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CeNiSn and CeRhSb are known as heavy-fermion(Kondo) insulators with a narrow energy gap in the
heavy-quasiparticle density of states. The gap appearance is very sensitive to the number of carriers present.
Existing studies of alloying show that replacement of Sn ions of CeNiSn by Sb leads to a formation of the
weakly ferromagnetic Kondo lattice, whereas CeRhSn has a non-Fermi-liquid ground state. In view of the
contrasting behavior of the Sb-containing and Sn-containing systems, we investigate the solid solutions
CeRhSb1−xSnx, to determine the dependence of the electronic properties on the number of the conduction
electrons and, in particular, on the gap formation in CeRhSb, as well as on the nature of the ground state across
the series. We present the structural properties, the electronic band structure, and the resistivityfrsTdg data for
CeRhSb1−xSnx. The system exhibits in the Sb-rich regime a variety ofrsTd dependencies at the low tempera-
tures, namely, an activated behaviorr=r0 expsDcoh/kBTd for x=0 andx=0.1, r~T2 for x=0.2, which trans-
form into the dependencesr~−ln T for x=0.9, andr~Te (wheree,1) for Sn-rich samples. Furthermore, the
resistivity of both the CeRhSb and the Sn-substituted alloys indicates a coherent Anderson-lattice nature of the
ground state. We also present the 3d x-ray photoemission(XPS) spectra, from which we determine thef-shell
occupation. Analysis of the 3d9f2 weight in the 3d XPS spectra, using the Gunnarsson-Schönhammer model,
suggests that the hybridizationD fs is about 150 meV across the CeRhSb1−xSnx series. The XPS valence band
spectra(high-energy probe) for CeRhSb1−xSnx are related to the linear muffin tin orbital calculations. We
interpret the XPS data in terms of the band-structure calculations, whereas thersTd and the magnetic suscep-
tibility xsTd data(low-energy probes) in terms of Anderson-lattice physics.
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I. INTRODUCTION

Cerium-based Kondo-(Anderson-) lattice systems exhibit
unusual physical phenomena such as heavy-Fermi-(HF) liq-
uid or non-Fermi-liquid types of behavior in a metallic state
or a Kondo-lattice insulating type of state. Typical examples
of such cerium-containing Kondo insulators with a very nar-
row energy gap in the electronic density of states(DOS) are
CeNiSn(Ref. 1) and CeRhSb.2 The nonmagnetic insulating
state of both compounds settles down at low temperature, but
they become HF metals at higher temperatureT.TK, when
the gap disappears.3 The first qualitative picture of both HF
metals and Kondo insulators was based on the idea that the
ground-state results from a competitive character of the
Kondo and the Ruderman-Kittel-Kasuya-Yosida(RKKY )
interactions.4 If the RKKY interaction predominates, various
magnetic ground states can occur with an antiferromagnetic
order appearing at temperatureTN. If the Kondo interaction
predominates, the hybridization between the localized
f-electron and the 5d-6s conduction states can lead to a for-
mation of either a coherent heavy-Fermi liquid or to a gap/
pseudogap formation at the Fermi energy when temperature
T→0 (see, e.g., Ref. 5). A refined picture is based on the
Anderson-lattice model and the formation of very narrow

band states of widthkBTK, which plays both the role of the
coherence temperature for heavy quasiparticle states, as well
as characterizes the hybridization gap in case of the Kondo
insulators.6

A paramagnetic Kondo insulator discussed within the pe-
riodic Anderson model provides an insulating state for a
k-independent hybridization and for an even number of
strongly correlated electrons per unit cell.7 Additionally, the
numerical calculations show that the Kondo gap depends
strongly on the magnitude of hybridization between Ce 4f
and the transition metald states,8 since the Ce 4f and Sn or
Sb 5p mixing is small. In the case of the momentum-
dependent hybridizationsVkd, the gap may vanish at either
some points or along the lines whereVk =0, providing thus a
semimetallic ground state of the system.

