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Ce;CusShy: A semimetal with a spontaneous magnetic moment
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It has been claimed by Paglt al. [Solid State Commun99, 419 (1996] that CgCu;Sh, 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 temp&gatdrenaximum
in the resistivity neafl ¢ is due to trapped magnetic polarons. The resistivity is an effect of the mobility of the
charge carrierd.50163-182@9)02137-2

INTRODUCTION maximum in the resistivity to be a semiconductor on the
high-temperature side and a metal on the low-temperature

Ce-based compounds are always very interesting. The Czide. The electrical conductivity is still a product of the car-
monochalcogenides and monopnictides are well investigateder concentration and the mobility, and as long as it is not
material$ and no other class of compounds has evoked s@roven which of the two parameters is changing, the claim of
much theoretical interest as the Ce pnictides. Magnetic sug Semiconductor is not convincing. In fact, between 300 and

ceptibilities are dominated by crystal-field effects but near30 K, covering most of the rise of the resistivity towards
300 K the full effective magnetic moment of 254 is  |OWer temperature, the Hall effect has been measaraad

go change in carrier concentration has been observed. The
mobility, however, can also be thermally activated, in which
ase one speaks of a trapped magnetic potaritand ref-

achieved. However, the saturation moment of the free ion
gJ=2.14ug is rarely obtained, even in fields of 100 kbe.
Crystal-.fleld effects may be the reason for .th.ls' The man%rences quoted thergjrwhich becomes liberated below the
magnetic phases of CeSb are famous, and it is also the ma- " ¢ 2 ferromaanet
terial which exhibits the largest Kerr rotatiéhn many cases CThe Hall effegt of 'a ferromagnet near and belGw must
hybridization effects and moment quenching of the magneti%e analyzed and separated into the normal and anomalous
moments go in parallel with phenomena of the intermediatq_lal

. X X | effect and one must look also for other means to detect
valence, e.g., in CelRef. 3 or heavy fermion behavior as, e essential part of a semiconductor, namely the gap. Opti-

e.g., in CeCySi; (Ref. 4, which even becomes a supercon- c5| measurements, especially in the far infrared and at low
ductor at 0.7 K, and are abundant. The so-called Kondo iNtemperatures, supply a simple and critical means to detect a
sulators like CgPtBi, (Ref. 5 or CeNiSn(Ref. 6 are ma-  gap. The mobility alone can be measured with photoelectric
terials which seem to have a gap and the Fermi level in thenethods, especially when the intrinsic carrier concentration
gap, so they behave like semiconductors. Whereas this has small.
been verified by far-infrared optical measurements in the The motivation to reinvestigate @eu;Sh, is based on
case of CePBi, (Ref. 7) (a material in which Ce is formally  theoretical assumptiofsto be discussed below, that a small,
tetravaleny, it has been shown recently that in carefully pre- Kondo-like electronic gap, with the Fermi level in the gap,
pared CeNiSn single crystals the features of a gaman only exist with an evef-d electron count. This is only
disappeaf. Even in the highf, superconductor the case for Sm and Yb compounds and Tm compounds
Nd,_,CeCuQ,, Ce again plays an anomalous role, inas-when they are antiferromagnets, because then the magnetic
much as this is an-type highT ¢ superconductot. unit cell is twice the chemical unit cell and tlied count is
Recently®*!it has been reported that with §&;Sh,, a  even agairt® In trivalent and ferromagnetic Ce compounds
semiconducting ferromagnet based on Ce has been discothe f-d electron count is odd.
ered, which certainly adds to the anomalous properties of Ce
compounds. Magnetic data suggest that the Curie tempera-
ture T¢ is near 12 K and the band gap of a semiconductor
has been calculated from resistivity data. Using the formula Polycrystalline, single phase @&u;Sh, was synthesized
pxexXpEy/2KT yields E;=84 K or = 7 meV. under Ar atmosphere by arc melting, followed by an anneal-
In Ref. 10 the resistivity is rising with decreasing tem- ing of the sample under vacuum. In the first step stoichio-
perature without showing a maximum, but in Ref. 11 by themetric amounts of C€9.9%9, Cu (99.9%, and Sh(spectro-
same group of researchers, a maximum of the resistivity adcopic purity have been made molten several times by arc
19 K is reported. In Ref. 12 a maximum of the resistivity melting in an Ar atmosphere to ensure homogeneity of the
near 4 K isshown. A fit of the rising branch with decreasing sample. In a series of preliminary experiments, performed
temperature with the above formula yields an activation enwith an identical procedure, it was substantiated that 4% of
ergy of 5.2 meV, but these authors never claim@egSh,to  stoichiometric excess of volatile Sb has to be added to the
be a ferromagnetic semiconductor. It is obvious that thestarting material to obtain a stoichiometric content in the
quality of the samples determines these differences. But ifinal product(as determined by x-ray analysitJsing this Sb
general it is not legitimate to interpret a material with aexcess we could avoid the weight control of the sample to

