the first step stoich
metric amounts of Ce~99.9%!, Cu ~99.9%!, and Sb~spectro-
scopic purity! have been made molten several times by
melting in an Ar atmosphere to ensure homogeneity of
sample. In a series of preliminary experiments, perform
with an identical procedure, it was substantiated that 4%
stoichiometric excess of volatile Sb has to be added to
starting material to obtain a stoichiometric content in t
final product~as determined by x-ray analysis!. Using this Sb
excess we could avoid the weight control of the sample
9518 ©1999 The American Physical Society
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PRB 60 9519Ce3Cu3Sb4: A SEMIMETAL WITH A SPONTANEOUS . . .
detect the Sb loss after each arc melting process. The r
tion chamber was always closed and therefore there wa
danger of oxidation of the sample, which occurred in R
10. X-ray powder diffraction detected no impurities of S
oxides, however, other phases such as traces of CeSb w
indicated.

To obtain single phase Ce3Cu3Sb4 an additional step had
to be performed where the multiphase sample was se
under vacuum into a quartz ampoule and annealed in a r
tance oven for three weeks at 820 °C. In the final prod
only a single phase of Ce3Cu3Sb4 was resolved by x-ray
diffraction. Polycrystalline Ce3Cu3Sb4 was measured in
transmission on a STOE powder diffractometer using
monochromated CuKa1 radiation. Data were collected i
the range 10°<2u<120° with a position sensitive detecto
The material contained no impurities and could be inde
on the basis of a cubic unit cell witha59.7527(1) Å. The
reflections of the diffractogram were fitted with the Pears
VII peak profile with a fixed exponente52.0. Structure re-
finement was done with the Rietfeld method using thePFSR

program of theSTADI-P software.17

Crystal data of the Y3Au3Sb4 structure model were take
from Dwight18 and background, profile, and structural p
rameters were refined. Profile and structural refinements
verged at low Rp50.043, Rwp50.056, and R(I ,hkl)
50.042. Figure 1 shows the observed, calculated, and di
ence (obs2calc) diffraction pattern. Ce3Cu3Sb4 crystallizes
in the space groupI -43d with the Y3Au3Sb4 structure type
which is related to the Th3P4 structure. Ce and Cu atoms a
located at the 12a and 12b sites, respectively. Sb was refine
to x50.0792(2) at the 16c(x,x,x) position. Bond lengths in
Ce3Cu3Sb4 are Ce-Cu52.9861 Å, Ce-Sb53.419(2) Å,
3.333~2! Å, and Cu-Sb52.709(2) Å. The crystal structure i
real space is shown in Fig. 2 with its Ce, Cu, and Sb co
dination polyhedra. We did not find any indication for a t
tragonal distortion as reported by Patilet al.10 their published
diffraction pattern is the same as in Fig. 1, but it contain
additional impurities and a reflection denoted as ‘‘312.’’ Th
reflection is the only hint for a tetragonal distortion, all oth
reflections can be indexed with a cubic cell. A true tetrago

FIG. 1. X-ray powder diffractogram of Ce3Cu3Sb4. Top: the
observed data, middle: the calculated diffraction pattern, refi
with the Rietfeld method, bottom: the difference between obser
and calculated data.
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unit cell of Ce3Cu3Sb4 should generate many more refle
tions due to symmetry reduction, so it is most likely that t
only real structure of Ce3Cu3Sb4 is the cubic one presente
here.

All the following physical measurements on Ce3Cu3Sb4
have been performed on the very same, about 100 mg p
of material from the center of the ingot, from which
chipped-off splinter has been used for the above x-ray an
sis. In a follow-up paper19 an elastis neutron-diffraction in
vestigation of magnetic Ce ordering has been performed o
10 g piece of material~the whole ingot! and this lump of
material was not as homogeneous as the piece used in
present investigation.

