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Band gap stability in CeRhSb
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S. Mähl and M. Neumann
Universität Osnabrück, Fachbereich Physik, 49069 Osnabru¨ck, Germany

~Received 9 April 1998; revised manuscript received 22 July 1998!

The electronic structure and magnetic properties of CeRhSb were investigated by substituting Rh with 10%
of Pd or Co, or Sb with 10% Sn. The 3d and 4d x-ray photoelectron spectroscopy~XPS! spectra show that
CeRhSb and its alloys with Pd and Co are mixed valent. For Sn, the spectra are consistent with trivalence.
Analysis of thef 2 weight in the 3d XPS spectra using Gunnarsson-Scho¨nhammer theory suggests a hybrid-
ization constant of 140 meV for CeRhSb and about 170 meV for its alloys. Linearized muffin-tin orbital
calculations give a pseudo-V-shape gap located at the Fermi level. This classifies these materials as semimetals
rather than semiconductors. The location of the pseudogap in CeRhSb varies with the number of valence
electrons. We discussed the correlation between the gap at the Fermi level and the number of free electrons, the
valence of Ce, and thef -d hybridization.@S0163-1829~98!00644-4#
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I. INTRODUCTION

Ce-based compounds such as CeNiSn,1,2 CeRhSb,3 and
Ce3Bi4Pd3 ~Ref. 4! belong to a class of rare-earth com
pounds that become semiconducting at low temperat
~Kondo insulators!. However, they are not ordinary semico
ductors because the gap formation is due to many-body
teractions between conduction and localized electrons in
f shell. It is generally accepted that the small gaps in
range of 10–100 K in Kondo insulators originate from we
hybridization between localizedf levels and the conduction
band. In terms of a simple Kondo model, the gap would a
correspond to the filling of the Brillouin zone by addition
states due to the Abrikosov-Suhl resonance.5 An insulating
gap formation is indeed theoretically expected for Kon
systems without long-range magnetic order and with a c
tain Coulomb interactionU between thef states (UÞ0).6

Previous alloying studies show that the energy gap in
based Kondo insulators is very sensitive to the partial sub
tution of either Ce by La or Ni~Rh! by a transition metal.7–9

Replacing all Ce ions of the Kondo insulator by trivale
ions leads to ordinary metals, whereas by replacing the
ions such by tetravalent non-f ions such as Zr, Ti, or Hf,
semiconductors are obtained. This predicts a ground sta
the known Kondo insulators as a result of the hybridizat
of one occupiedf state with a half-filled conduction band.

However, the problem of the ground state of CeNiSn a
CeRhSb still exists. A Sn nuclear magnetic resonance s
reported a semimetallic ground state with a V-shap
pseudogap and with a low carrier of the density of sta
~DOS! at the Fermi level.10 Recently, we investigated th
electronic structure of the alloyed CeNiSn.11,12 The x-ray
photoelectron spectroscopy~XPS! results and the self
consistent spin-polarized linear muffin-tin orbital~LMTO!
PRB 580163-1829/98/58~20!/13498~8!/$15.00
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calculations clearly indicated the indirect gap, which is u
stable against any change in 4f conduction electron hybrid-
ization caused by alloying. The gap was visible only in the
CeNiSn alloys which contain the mixed valence Ce ions,
the LMTO calculations always gave a small number of t
DOS at the Fermi level.

In this work we present the electronic structure and m
netic properties of CeRhSb when Rh or Sb is respectiv
replaced by 10% of Co and Pd or Sn. The major attent
concerns the comparison of the valence-band XPS spe
with calculations of the electronic structure of the valen
bands. The pseudo-V-shape gap was always calculated
the investigated CeRhSb-type alloys, however, its energ
location in the bands neareF is dependent on the respectiv
substituted element. It is also found that the substitution
Co, Pd, or Sn modifies the V-shaped pseudogap in CeR
and generates the DOS plateau over a very small en
range neareF . We also note the correlation between t
mixed valence of Ce ions and the gap formation at the Fe
level in the alloyed CeRhSb. We will also present the 3d and
4d core-level XPS Ce spectra and discuss their implicati
for the structure of the 4f levels in the conduction bands. W
will show thatf-level hybridization with the conduction ban
is important in CeRhSb alloys.

II. EXPERIMENT

The samples CeRhSb, CeRh0.9Co0.1Sb, CeRh0.9Pd0.1Sb,
and CeRhSb0.9Sn0.1 were arc melted on a cooled copper cr
cible in a high-purity argon atmosphere, remelted ten tim
and then annealed at 800 °C for one week. The constitu
were specpure.
13 498 ©1998 The American Physical Society
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PRB 58 13 499BAND-GAP STABILITY IN CeRhSb
The x-ray analysis showed single phase samples wi
the usual resolution of 6%, which crystallized in the orth
rhombic TiNiSn-type structure~space groupPnma!.

A SQUID magnetometer and vibrating magnetome
were used to obtain the magnetization results for low te
peratures from 1.6 K up to 300 K and magnetic fields of
Oe to 50 kOe.