SAMPLE PREPARATION AND CHARACTERIZATION
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_ unit cell of CeCusSh, should generate many more reflec-
FIG. 1. X-ray powder diffractogram of GEu;Sh,. Top: the  tions due to symmetry reduction, so it is most likely that the

observed data, middle: the calculated diffraction pattern, refineq)my real structure of GEuSh, is the cubic one presented
with the Rietfeld method, bottom: the difference between observeqllere.

and calculated data. All the following physical measurements on {CexSh,

] have been performed on the very same, about 100 mg piece
detect the Sb loss after each arc melting process. The reagf material from the center of the ingot, from which a

tion chamber was always closed and therefore there was néhipped-off splinter has been used for the above x-ray analy-
danger of oxidation of the sample, which occurred in Ref.js |n a follow-up papé? an elastis neutron-diffraction in-

10. X-ray powder diffraction detected no impurities of Sbestigation of magnetic Ce ordering has been performed on a
oxides, however, other phases such as traces of CeSb wheyg ¢ piece of materiaithe whole ingox and this lump of

indicated. - material was not as homogeneous as the piece used in the
To obtain single phase g@u;Shy an additional step had present investigation.

to be performed where the multiphase sample was sealed | the course of the growth process of £CesSh, the
under vacuum into a quartz ampoule and annealed in a resigselting point of this compound has been determined with
tance oven for three weeks at 820°C. In the final productyo different methods. During heating of the sample sealed
only a single phase of GEu;Sh, was resolved by x-ray ynder vacuum in a molybdenum crucible, both the tempera-
diffraction. Polycrystalline Cgu;Sh, was measured in tyre change(4 °C/min—measured by pyrometry—and the
transmission on a STOE powder diffractometer using Geower increase of an electron-beam furnace, heating the cru-
monochromated CKa; radiation. Data were collected in ciple (20 W/min), were measured. After a certain time the
the range 10<26=<120° with a position sensitive detector. temperature remained practically constant in spite of further
The material contained no impurities and could be indexetheating. The same temperature was found during a cooling
on the basis of a cubic unit cell with=9.7527(1) A. The process. Thus this temperature determines the melting point
reflections of the diffractogram were fitted with the Pearson-T . |n a second method the sample was heated inductively
VIl peak profile with a fixed exponerg=2.0. Structure re- in an alumina crucible under 2.5 bar of Ar and observed
finement was done with the Rietfeld method using #A8R  visually with a pyrometer. With a heating rate of 4 °C/min
program of thesTADI-P software’ the liquefaction could be easily determindg, was found to
Crystal data of the YAuzSh, structure model were taken pe T, =1740+50K which is much lower than the reported
from Dwight'® and background, profile, and structural pa- 2295 K12 In Ref. 12 the melting points of variow,CusSh,
rameters were refined. Profile and structural refinements CO@{”OyS (Wlth R being a rare ear)hhave been collected and
verged at low Ry,=0.043, R,;,=0.056, and R(l,hkl)  Ce,Cu,Sh, has been claimed to have the high&st. Com-
=0.042. Figure 1 shows the Observed, CalCUlated, and differpared with Gg(:usSb4 this is improbab|e since af& mate-
ence (obs-calc) diffraction pattern. GEu;Sh, crystallizes  ria| always has a loweF,, than the corresponding, electroni-
in the space group-43d with the YzAusSh, structure type  cally more stable #” compound.
which is related to the TJ®, structure. Ce and Cu atoms are
located at the 12 and 1 sites, respectively. Sb was refined
to x=0.0792(2) at the 1§ x,x,x) position. Bond lengths in
Ce,CuSh, are Ce-Ce-2.9861A, Ce-Sk3.419(2) A, The inverse of the magnetic susceptibility in a field of
3.3332) A, and Cu-Sk=2.709(2) A. The crystal structure in 4.67 kOe is shown in Fig. 3 below 70 K. The solid line is a
real space is shown in Fig. 2 with its Ce, Cu, and Sb coorfit with a Curie-Weiss law up to 300 K which yields an
dination polyhedra. We did not find any indication for a te- effective magnetic moment of 2.58, close to the theoret-
tragonal distortion as reported by Pailal1° their published ical value of 2.545. We obtain a paramagnetic Curie tem-
diffraction pattern is the same as in Fig. 1, but it containedperaturedy of —3 K. The inset shows the initial susceptibil-
additional impurities and a reflection denoted as “312.” Thisity in a field of 10 Oe. The kink at 12 K indicates the Curie
reflection is the only hint for a tetragonal distortion, all othertemperature and the plateau at low temperatures is caused by
reflections can be indexed with a cubic cell. A true tetragonathe demagnetizing factor. In Fig. 4 we have plotted the mag-