In the course of the growth process of Ce3Cu3Sb4 the
melting point of this compound has been determined w
two different methods. During heating of the sample sea
under vacuum in a molybdenum crucible, both the tempe
ture change~4 °C/min!—measured by pyrometry—and th
power increase of an electron-beam furnace, heating the
cible ~20 W/min!, were measured. After a certain time th
temperature remained practically constant in spite of furt
heating. The same temperature was found during a coo
process. Thus this temperature determines the melting p
Tm . In a second method the sample was heated inductiv
in an alumina crucible under 2.5 bar of Ar and observ
visually with a pyrometer. With a heating rate of 4 °C/m
the liquefaction could be easily determined.Tm was found to
be Tm51740650 K which is much lower than the reporte
2295 K.12 In Ref. 12 the melting points of variousR3Cu3Sb4
alloys ~with R being a rare earth! have been collected an
Ce3Cu3Sb4 has been claimed to have the highestTm . Com-
pared with Gd3Cu3Sb4 this is improbable since a 4f 1 mate-
rial always has a lowerTm than the corresponding, electron
cally more stable 4f 7 compound.

MAGNETIC MEASUREMENTS

The inverse of the magnetic susceptibility in a field
4.67 kOe is shown in Fig. 3 below 70 K. The solid line is
fit with a Curie-Weiss law up to 300 K which yields a
effective magnetic moment of 2.59mB , close to the theoret-
ical value of 2.54mB . We obtain a paramagnetic Curie tem
peratureuP of 23 K. The inset shows the initial susceptibi
ity in a field of 10 Oe. The kink at 12 K indicates the Cur
temperature and the plateau at low temperatures is cause
the demagnetizing factor. In Fig. 4 we have plotted the m

d
d

FIG. 2. Crystal structure of Ce3Cu3Sb4, with the coordination
polyhedra of Ce, Cu, and Sb atoms.
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9520 PRB 60P. WACHTER, L. DEGIORGI, G. WETZEL, AND H. SCHWER
netization at 1.5 K in fields up to 100 kOe. It is obvious th
there exists a spontaneous magnetization of 2.15mB per for-
mula unit or 0.66mB per Ce ion. However, even at 100 kO
no saturation is achieved. The saturation moment of Ce31 is
gJ52.14 and is missed by a factor 3. Quenched mom
systems are common in Ce compounds, but as will be sh
below, there is no such gap as exists in a Kondo lattice
Kondo insulator or a heavy fermion16 ~and references quote
therein!. Thus the material is not a simple ferromagnet.

Crystal-field effects are small in Ce3Cu3Sb4. The low
point symmetryS4 of the Th3P4 related structure splits th
J55/2 state into three doublets. In analogy with Sm3S4
which crystallizes also in the Th3P4 structure and has th
sameJ55/2 ground state, we can assume that theG7 is the
lowest doublet.20,21 SinceCe3

31Cu3
11Sb4

32 is electronically
the same as CeSb a comparison is permitted. The C
separation in the former material is larger than in the
CeSb compound but there are eight Sb anions surroun
each Ce. We then can assume that in large magnetic fi
especially including also the internal Weiss field of a qua
ferromagnet, magnetic saturation could be achieved, jus
is the case for CeSb, where above 50 kOe at 1.5 K the
saturation moment of 2.14mB /Ce31 is obtained.1 Experimen-
tally this saturation moment is not reached in Ce3Cu3Sb4.
Two possibilities can explain the observed behavior: eit
the alloy is a canted antiferromagnet with a canting angle
162° which yields the spontaneous moment of 0.66/Ce31.

FIG. 3. The inverse magnetic susceptibility of Ce3Cu3Sb4 in a
field of 4.67 kOe. The inset shows the initial susceptibility in a fie
of 10 Oe.