The stability of paramagnetic vs magnetic ground state in
the Kondo-lattice limit9 is also strongly dependent on the
number of electrons per atom. Therefore, the energy gap in
Ce-based Kondo insulators is very sensitive to the partial
heteroelectronic substitution.10–12 Previous alloying studies
showed that substituting either Sb ions for Sn in CeNiSn
(Ref. 13) or Sn ions for Sb in CeRhSb(Ref. 14) leads either
to a formation of weak ferromagnetic Kondo lattice or to the
non-Fermi-liquid ground states, respectively.
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The compound CeRhSn exhibits a non-Fermi-liquid char-
acter of the temperature dependence for low-temperature
physical properties,14 which were discussed in terms of the
Griffiths phase model.15,16 It has been shown that the electri-
cal resistivity change rises as a function of temperature ac-
cording to Dr,Te, with the exponente>1, whereas both
the quantityCp/T related to the specific heatCp, as well as
the magnetic susceptibilityx, vary asT−n, with n>0.5.14

In view of the diverse behavior of CeRhSb with respect to
that of CeRhSn, it is of interest to examine the solid solution
CeRhSb1−xSnx, to see the effect of the decreasing number of
conduction electrons(with the increasingx) on the gap for-
mation in CeRhSb, as well as to trace the changes in the
ground state properties across the series. It is also important
to see how a coherent Kondo-lattice state evolves with the
increased substitution of Sn. Our measurements indicate that
the gap in CeRhSb is rapidly suppressed even by a small
amount of Sn, though the XPS spectra continue to show a
mixed-valent behavior of the Ce ions. Furthermore, the NFL
behavior in CeRhSn is suppressed even by a small Sb sub-
stitution.

The aim of this work is to investigate the electronic struc-
ture, the crystallographic properties, the electrical resistivity,
and the static magnetic susceptibility of CeRhSb1−xSnx. We
also compare the valence-band XPS spectra with the
electronic-structure calculations for the valence bands. The
first part represents a discussion of the systems
CeRhSb1−xSnx by a high-energy probe and is followed by its
characterization in terms of an overall single-particle elec-
tronic structure. In the second part we supplement the analy-
sis with the discussion of temperature dependence of the re-
sistivity and the static susceptibility, that allows for a
characterization of the system in terms of the temperature
dependence of the coherent Kondo gap or of a non-Fermi-
liquid behavior, depending on the system composition.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CeRhSb1−xSnx have been pre-
pared by arc melting of the constituent elements on a water
cooled copper hearth in a high purity argon atmosphere with
a Zr getter. Each sample was remelted several times to im-
prove its homogenity and annealed subsequently at 800 °C
for 2 weeks. The samples were carefully examined by x-ray
diffraction analysis and found to be single phase forx,0.2

(orthorhombice-TiNiSi structure, space groupPnma) and for
xù0.8 (hexagonal of the Fe2P type, space groupP62m).

The x-ray diffraction studies also showed, however, that
for 0.2,x,0.8 the samples were not single-phase materials
and consisted of CeRhSb and CeRhSn. The lattice param-
eters provided in Table I were acquired from the diffraction
patterns analysis using thePOWDER-CELLprogram.

Electrical resistivity measurements were made using a
standard four-wire technique. The x-ray photoelectron spec-
troscopy (XPS) spectra were obtained with monochroma-
tized A1Ka radiation at room temperature using a PHI 5700
ESCA spectrometer. The spectra were measured immediately
after cleaving the sample in a vacuum of 10−10 Torr. The
spectra were calibrated according to a prescription described
in Ref. 17. Binding energies were referenced to the Fermi
level seF=0d.