MAGNETIC MEASUREMENTS
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FIG. 5. The resistivity of C€u,Sh, in zero field and in 10 and
100 kOe. The inset shows agnversus 1T plot. The three squares
are calculated resistivity values from the optical conductivity given
in Fig. 9.

FIG. 3. The inverse magnetic susceptibility of Ce;Sh, in a
field of 4.67 kOe. The inset shows the initial susceptibility in a field
of 10 Oe.

netization at 1.5 K in fields up to 100 kOe. It is obvious that = o ) )
there exists a spontaneous magnetization of 2g1ger for- ~ With increasing field the canting angle is gradually reduced
mula unit or 0.66.z per Ce ion. However, even at 100 kOe until saturation is achieved. A canted antiferromagnet can be
no saturation is achieved. The saturation moment 3f @@  observed with elastic neutron scattering. Or the alloy is
gJ=2.14 and is missed by a factor 3. Quenched momenlﬂighly anisotrop_ic, having o_nly_in one crystallographic direc-
systems are common in Ce compounds, but as will be show#on the saturation magnetization of 2/g and in the two
below, there is no such gap as exists in a Kondo lattice, gthers only a weak, linearly increasing magneu.zatlon with
Kondo insulator or a heavy fermidh(and references quoted fi€ld. In fact the spontaneous moment of QUgGCe is rather
therein. Thus the material is not a simple ferromagnet. ~ €xactly 1/3 of the saturation moment of 2:44. We then
Crystal-field effects are small in @uSh,. The low expect a spin-flop field, apparent_ly larger than 100 kOe: This
point symmetryS, of the ThyP, related structure splits the Problem can be solved when single crystals are available,
J=5/2 state into three doublets. In analogy with Smn  Which, however, is a formidable task with the volatile Sb.
which crystallizes also in the TR, structure and has the Also the initial susceptibility, displayed in the inset of Fig. 3,

sameJ=5/2 ground state, we can assume thatlthds the IS Not typical for a ferromagnet. Below & of 12 K a
lowest doublef?21 SinceCe%*Cu%*Sb?{ is electronically ferromagnet should have a constant initial susceptibility due

the same as CeSb a comparison is permitted. The ce-4B the demagnghzmg factqr. However, in LCesSh, this .
separation in the former material is larger than in the focconstant value is only obtained after a drop of the suscepti-