FIG. 4. The magnetization of Ce3Cu3Sb4 at 1.5 K.
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With increasing field the canting angle is gradually reduc
until saturation is achieved. A canted antiferromagnet can
observed with elastic neutron scattering. Or the alloy
highly anisotropic, having only in one crystallographic dire
tion the saturation magnetization of 2.14mB and in the two
others only a weak, linearly increasing magnetization w
field. In fact the spontaneous moment of 0.66mB /Ce is rather
exactly 1/3 of the saturation moment of 2.14mB . We then
expect a spin-flop field, apparently larger than 100 kOe. T
problem can be solved when single crystals are availa
which, however, is a formidable task with the volatile S
Also the initial susceptibility, displayed in the inset of Fig.
is not typical for a ferromagnet. Below aTC of 12 K a
ferromagnet should have a constant initial susceptibility d
to the demagnetizing factor. However, in Ce3Cu3Sb4 this
constant value is only obtained after a drop of the susce
bility below TC . This is an indication of an antiferromagne
In summary, Ce3Cu3Sb4 is not a simple ferromagnet, but
has a spontaneous moment.

ELECTRICAL TRANSPORT MEASUREMENTS

The electrical resistivity of Ce3Cu3Sb4 has been measure
as a function of temperature and magnetic field up to 10
and it is shown in Fig. 5. The resistivity in zero field has
maximum at 17 K and with increasing magnetic field t
curve is lowered and the maximum shifts towards high
temperatures. In Ref. 10 no resistance maximum has b
observed, but in Ref. 11 a maximum is stated at 19 K. In R
12 a maximum is observed at 4 K. These differences
probably related to the quality of the samples. The ris
branch of the resistivity with decreasing temperature
been fitted in all preceding publications with an exponen
law r}expEg/2kT and an energy gap of 7 meV,10,11 5.2
meV,12 or 2.3 meV,12 as a result of a confusion in the tex
and Fig. 4 of Ref. 12, has been obtained. Our fit with
exponential law between 250 and 110 K is shown in the in
of Fig. 5. Using the formular}expEg/2kT we findEg to be
5 meV, but we will argue below that one should use rath
r}expD/kT, in which caseD is 2.5 meV and would corre-

FIG. 5. The resistivity of Ce3Cu3Sb4 in zero field and in 10 and
100 kOe. The inset shows a lnr versus 1/T plot. The three squares
are calculated resistivity values from the optical conductivity giv
in Fig. 9.
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PRB 60 9521Ce3Cu3Sb4: A SEMIMETAL WITH A SPONTANEOUS . . .
spond to a magnetic binding energy, having nothing to
with Fermi statistics.

Although for the increasing branch of the resistivity wi
decreasing temperature a law with an activation energ
found over a certain temperature range, this does not m
that one has a semiconductor which then should change
metal belowTC .10,11 The electrical conductivity iss51/r
5enb with n the carrier concentration andb the mobility
and it must at first be established which of the tw
temperature-dependent parametersn or b is dominating the
resistivity. For this purpose a Hall effect measurement
necessary.

In Fig. 6 we show the Hall effect of Ce3Cu3Sb4 in fields
of 10 and 4 kOe between 2 and 300 K. In Ref. 12 the H
effect has been measured only down to 30 K, i.e., above
magnetic ordering temperature. The Hall effect changes
near 30 K which means one must use a two-band analys
obtain the carrier concentration. The correct formula
equal scattering processes of electrons and holes would

RH52~r /ueu!~bn
2n2bp

2p!/~ ubnun1bpp!2

with r 5tp
2̄/ t̄p

2 being the ratio of the relaxation times,bn,p is
the mobility, andn andp are the concentration of the carr
ers. Even withr >1 the number of parameters exceeds
experimental possibilities. Between 50 and 300 KRH is posi-
tive which meansbn

2n,bp
2p and one has dominantlyp con-

ductivity. At about 30 KRH50, thusbn
2n5bp

2p. Nothing is
known about the band structure of this material but it
reasonable to assume the essential feature is an indirect
lap of the conduction band of Ce31 with a minimum near the
G point of the Brillouin zone with thep band of Sb32 with a
maximum at theD point of the Brillouin zone, just as in
La3Au3Sb4 ~Ref. 22!or other rare-earth monopnictides.23 The
nonmagnetic Cu11 has only empty (4s) and full (3d10)
bands. In this casen5p and at 30 Kbn5bp and the material
is a self-compensated semimetal.