The electronic structure of the ordered compounds was
studied by the all-electron self-consistent linearized muffin-
tin orbital (LMTO) method and the calculations were per-
formed using the tight-binding(TB) LMTO-4.7 code.18 In the
approximate(TB-LMTO) method the crystal potential is
treated within the atomic sphere shape approximation
(ASA)19 with overlapping Wigner-Seitz(WS) spheres cen-
tered at atomic positions. The values of the WS sphere radii
were determined in such a way that the sum of all atomic
sphere volumes is equal to the volume of the unit cell. The
electronic structures were computed for the experimental lat-
tice parameters listed in Table I. In both methods the local
spin density approximation(LSDA) for the exchange corre-
lation (XC) potential was employed. In the TB-LMTO cal-
culations the XC potential was assumed to be of the form
proposed by von Barth-Hedin,20 and Langreth-Mehl-Hu
(LMH ) generalized gradient corrections were included.21 The
randomly diluted system, say CeRhSb0.1Sn0.9, is regarded as
an effective periodic medium with one atom of Sn in ten
replaced by the Sb atoms.

III. HIGH-ENERGY PROBES

A. Electronic band structure

It has been controversial whether the ground state of
CeNiSn or CeRhSb is in a semiconducting or in a semime-
tallic state with a very low carrier density of states(DOS) or
with a V-shape pseudogap. Different experiments(NMR,22

TABLE I. Crystallographic and transport characteristics of the CeRhSb1−xSnx series as a function ofx.

lattice parameters in Å Tmax Tmin

x structure a b c (K) (K) rsTd dependence

0 e−TiNiSi 7.417 4.622 7.866 130 285 r=r0expsDcoh/kBTd for T,6 K

0.1 e−TiNiSi 7.409 4.615 7.846 102 325 r=r0expsDcoh/kBTd for T,7 K

0.2 e−TiNiSi 7.406 4.619 7.852 73 305 r=r0+aT2 for T,20 K

0.8 Fe2P 7.460 4.068 44 300 critical behavior atT0=7.8 K

0.9 Fe2P 7.461 4.078 56 236 r~−lnT for T,16 K

0.95 Fe2P 7.478 4.096 60 300 r=r0+aT0.5 for T,25 K

1 Fe2P 7.444 4.081 100 240 r=r0+aT0.92 for T,25 K
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specific heat,23 ultrahigh-resolution photoemission
spectroscopy24) have shown the appearance of a residual
density of states within the energy gap. Electronic band
structure calculations also predict the small DOS atcF for
either CeNiSn(Ref. 25) or CeRhSb(Ref. 26). Obviously, the
presence of a small Kondo gap in these pure compounds
cannot be characterized reliably within the band approach, as
discussed in the part B below.

In Figs. 1(a)–1(c), we present numerical calculations of

the electronic density of states of CeRhSb1−xSnx for x=0.1,
0.8, and 0.9. Also shown in the figures, for comparison, are
the XPS valence band(VB) spectra. The DOS were convo-
luted with the Lorentzians of half-width 0.4 eV, to account
for the instrumental resolution. The total DOS were multi-
plied by the corresponding cross sections.27 A background,
calculated by means of a Tougaard algorithm,28 was sub-
tracted from the XPS data. The overall agreement between
the calculated and the measured XPS VB spectra is good.

FIG. 1. Comparison of the
total DOS calculated for
CeRhSb0.9Sn0.1 (a), CeRhSb0.2Sn0.8

(b), and CeRhSb0.1Sn0.9 (c); convo-
luted with Lorentzians of half-width
0.4 eV, taking into account proper
cross sections for bands with differ-
ent l symmetry (thick curve), and
the measured XPS valence bands
corrected by the background
(points). The partial DOS curves are
ploted below.
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For the compounds of the series CeRhSb1−xSnx with
x−0.9 and 0.8 the total DOS spectra decomposes into two
clearly separated parts. A band located in the binding energy
(BE) range of 7–11 eV and separated by a gap of,2 eV
from the valence band originates mainly from thes states of
Sb and Sn[Figs. 1(a) and 1(b)]. For CeRhSb0.9Sn0.1 theses
states of Sb and Sn are separated by a gap of,2 eV [Fig.
1(c)]. The part of the valence band which extends from 5 eV
to eF is composed mainly of Rh 4d states. The Ce 4f states
become dominant of the total DOS around the Fermi level
(Fig. 1), while the distribution of the Ced states as well as
Rh d states in the narrow vicinity ofeF are radically different
for samples of the series CeRhSb1−xSnx with x=0.1 and
x=0.9.