CeSb compound but there are eight Sb anions surroundirg”ty below T¢. This is an indicatipn of an antiferromagngt.
each Ce. We then can assume that in large magnetic fieldd] Summary, CgCusSh; is not a simple ferromagnet, but it

especially including also the internal Weiss field of a quasi-13S @ Spontaneous moment.
ferromagnet, magnetic saturation could be achieved, just as
is the case for CeSh, where above 50 kOe at 1.5 K the gJ
saturation moment of 2.}4, /Ce*" is obtained: Experimen-
tally this saturation moment is not reached in;CeSh;. The electrical resistivity of G€u;Sh, has been measured
Two possibilities can explain the observed behavior: eitheas a function of temperature and magnetic field up to 10 T
the alloy is a canted antiferromagnet with a canting angle ofind it is shown in Fig. 5. The resistivity in zero field has a
162° which yields the spontaneous moment of 0.68/Ce maximum at 17 K and with increasing magnetic field the
curve is lowered and the maximum shifts towards higher
. ; ; ; temperatures. In Ref. 10 no resistance maximum has been
Ce;Cu; Sb, observed, but in Ref. 11 a maximum is stated at 19 K. In Ref.
T=15K ] 12 a maximum is observed at 4 K. These differences are
probably related to the quality of the samples. The rising
mampmpmsmtnt 1 branch of the resistivity with decreasing temperature has
) been fitted in all preceding publications with an exponential
law pxexpEy/2kT and an energy gap of 7 me{t 5.2
meV 2 or 2.3 meV!? as a result of a confusion in the text
and Fig. 4 of Ref. 12, has been obtained. Our fit with an

w i ! exponential law between 250 and 110 K is shown in the inset
20 40 60 80 100 . . .
MAGNETIC FIELD (kOs) of Fig. 5. Using the formula«<expEy/2kT we findE4 to be

5 meV, but we will argue below that one should use rather

FIG. 4. The magnetization of G8u;Sh, at 1.5 K. poexpA/KT, in which caseA is 2.5 meV and would corre-
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02

‘ ‘ ‘ ‘ keeping the relatiom=p, which probably is a condition
Ce;Cu,Sh, from the band structure, one can derive a simpler formula for
the Hall effect

Ry =(1/ep)(b,—by)/(by+by).

< b4
£ § -
I 0 4 B dbioe | Considering that in a two-band moder=1/p=neh,
008 +peb,=pe(b,+b,), we can derivep=R/(b,—b,) and
® TEMPERATURE (). since Ry is constant and positive between 100 and 300 K
08 ) px1/(b,—by), i.e., it depends only on the mobility differ-
ence between electrons and holes. If we asshyneot only
08 : o : 50 : 300 larger thanb, (a consequence of a positive resistiyjtput

TEMPERATURE (K) much largerb,>b,,, thenp=1/b,. This means that the re-
o sistivity increase with decreasing temperature on the high-
FIG. 6. The Hall effect of Cg€usSh, in fields of 10 and 40 kOe.  temperature side of the maximum fs only an effect of the

The inset shows an enlarged scale at 40 kOe. mobility which is activated between 110 and 250Kg. 5,
insed.

spond to a magnetic binding energy, having nothing to do It has been shown on theoretical groutfdbat the Hall

with Fermi statistics. effect of a two-band model with its many parameters can be

Although for the increasing branch of the resistivity with replaced by a one-band model, in which case the carrier con-
decreasing temperature a law with an activation energy isentration is the maximum possible. In other words, in the
found over a certain temperature range, this does not meaealistic two-band model the carrier concentration is always
that one has a semiconductor which then should change tolass than in the one-band model. In the one-band mBgdel
metal belowT¢.1% The electrical conductivity isr=1/p  =1/ep and with R,=0.007 cni/As (Fig 6 insej p=8.9
=enb with n the carrier concentration aral the mobility ~ x10?°°cm™3, which remains temperature independent be-
and it must at first be established which of the twotween 110 and 250 K. In the more realistic two-band model
temperature-dependent parametersr b is dominating the p can only be less. Using the lattice parameter of@gSh,
resistivity. For this purpose a Hall effect measurement ishis means that we have a little less than 1 carrier per formula
necessary. unit, or about 0.3 carriers per &e The Hall mobility at 250