As seen in Fig. 6, especially in the magnified inset,
Hall effect is positive and temperature independent betw
100 and 300 K, exactly in the temperature range where
resistivity ~Fig. 5 inset! shows an activated behavior. Usin
still the full formula for the Hall effect, but withr 51, and

FIG. 6. The Hall effect of Ce3Cu3Sb4 in fields of 10 and 40 kOe.
The inset shows an enlarged scale at 40 kOe.
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keeping the relationn5p, which probably is a condition
from the band structure, one can derive a simpler formula
the Hall effect

RH5~1/ep!~bn2bp!/~bn1bp!.

Considering that in a two-band models51/r5nebn
1pebp5pe(bn1bp), we can deriver5RH /(bp2bn) and
since RH is constant and positive between 100 and 300
r}1/(bp2bn), i.e., it depends only on the mobility differ
ence between electrons and holes. If we assumebp not only
larger thanbn ~a consequence of a positive resistivity!, but
much largerbp@bn , thenr}1/bp . This means that the re
sistivity increase with decreasing temperature on the hi
temperature side of the maximum ofr is only an effect of the
mobility which is activated between 110 and 250 K~Fig. 5,
inset!.

It has been shown on theoretical grounds24 that the Hall
effect of a two-band model with its many parameters can
replaced by a one-band model, in which case the carrier c
centration is the maximum possible. In other words, in
realistic two-band model the carrier concentration is alwa
less than in the one-band model. In the one-band modelRH
51/ep and with RH50.007 cm3/A s ~Fig 6 inset! ṗ58.9
31020cm23, which remains temperature independent b
tween 110 and 250 K. In the more realistic two-band mo
p can only be less. Using the lattice parameter of Ce3Cu3Sb4
this means that we have a little less than 1 carrier per form
unit, or about 0.3 carriers per Ce31. The Hall mobility at 250
K is bp52.8 cm2/V s, i.e., a very low value. Since the carrie
concentration is constant over a large temperature varia
this means that the material is not a semiconductor
claimed in Ref. 10.

But the mobility is activated, which means a hopping-ty
mobility, and it is reasonable to assume that the whole te
perature dependence of the resistivity as shown in Fig.
due to the mobility. We will show that the whole effect
due to a trapped or a small magnetic polaron. The theory
the magnetic polaron was developed by Nagaev,25 but the
experimental evidence of a magnetic polaron has been g
by Streit and Wachter.13 A magnetic polaron is an elemen
tary charge~in this casep! with a spin of 1/2 in a materia
having ionic magnetic moments as in Ce31. At temperatures
aboveTC the spin of the free carrier magnetically polariz
the ion spins in the neighborhood trying to align them par
lel to its own spin direction against the temperature-induc
disorder. In this way the carrier loses energy and becom
magnetically trapped. Its movement is by hopping with
activation energy. Below theTC of a ferromagnet the mag
netic exchange interaction between the ion magnetic m
ments aligns them in parallel, so the carrier gets liberated
the resistivity decreases. AtTC critical spin-flip scattering
dominates resulting in the maximum of the resistivity. A
external magnetic field can help to align the ion spins alre
aboveTC and especially belowTC scattering on different
magnetic domains becomes reduced. These effects are
prisingly small in Ce3Cu3Sb4 for a claimed ferromagnet. Bu
as we have shown above, Ce3Cu3Sb4 is not a simple ferro-
magnet. Either it is a canted antiferromagnet or highly ani
tropic and this is exactly the reason why the magnetore
tance effects are so small. The magnetic polaron finds a
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9522 PRB 60P. WACHTER, L. DEGIORGI, G. WETZEL, AND H. SCHWER
temperatures nonaligned ion spins and can get trapped
fact this is further proof of the absence of ferromagne
order, although a spontaneous magnetic moment exists.

If the activation energy measured in the resistivity is d
to the magnetic trapping energy of a small magnetic pola
as argued above we understand that we should not u
formula r}expEg/2kT as for an electronic gap with th
Fermi level for T→0 in the middle of the gap, butr
}expD/kT with D the magnetic binding energy of the sma
polaron, which then is 2.5 meV.