In Fig. 2(a) comparison of Rhd [Fig. 2(a)] and Ced [Fig.
2(b)] contributions to the DOS is shown for CeRhSb0.9Sn0.1
and CeRhSb0.1Sn0.9. The DOS presented in Fig. 2 signals a
local minimum (i.e., a pseudogap) at eF in the d bands of
CeRhSb0.9Sn0.1 while the DOS signals a local maximum in
the d bands of CeRhSb0.1Sn0.9. Considering the fractional
valence of Ce in CeRhSn and its hybridization energy V
between thef- and conduction-electron states, which is com-
pared with that of the Ce-Kondo insulator, we try to explain
the reasons which could remove a hybridization gap in
CeRhSb when Sb is substituted by Sn. First, the spacing
between Ce atoms in CeRhSndCe-Ce>0.39 nm(Ref. 14) is
very close to the Hill limit.29 Therefore, one expectsf elec-
trons to be more localized in CeRhSn than in CeRhSb. How-
ever, this pseudogap represents a precursory effect rather
than a Kondo gap, as the band calculations do not include
f-electron correlations.30

B. Ce 3d XPS spectra

The XPS spectra of the 3d core levels provide an more
detailed information about the 4f shell configurations and the
f-conduction-electron hybridization. The Ce-intermetallic
compounds often show different final states depending on the
occupation of thef shell: f0, f1, andf2 (see Refs. 31 and 32).

Figure 3(a) shows the Ce 3d XPS spectra obtained for the
series of compounds CeRhSb1−xSnx. Three final-state contri-
butions f1 and f2 are clearly observed, which exhibit a spin-
orbit splitting DSO>18.6 eV. The presence of thef0 compo-
nent in the 3d XPS spectrum of CeRhSb and CeRhSn, marks
clearly the intermediate valence character of Ce atoms.31,32

Gunnarsson and Schönhammer(GS) explained in Ref. 31
how to determine the initialf-state properties from the Ce 3d
XPS spectra, which are related to the finalf states. In par-
ticular, they discussed how experimental spectra can be used
to estimate thef occupancynf and the hybridization energy
D fs between thef-level and the conduction states. Thef2

components in the Ce 3d XPS spectra in Fig. 3(a) are attrib-
uted within the Gunnarsson-Schönhammer model to the
f-conduction electron hybridization. The hybridization en-
ergy D fs, which describes the hybridization part of the
Anderson impurity Hamiltonian,33 is defined aspV2rmax,
wherermax is the maximum in the DOS and V is the hybrid-
ization matrix element. It is possible to estimateD fs from the
ratio r = Isf2d / fIsf1d+ Isf2dg, calculated as a function ofD fs in
Ref. 32, when the peaks of the Ce 3d XPS spectra that over-
lap in Fig. 3 are separated. At 885 eV there is also an overlap
of the 3d5/2f

1 final states with the Sn 3s peak. The separation
of the overlapping peaks in the Ce 3d XPS spectra was made
using the Doniach-Šunjić approach.34 The intensity ratio
gives for CeRhSb and CeRhSn a crude estimate of a hybrid-
ization width,150 meV. For the CeRhSb1−xSnx compounds
the hybridization energy is similar.