In Fig. 6 we show the Hall effect of GEu;Shy in fields  Kisb,=2.8 cnt/Vs, i.e., a very low value. Since the carrier
of 10 and 4 kOe between 2 and 300 K. In Ref. 12 the Hallconcentration is constant over a large temperature variation
effect has been measured only down to 30 K, i.e., above ththis means that the material is not a semiconductor as
magnetic ordering temperature. The Hall effect changes sigolaimed in Ref. 10.
near 30 K which means one must use a two-band analysis to But the mobility is activated, which means a hopping-type
obtain the carrier concentration. The correct formula formobility, and it is reasonable to assume that the whole tem-
equal scattering processes of electrons and holes would beperature dependence of the resistivity as shown in Fig. 5 is

due to the mobility. We will show that the whole effect is
B ) ) ) due to a trapped or a small magnetic polaron. The theory of
Ruy=—(r/[e])(ban—byp)/([bs[n+byp) the magnetic polaron was developed by Nag&et the
experimental evidence of a magnetic polaron has been given

_ T _ S _ by Streit and Wachtef® A magnetic polaron is an elemen-
with r =7,/ 7, being the ratio of the relaxation times, , is  tary charge(in this casep) with a spin of 1/2 in a material
the mobility, andn andp are the concentration of the carri- having ionic magnetic moments as in*Ce At temperatures
ers. Even withr=1 the number of parameters exceeds theahoveT. the spin of the free carrier magnetically polarizes
experimental possibilities. Between 50 and 308(is posi-  the ion spins in the neighborhood trying to align them paral-
tive which means;n<bjp and one has dominantlycon- el to its own spin direction against the temperature-induced
ductivity. At about 30 KR;=0, thusbﬁnzbﬁp. Nothing is  disorder. In this way the carrier loses energy and becomes
known about the band structure of this material but it ismagnetically trapped. Its movement is by hopping with an
reasonable to assume the essential feature is an indirect ovarctivation energy. Below th&: of a ferromagnet the mag-
lap of the conduction band of €ewith a minimum near the netic exchange interaction between the ion magnetic mo-
I" point of the Brillouin zone with the band of SB~ witha  ments aligns them in parallel, so the carrier gets liberated and
maximum at theA point of the Brillouin zone, just as in the resistivity decreases. Aic critical spin-flip scattering
LagAusShy, (Ref. 220r other rare-earth monopnictid&sThe  dominates resulting in the maximum of the resistivity. An
nonmagnetic Cti has only empty (4) and full (3d9) external magnetic field can help to align the ion spins already
bands. In this case=p and at 30 Kb,=b, and the material aboveT¢ and especially belowl¢ scattering on different
is a self-compensated semimetal. magnetic domains becomes reduced. These effects are sur-

As seen in Fig. 6, especially in the magnified inset, theprisingly small in CgCusSh; for a claimed ferromagnet. But
Hall effect is positive and temperature independent betweeas we have shown above, {e,LSh, is not a simple ferro-

100 and 300 K, exactly in the temperature range where thenagnet. Either it is a canted antiferromagnet or highly aniso-
resistivity (Fig. 5 inset shows an activated behavior. Using tropic and this is exactly the reason why the magnetoresis-
still the full formula for the Hall effect, but with=1, and  tance effects are so small. The magnetic polaron finds at all
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temperatures nonaligned ion spins and can get trapped. In i ,
fact this is further proof of the absence of ferromagnetic®f the 5d band of Ce is certainly not the same as that of the

order, although a spontaneous magnetic moment exists. Sb p band. Exactly this has been observed in ferromagnetic

If the activation energy measured in the resistivity is duevariations of TbN and GdN!
to the magnetic trapping energy of a small magnetic polaron
as argued above we understand that we should not use a OPTICAL PROPERTIES
formula pocexpEy/2kT as for an electronic gap with the ) ) ) )
Fermi level for T—0 in the middle of the gap, bup The final test of a material having a gap of whatever kind