Below 30 K the Hall effect becomes negative and exhib
a sharp minimum~depending on field! nearTC . The shape
of the curve in Fig. 6 is typical for a material having a
ordered moment, but the Hall resistivityrH(B,T)
5RH(B,T)B, being proportional toRH , is strongly field de-
pendent nearTC , which is not typical for a simple ferromag
net. The Hall effect must be separated into an ordinary
an extraordinary part. The separation of the Hall resistiv
can be made according to the following formula.26

rH~B,T!5R0~T!B14pRsM ~B,T!,

whereR0 is the ordinary Hall effect andRs is the spontane-
ous Hall effect due to the magnetizationM (B,T). The for-
mula above can be rewritten as

RH5R014pRsM /B.

In Fig. 7 we show the Hall effect in a function of the field
2 K and using Fig. 7 together with Fig. 4 we can make
linear plot of RH versusM /B from which we can evaluate
R0 , the ordinary Hall effect,R0520.02 cm3/A s andRs is
the spontaneous, extraordinary Hall effect,Rs528
31023 cm3/A s. In a single-band-model analysis, and we
call that this yields the maximum number of carriers, we fi
n05331020cm23 andns5831020cm23. It is obvious that
the carrier concentration also at 2 K, i.e., in the magnetic
ordered state, is metallic and from the same order of ma
tude as at room temperature. It is, therefore, clear that o
the whole temperature range Ce3Cu3Sb4 is a metal, in con-
trast to Refs. 10 and 11. However, the sign of the carriers
changed from positive near room temperature to nega
near 2 K. In a two-band model there is no problem with th
especially considering that the conditionn5p may no longer
be fulfilled at low temperatures where the exchange splitt

FIG. 7. The field dependence of the Hall effect of Ce3Cu3Sb4 at
2 K.
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of the 5d band of Ce is certainly not the same as that of
Sb p band. Exactly this has been observed in ferromagn
variations of TbN and GdN.27

OPTICAL PROPERTIES

The final test of a material having a gap of whatever ki
is the direct measurement of such a gap. Optical meas
ments, especially far-infrared reflectivity down to the lowe
temperatures, have the potential to make a gap visible. G
can be in the density of states as in a semiconductor, they
be a Kondo gap or a hybridization gap, as in strongly cor
lated electron systems. The Fermi level can be in the ga
in a density of states peak as in heavy fermions, even gap
superconductors can be observed optically. Numerous
amples exist in the literature~e.g., Refs. 14 and 16!.

We have measured the optical reflectivity on polish
probes of Ce3Cu3Sb4 over a photon energy range from 1023

to 6 eV between 300 and 6 K, i.e., above and belowTC . The
reflectivity spectrum is displayed in Fig. 8 at 3 different tem
peratures. The general behavior is that of a metal, with in
band transitions peaking near 1 eV and a plasma edge du
free carriers, with a plasma resonance around 0.2 eV. N
0.02 eV a phonon double-peak structure is observable,
the reflectivity is smoothly approaching 100% forv→0.
There is no indication of a gap whatsoever. Below ab
0.07 eV the reflectivity exhibits a temperature dependen
inasmuch as the curve nearTC(12 K) is lower than the curve
at 6 K. In this photon energy range the damping is mos
determining the shape of the curve, so that we must c
clude, that at 10 K the damping is stronger than at 6 or 3
K. The damping is directly related to the electrical resistivi
so that we must expect that the resistivity shows a maxim
nearTC . This information corroborates the direct measu
ment of the resistivity as displayed in Fig. 5. On the oth
hand, a gap even in the meV range would manifest itself i
clear deviation of the reflectivity from 100% forv→0.
Then, the reflectivity would approach a constant value. A
other possibility which cannot be excluded, is a zero-g
material as, in principle, isa Sn. Such a conclusion has bee
drawn in a similar material, Ce3Au3Sb4,

28 but a zero-gap
material would still be at variance with the statement o
ferromagnetic semiconductor.10,11