In order to determine the ground statef occupation from
the 3d XPS spectra we use Fig. 4 of Ref. 32, where the
dependence of the ratioIsf0d / fIsf0d+ Isf1d+ Isf2dg on the f
occupation is shown forD=120 meV. Relativef0 intensities
of magnitude,0.07 for CeRhSn,,0.1 for CeRhSb, and
,0.05 for the remaining CeRhSb1−xSnx compounds corre-
spond to thenf values of the order 0.87, 0.83, and 0.89,
respectively.35 The Ce 3d XPS spectra, however, allow an
estimate of the occupation numbernf, and of the energyD
within the accuracy of the order of 15%. The errors are due
to the uncertainties in the intensity ratios, which can be at-
tributed to the uncertainty of the spectra decomposition36, the

FIG. 2. Comparison of(a) Ce d and Rhd (b)
DOS calculated for CeRhSb0.9Sn0.1 and
CeRhSb0.1Sn0.9 near the Fermi level.
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background subtraction, and the surface-to-bulk ratio,37–39as
well as to the approximations in the GS theory. Moreover,
according to GS, the deviation from the linearity of the in-
tensity ratio of the final- to the ground-statef-occupation
number depends onD, which is also obtained within the
same accuracy. We, however, conclude that the couplingD is
strong for CeRhSb, CeRhSn, and CeRhSb1−xSnx alloys; in
consequence, the Ce atoms are in the mixed-valent state. The
Kondo resonance in such a mixed-valent system then forms
the two peaks and hence(at T=0) a gap/pseudogap can be
formed in the electronic density of states; this is the case of
CeRhSb, as we shall see in detail from the low-energy mea-
surements.

There is another evidence for an fluctuating valence of Ce
ion in CeRhSb1−xSnx, as shown in Fig. 3(b). The Ce 4d XPS
spectra exhibit two peaks above 120 eV which can be as-
signed to thef0 final state.40,41,32In Fig. 3(b), the indicated
splitting d=3.1 eV has almost the same value as the spin-
orbit splitting of the La 4d states.

C. Bare versus renormalized electronic structure

So far, we have interpreted our XPS spectra in terms of
LMTO band structure, which obviously does not take into
account the highf-f electronic correlations present in the
thermodynamic behavior. Therefore, this interpretation may
serve only as a qualitative characterization at best and does
reproduce the main features of the observed spectra. In the
next section we discuss the effect of strongf-f correlations
on the low-energy properties such as the zero-field magnetic
susceptibility and the static electrical conductivity.

IV. LOW-ENERGY PROBES

A. Electrical resistivity and static magnetic susceptibility

In the preceding section we have discussed the electronic
structure on an eV(high-energy) scale. Those studies, as we
have seen, provide only a qualitative characterization of the

bare hybridization magnitude as characterized by the virtual
bound-state widthD fs. Below we concentrate on the low-
energy probes, namely, on the electrical resistivity and the
static magnetic susceptibility. This should provide a direct
estimate of the Kondo coherence gapDcoh.

In Fig. 4 we display the electrical resistivityr versus tem-
peratureT for the series CeRhSb1−xSnx. The resistivity curve
has a maximum at the temperatureTmax followed by a mini-
mum atTmin. The values ofTmax and Tmin are tabulated in
Table I. These results will be discussed in detail below.

To see the onset of the Kondo-lattice gap formation for
the Sb rich systems, we have plotted in Figs. 5(a) and 5(b)
both the magnetic susceptibility and the resistivity. Both
the resistivity and the magnetic susceptibility of CeRhSb
are typical for cerium valence-fluctuation compounds
having a nonmagnetic ground state. The ionic two-
interconfigurational-fluctuation(ICF) model proposed by
Sales and Wohlleben42 determines how much of the suscep-

FIG. 3. Ce 3d XPS spectra(a) and Ce 4d XPS
spectra(b) obtained for CeRhSb1−xSnx. The f0,
f1, and f2 components[(in (a)] are separated on
the basis of the Doniach-Šunjić theory. The Sn 3s
peak at 885 eV provides,2% of the total peak
intensity due to the 3d5/24f1 final states. The dot-
ted line in the inset(a) shows an energetic posi-
tion of the peak 3d3/24f0 in the Ce 3d XPS
spectra.