«expA/KT with A the magnetic binding energy of the small is the direct measurement of such a gap. Optical measure-
polaron, which then is 2.5 meV. ments, especially far-infrared reflectivity down to the lowest

Below 30 K the Hall effect becomes negative and exhibits€Mperatures, have the potential to make a gap visible. Gaps
a sharp minimurr{depending on fieldnearT.. The shape ¢&n be in the density of states as in a semiconductor, they can
of the curve in Fig. 6 is typical for a material having an P& @ Kondo gap or a hybridization gap, as in strongly corre-
ordered moment, but the Hall resistivity(B,T) lated electron systems. The Fermi level can be in the gap or
—Ry(B,T)B, being proportional t®,, , is strongly field de- N @ density of states peak as in heavy fe_zrmlons, even gaps of
pendent neaf ., which is not typical for a simple ferromag- superconductors can be observed optically. Numerous ex-

net. The Hall effect must be separated into an ordinary an&mples exist in the literature.g., Refs. 14 and 16

. ; Lt We have measured the optical reflectivity on polished
an extraordinary part. The separation of the Hall resistivity
can be made according to the following forméfa. probes of CeCusShy over a photon energy range from 10
to 6 eV between 300 and 6 K, i.e., above and belgw The

reflectivity spectrum is displayed in Fig. 8 at 3 different tem-
peratures. The general behavior is that of a metal, with inter-
band transitions peaking near 1 eV and a plasma edge due to
free carriers, with a plasma resonance around 0.2 eV. Near
0.02 eV a phonon double-peak structure is observable, but
the reflectivity is smoothly approaching 100% far— 0.
There is no indication of a gap whatsoever. Below about
Ry=Rp+47RM/B. 0.07 eV the reflectivity exhibits a temperature dependence,
inasmuch as the curve neBg(12 K) is lower than the curve
In Fig. 7 we show the Hall effect in a function of the field at at 6 K. In this photon energy range the damping is mostly
2 K and using Fig. 7 together with Fig. 4 we can make adetermining the shape of the curve, so that we must con-
linear plot of Ry versusM/B from which we can evaluate clude, that at 10 K the damping is stronger than at 6 or 300
Ry, the ordinary Hall effectRy=—0.02cnf/As andRs is K. The damping is directly related to the electrical resistivity,
the spontaneous, extraordinary Hall effecRs=—8 so that we must expect that the resistivity shows a maximum
x 10" 3cmP/As. In a single-band-model analysis, and we re-near T . This information corroborates the direct measure-
call that this yields the maximum number of carriers, we findment of the resistivity as displayed in Fig. 5. On the other
no=3x10Pcm 2 andng=8x10"cm™3. It is obvious that hand, a gap even in the meV range would manifest itself in a
the carrier concentration also at 2 K, i.e., in the magneticallyclear deviation of the reflectivity from 100% fow— 0.
ordered state, is metallic and from the same order of magnithen, the reflectivity would approach a constant value. An-
tude as at room temperature. It is, therefore, clear that ovesther possibility which cannot be excluded, is a zero-gap
the whole temperature range {{exSh, is a metal, in con- material as, in principle, i& Sn. Such a conclusion has been
trast to Refs. 10 and 11. However, the sign of the carriers hadrawn in a similar material, GAuzSh,,?® but a zero-gap
changed from positive near room temperature to negativenaterial would still be at variance with the statement of a
near 2 K. In a two-band model there is no problem with that ferromagnetic semiconduct&t!*
especially considering that the conditios p may no longer In Fig. 9 we show the optical conductivity of g&u;Sh,.
be fulfilled at low temperatures where the exchange splittingrhese results are obtained with a Kramers-Kronig analysis of

pu(B, T)=Ry(T)B+47R;M (B, T),

whereR, is the ordinary Hall effect an&; is the spontane-
ous Hall effect due to the magnetizatitdh(B,T). The for-
mula above can be rewritten as
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2000 ' spontaneous moment of about 1/3 of the theoretical satura-
tion moment and it cannot be saturated even at 100 kOe.