In Fig. 9 we show the optical conductivity of Ce3Cu3Sb4.
These results are obtained with a Kramers-Kronig analysi

FIG. 8. The optical reflectivity of Ce3Cu3Sb4 between 1023 and
4 eV photon energy at 6, 10, and 300 K.
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the reflectivity which yields the real and imaginary parts
the dielectric functions. As extrapolation tov→0 we use for
all three measured temperatures a best fit with the Hag
Rubens relation~connecting the reflectivity for smallv with
the dc conductivity! and as extrapolation towards infinite fre
quencies we use up to 20 eV a 1/v2 law and above, we use
a 1/v4 power law. The obtained conductivity values of Fi
9, extrapolated towardsv→0, and converted to resistivity
values, are indicated in Fig. 5 as squares and they a
surprisingly well with the measured dc resistivity of the sa
sample. On the other hand, the plasma resonance near 0
is temperature independent. The plasma resonancevP

2

54pne2/m* eopt depends mainly on the carrier concentr
tion, which thus remains temperature independent. This
roborates nicely the Hall effect data.

It can be further seen from Fig. 9 that besides the in
band transition near 1 eV and the phonon structure near
eV a flat broad peak can be discerned also near 0.02 eV,
observed at 10 K. Such a structure can be associated wit
signature of magnetic polarons as was first measured
magnetite Fe3O4.

29 In Ce3Cu3Sb4 such a peak is nearly on
order of magnitude lower in energy than in magnetite~0.25
eV!. Nevertheless it scales with the activation energies in
resistivity of both materials.

CONCLUSION

It has been shown above that phase pure and uncont
nated Ce3Cu3Sb4 is neither ferromagnetic nor semiconduc
ing, as claimed in Refs. 10 and 11. The material exhibit

FIG. 9. The real part of the optical conductivity of Ce3Cu3Sb4 at
6, 10, and 300 K.
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spontaneous moment of about 1/3 of the theoretical sat
tion moment and it cannot be saturated even at 100 k
Most probably it is a canted antiferromagnet, but a unidir
tional ferromagnet is also possible. The carrier concentra
is high, corresponding to about 1/3 carrier per Ce31 ion, it is
temperature independent in the paramagnetic tempera
range, but also in the magnetically ordered state it remain
the same magnitude. The resistivity is dominated by mobi
effects and a small~self-trapped or bound! magnetic polaron
with a hopping-type mobility explains the transport behavi
The small magnetoresistivity effects are caused by the n
ferromagnetic properties.

In Refs. 10 and 11 it was suggested that the small m
size activation energy of the resistivity could indicate a se
conductor. Such a small electronic gap can never rem
open with an imperfect material as all these alloys are. B
bending and warping of the energy surfaces will close t
small gap at some points in the Brillouin zone resulting
least in a zero gap material.28 Such small gaps can onl
remain open when quantum-mechanical effects prev
These are meV gaps in superconductors~even amorphous
and dirty Al is a superconductor! or hybridization gaps in
intermediate valent or heavy fermion compounds.16 In fact a
gap due to correlated electron effects such as in a Ko
lattice has also been invoked in Refs. 10 and 11. Howeve
order that the carrier concentration exhibits a semiconduc
behavior, the Fermi level must be in the gap, of whate
kind the gap is. The Luttinger theorem and its interpretat
by Martin and Allen predicts15 ~and it has been verified
experimentally16! that the Fermi level can only be in a hy
bridization gap when the sum off andd electrons is even.

In a trivalent Ce compound this sum is odd. So we do
expect a Kondo gap or hybridization gap with the Fer
level in the gap, and indeed this has been verified with
optical experiments. Instead, we proposed that the meas
activation energy in the resistivity aboveTC is due to a mag-
netic binding energyD, which is not governed by Ferm
statistics. As a consequence one should writer}exp(D/kT).
There exist, however, several Ce31 and Eu21 compounds
with odd f andd count with large gaps, e.g., Ce3O3 or EuO,
which are paramagnetic insulators or ferromagnetic semic
ductors, respectively.
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