FIG. 4. Electrical resistivity rsTd /rs750 Kd versus T of
CeRhSb1−xSnx. Also are shownrsTd /rs750 Kd versus lnT (inset).
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tibility reported in Fig. 5(a) is intrinsic. The solid line
representsxsTd=x0+nC/T+nf

xx4f1sT*d, where T* =T+Tsf

fit based on this model with parameters:x0=7.4
310−4 emu/mol, n=1.6310−2, Tsf=250 K, and nf

x=0.71.
The occupation numbernf

x is slightly smaller than thenf
value obtained from the XPS spectra. However, what is the
most striking feature of the subtracted data is their abrupt
decrease forT,TK, as it should be for the Kondo insulators.
Additionally, in Fig. 5(a) we have singled out the magnetic
impurity part snC/Td; the remaining part(the lower curve,
full points) dives down below the temperatureTK>6.5 K, as
seen from the inset to the figure. The strong reduction of the
part x f ;x−nC/T below 6.5 K is in agreement with the no-
tion that the Kondo insulator represents a filled band of
heavy quasiparticles. The value of the susceptibilityx f is
flat above TK and represents a strongly enhanced value
,2.5310−3 emu/mol, i.e., in the range for HF systems.
Also, the rsTd data presented in Fig. 5(b) are typical for a
nondegenerate semiconductor with the interband activation
energy 6.6 and 0.5 K for CeRhSb and CeRhSb0.9Sn0.1, re-
spectively. Again, the gap disappears at approximately the
same value ofT. So, bothxsTd andrsTd data are consistent

with the appearance of the Kondo gap in the spectrum at
temperatureTK>6.5 K.

To single out the transformation from the Kondo
insulator/heavy Fermi metal to a non-Fermi liquid, we have
displayed in Fig. 6 thersTd dependence for the sample with
x=0.8. We observe a rather sharp feature aroundT0=7.8 K
on the background of a typical wide maximum. Below we
speculate that the narrowrsTd peak may be attributed to the
quantum critical properties of the NFL instability, which may
appear at a nearby concentration.

B. Physical discussion

The temperatureTmax characterizes experimentally the re-
sistivity droprsTd upon cooling. The Kondo lattices are usu-
ally discussed in terms of the two temperature scales: the
usual single-impurity Kondo scale and the coherence. The
first is responsible forTmin and the latter is reflected in
Tmaxs,Tmind in the rsTd curves. AtTK, the usual minimum,
followed by a rise in the resistivity, is observed with the
decreasingT until at Tmax the resistivity shows a drop with
the decreasing temperature(see Fig. 4). This drop results
from a formation of a coherent Kondo lattice. Thus, at low
temperature in the Kondo lattice system there is a competi-
tion between a tendency for the resistivity to increase due to
the Kondo effect and to its decrease because of the singlet
nature of the coherent ground state(e.g., see the discussion
of CeAl3 in Ref. 43). Theoretically, the quantum coherence
(i.e., the appearance of heavy quasiparticle states) is associ-
ated with the effective Kondo(hybridization) temperature
TK, not with the temperatureTmax, which represents a good
characteristic from the experimental point of view. The low-
lying excitations in the Anderson-(Kondo-) lattice state ap-
pear belowTK,Tmax, which is

FIG. 5. (a) Magnetic susceptibilityx for CeRhSb(open points)
and thex data subtracted with Curie termnC/T causes by a fraction
n of paramagnetic Ce impuritiessn=0.016d. The solid line is a fit
based on the ICF model. Inset shows the susceptibilityx f ;x
−nC/T as a function ofT for T,20 K. (b) Reduced resistivity
rsTd /rs750 Kd on a logarithmic scale versus 1/T for CeRhSb and
CeRhSb0.9Sn0.1.