Ce, Cu, Sb, Most probably it is a canted antiferromagnet, but a unidirec-
1500 - 1 i tional ferromagnet is also possible. The carrier concentration
o 6K is high, corresponding to about 1/3 carrier pef Cn, it is

temperature independent in the paramagnetic temperature
range, but also in the magnetically ordered state it remains of
the same magnitude. The resistivity is dominated by mobility
effects and a smalkelf-trapped or boundmagnetic polaron
with a hopping-type mobility explains the transport behavior.
The small magnetoresistivity effects are caused by the non-
ferromagnetic properties.
In Refs. 10 and 11 it was suggested that the small meV
o | | | size activation energy of the resistivity could indicate a semi-
10° 102 107 10° conductor. Such a small electronic gap can never remain
PHOTON ENERGY (V) open with an imperfect material as all these alloys are. Band
bending and warping of the energy surfaces will close this
small gap at some points in the Brillouin zone resulting at
least in a zero gap materidl.Such small gaps can only
remain open when quantum-mechanical effects prevalil.
These are meV gaps in superconduct@gen amorphous
g_nd dirty Al is a superconductpor hybridization gaps in
intermediate valent or heavy fermion compouhm fact a
gap due to correlated electron effects such as in a Kondo
quencies we use up to 20 eV au®/law and above, we use lattice has also be_en invoked in_Refs. 1_0_and 11. However_, in
2 . L . order that the carrier concentration exhibits a semiconducting
a l/w™ power law. The obtained conductivity values of Fig. b . . ;
ehavior, the Fermi level must be in the gap, of whatever

9, extrapolat_ed_towardlwe_o, and converted 1o resistivity kind the gap is. The Luttinger theorem and its interpretation
values, are indicated in Fig. 5 as squares and they agree

> . o Y Martin and Allen predictS (and it has been verified
surprisingly well with the measured dc resistivity of the same erimentall®) that the Fermi level can only be in a hy-
sample. On the other hand, the plasma resonance near 0.2 BV y y

) . ization gap when the sum éfandd electrons is even.
is temperature independent. The plasma resonan%e gap

— AN m* d d il h . In a trivalent Ce compound this sum is odd. So we do not
=4mNEM” €qp depends mainly on the carrier concentra- o, oot 5 Kondo gap or hybridization gap with the Fermi

tion, which Fhus remains temperature independent. This COevel in the gap, and indeed this has been verified with the
roborates nicely the Hall effect data.

. . . optical experiments. Instead, we proposed that the measured
It can be further seen from Fig. 9 that besides the inter P P prop

= activation energy in the resistivity aboie is due to a mag-

band transition near 1 eV and the phonon structure near O. tic binding energyA, which is not governed by Fermi
eV a flat broad peak can be discerned also near 0.02 eV, be tistics. As a Conseciuence one should writexp{/kT)
observed at 10 K. Such a structure can be associated with ﬂﬁere e>.<ist however. several Teand EG" compounds
signature of magnetic polarons as was first measured f%ith odd f ar,1dd count’with large gaps, e.g., §@; or EuO

. 29 . ) . bRl i)
magnetite F@‘}' In C%C%Sb“ such a P‘?ak is nearly one which are paramagnetic insulators or ferromagnetic semicon-
order of magnitude lower in energy than in magnef@e25 ductors, respectively
eV). Nevertheless it scales with the activation energies in the ' '

resistivity of both materials.

1000

a, (@) (Qcm)‘1

500

FIG. 9. The real part of the optical conductivity of {r,Sh, at
6, 10, and 300 K.

the reflectivity which yields the real and imaginary parts of
the dielectric functions. As extrapolation é&—0 we use for
all three measured temperatures a best fit with the Hagen
Rubens relatioriconnecting the reflectivity for smadb with
the dc conductivityand as extrapolation towards infinite fre-
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