FIG. 6. Electrical resistivityrsTd /rs750 Kd for CeRhSb0.2Sn0.8

versus temperature. Maximum of a sharp peak inrsTd which is
attributed to a critical behavior, which is located atT=7.8 K. The
exact nature of this behavior is not determined.
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TK =
W

2
expS−

1

JKr0D , s1d

where W is the bandwidth of the bare bands5d-6sd states
with DOS at the Fermi level equal tor0. The valueJK is the
usual Schrieffer-Wolff exchange coupling integral44

JK = 2V2S 1

e f
+

1

e f + U
D , s2d

where e f is the bare 4f level location with respect to the
Fermi level andU is the magnitude of the intraatomicsf-fd
Coulomb repulsion between electrons. Strictly speaking, the
value (1) of TK, apart from having the sense of the Kondo
temperature, depends, in the lattice case, explicitly on the
temperature. Namely, forT!TK we can write

TKsTd = TK +
p2

6
TKS T

TK
D2

+ oFS T

TK
D4G . s3d

The principal importance of the functionTK in the
Anderson-lattice case is connected with the circumstance
that it characterizes both the width of the lowest hybridized
states, as well as the value of the Kondo gapsDK=2kBTKd in
the low-temperature range. In the regimeT!TK the contri-
bution to the specific heat of the typeCv,T−1/2exps−TK /Td.
Also, both the resistivity and the susceptibility should exhibit
the activated type of behavior.

Let us now apply these above mean-field results to the
discussion of the experimental data. The systems
CeRhSb1−xSnx, as is clearly seen from Table I, exhibit a va-
riety of rsTd dependences atT!Tmax.

(i) The systems CeRhSb and CeRhSb0.9Sn0.1 exhibit the
activated behavior[(See. Fig. 5(a)] r=r0expsTK /Td, with
TK>6.6 K for the stoichiometric material andTK>0.5 K for
CeRhSb0.9Sn0.1.

(ii ) rsTd data for CeRhSn and CeRhSb0.05Sn0.95 show a
non-Fermi-liquid behaviorrsTd,Te, with e=0.92 and 0.5,
respectively.

(iii ) rsTd~T2 for CeRhSb0.8Sn0.2, characteristic of the
Fermi liquid, whereasr~−ln T for CeRhSb0.9Sn0.1.

(iv) a singular behavior forx=0.8 sample, indicative of a
critical behavior before NFL metallic state sets in.

The result(iii ) means that the NFL state transforms gradu-
ally into the Fermi-liquid state, which eventually becomes a
Kondo insulator upon further adding of electrons to the sys-
tem, i.e., filling the lower hybridized band of heavy quasi-
particles. In the complementary regimexù0.8 we observe
an evolution into the NFL state. The sample withx=0.8 re-
quires further investigations of a possible presence of the
critical behavior forT>7.8 K. Unfortunately, we have been
unable to synthesize the samples in the concentration range
0.2,x,0.8. Nonetheless, the existing samples, when exam-
ined further, should substantiate quantitatively the behavior
listed as(i)–(iv).

It is amazing that neither the polycrystalline nature nor
the atomic disorder destroy, upon substitution, this subtle
quantum coherence effects of the 4f states, achieved on the
scale of 10 K or even less. This implies, that since these
systems possess a large number of valence electrons per for-

mula (18 for CeRhSb and 17 for CeRhSn), the disorder in-
troduced by both polycrystallinity and alloying must be
screened out effectively by them. Parenthetically, one should
note that CeRhSb has indeed an even number(18) of elec-
trons, so the split hybridized-band structure provides the
Kondo insulating state in this situation. On the contrary, the
CeRhSn should then be metallic, as it contains odd number
(17) of valence electrons. Note also that the whole discussion
bases on the assumption that the 4f electrons of cerium are
delocalized and contribute essentially to the band filling(oth-
erwise, CeRhSn would be an insulator or a semimetal and
CeRhSb should be a metal). This assumption is also not in
disagreement with the almost integer valence of Ce, as de-
termined from the XPS spectra. It is because the high-energy
technique samples practically an instantaneous atomic con-
figuration of Ce 4f electrons. This feature can be corrobo-
rated by noting that the lifetime of the 4f electrons on their
parent atoms, when forming the heavy-fermion state, is
tHF=" / skBTKd,10−12 s, whereas the photoemission is asso-
ciated with the process on the time scaletv=" /D,10−15 s,
i.e., faster by 3–4 orders of magnitude. In essence, on the
basis of results for the XPS technique one can talk about the
mixed-valent configuration of ceriumsnf ,1d, whereas on
the basis of low-energy probes one should qualify this state-
ment further by regarding the 4f electrons as heavy quasi-
particles with an almost integer valence of Ce atoms. What is
even more important, both ways of speaking are not in a
mutual contradiction; they represent a complementary way
of looking at the system, since in the GS analysis one deals
with an atomic-state representation(describing 4f atomic
states) and in the Anderson-lattice approach one describes
the states very near the Fermi energy in the quasiparticle
terms(i.e., in the momentum representation). Therefore, it is
understandable that whereas the GS analysis provides a
bare value of the hybridizations,0.15 eVd, the value of

TK is provided by its renormalized counterpartfV→ Ṽ
=Vs1−nfd1/2,V/10g. This difference is universal feature of
the HF systems and may result partly from the interpretation
of the high-energy-probe data in terms of the Anderson im-
purity model, whereas in reality the 4f electrons form a pe-
riodic lattice.

The hybridization gap disappears with the increasing
temperature.45 The temperature diminution of the Kondo gap
should be linear inT for temperature approaching the metal-
lic state.46 This theoretical prediction requires a further ex-
amination.

V. CONCLUSIONS

In this paper we have discussed a gradual disappearance
of the Kondo gap for CeRhSb1−xSnx, xø0.2 and the evolu-
tion of the non-Fermi-liquid state forxù0.8, i.e., we have
observed a sequence of the states: Kondo insulator→ heavy
Fermi metal → non-Fermi liquid with the increasingx,
which reflects the decrease of number of electrons by one per
chemical formula when passing from CeRhSb to CeRhSn. It
is clear that the random thermal motion will destroy this
subtle quantum coherent state for temperatureT.TK. What
is not yet clear from this work, is the setting of the NFL state
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in the regionx→1. It may be connected to the onset of the
weak ferromagnetic state(Ref. 14). Namely, our preliminary
specific-heat measurements show the presence of a small
peak atT>6K, providing the magnetic entropy change on
the level of 0.02Rln 2. From this fact that the CeRhSn doped
with Sb forms a weakly ferromagnetic Kondo-lattice state
which is already absent forx=0.9, a presence of a quantum
critical point nearx=0.9 is possible, which drives the Sn-rich
systems into a non-Fermi(non-Landau) metallic state. This
is because the resistivity peak atx=0.8 of unknown origin
appears already atT>7.8 K.

In effect, in the single series of compounds, we observe
almost all most interesting phenomena associated with the 4f
intermetallic compounds containing strongly correlated elec-
trons. Obviously, a detailed quantitative characterization of
the CeRhSb1−xSnx systems should be reinforced by measure-
ments carried out on high-quality single crystal samples.

One should note that in order to have both the Kondo
insulating state for CeRhSb and a metallic state for CeRhSn
we must assume that the Ce 4f electrons are itinerant. In this
respect the Ce heavy-fermion and Kondo insulating com-

pounds differ from the uranium compounds. This is because
in the case of U systems thef-electron configuration is a
mixture of 4f2 and 4f3 configurations. Therefore, due to the
Hund’s rule coupling,47 we may then have a partition into
localized and itinerant parts(i.e., a partial localization).48 On
the contrary, in the Ce compounds the 4f1 state delocalizes
entirely, as the de Haas–van Alphen experiment show
explicitly.49 This last circumstance explains also a well-
known fact that the Ce compounds have no obvious mag-
netic ordering, whereas many of the U compounds do order
magnetically very often.
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