The XPS spectra were obtained with monochromati
Al Ka radiation at room temperature using a PHI 560
ESCA spectrometer. The spectra were measured imm
ately after cleaving the sample in vacuum below 6310210

Torr. Calibration of the spectra was performed according
Ref. 13. Binding energies were referenced to the Fermi le
(eF50), the 4f levels of gold were found at 84.0 eV, an
the observed energy spread of electrons detected at the F
energy was about 0.4 eV. In all investigated Ce alloys
have detected in the XPS spectra a very small amoun
oxygen, which mainly arises from the impurity pha
Ce2O3.

The electronic structure of the ordered CeRhSb alloys
studied by the self-consistent tight-binding lineariz
muffin-tin orbital method14 within the atomic sphere ap
proximation ~ASA! and the local spin density~LSD! ap-
proximation. The exchange correlation potential was
sumed in the form proposed by von Barth-Hedin15 and
Langreth-Mehl-Hu~LMH !16 with corrections included. In
the band calculations we assumed the initial configurati
according to the Periodic Table of elements. The electro
structures were computed for the experimental lattice par
eters for the supercell Ce8Rh7MSn8 or Ce8Rh8Sb7M , where
M is Co, Pd, or Sn for 144k points in the irreducible part o
the Brillouin zone. The value of the Wigner-Seitz radii in th
atomic sphere approximation was chosen to satisfy the c
ditions (n(Sn /S)35N, whereS5a(3/4pN)1/3. Here a de-
notes the lattice parameter,N is the number of atoms in th
cell, and the summation was made for all atoms in the c

III. RESULTS AND DISCUSSION

A. Magnetic properties

The magnetic susceptibility of CeRhSb shown in Fig
was discussed recently in Ref. 3. It is typical for a ceriu
valence-fluctuation compound; the susceptibility exhibits
broad maximum at about 120 K and at higher temperature
follows a Curie-Weiss behavior with an effective mome
(meff) which is close to the free ion value withJ55/2 and a
Weiss constantQ52290 K ~Fig. 1!. The large value ofQ
arises from strong crystal-field effects~three doublets rela
tively far-lying!, a Kondo interaction, or from both. Below
50 K, CeRhSb shows a susceptibility which corresponds
about 2% of trivalent Ce due to incomplete solution of Ce
the alloy.3 The incomplete solution of Ce in cerium valenc
fluctuation compounds is often observed, since no secon
phases are detected in the sample within the x-ray limit~e.g.,
Ref. 17!.

The ionic two-level interconfiguration fluctuation~ICF!
model proposed by Sales and Wohlleben18 can determine
how much of the susceptibility reported in Fig. 1 is intrins
Sales and Wohlleben used the formulax(T)
5Nm2nf(T)/3kB(T1Tf), where the valence fractionnf(T)
is computed based on a Boltzmann statistic for an ionic tw
in
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level system (4f 1, 4f 0). The trivalent magnetic level is
higher than the nonmagnetic one by an energyEx of order
2Tmax.

19 Ts f , which is essentially equal toQ, is interpreted
in this model as the inverse of the valence fluctuation li
time. The solid lines in Fig. 1 represent thex(T)5x0

1nC/T1Nm2nf
x/3kB(T1Ts f) @and x21(T)] fits based on

the ICF model with parameters given in Table I. A Curi
Weiss termnC/T explains the observed upturn in suscep
bility caused by a fractionn of paramagnetic Ce impurities
TheT51.5 K susceptibility incrementDx>C/2Q either for
CeRhSb or for the doped samples, since the upturn in
ceptibility caused by a fraction ofn paramagnetic impurities
Ce31 has been subtracted, i.e., the scaling behav
Q:Tmax:C/x(0) for the valence fluctuating systems occurs

The (xT)1/2 plot in Fig. 1 tells us thatmeff of CeRhSb is
about 2.1mB at 300 K, which is less than the Hund’s ru
value of the free ion Ce31. At 1.5 K, free carriers do not
compensate the local magnetic moment due to the lo
Kondo interaction. The remanencemeff50.3mB is mainly

FIG. 1. Magnetic susceptibilityx in emu/~mol formula unit! and
inverse susceptibilityx21 in (cm3/mol formula unit)21. The ap-
plied magnetic field is 10 kOe. The solid line is a fit based on
ICF model with parameters given in Table I. The plots on the rig
side present the effective magnetic momentmeff per one Ce atom in
mB as a function of temperature@the effective magnetic moment a
eachT is (xT)1/2(3kB /N)1/2, wherekB is the Boltzmann constan
andN is the Avogadro number#. Hund’s rulemeff of the free Ce31

is 2.54mB .
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TABLE I. The crystallographic and magnetic properties and the results of TB LMTO band-structure calculations. The values ox0 , n,
Ts f , andEx /kB are defined by fittingx(T) to the experimental magnetic susceptibility data. Curie-Weiss temperatureu is obtained from the
linear relation ofx21 vs T. nf

x is an occupation number obtained from susceptibility.D is the hybridization constant. The calculations we
carried out for the Ce8Rh7MSb8 (M5Co or Pd! and Ce8Rh8Sb7Sn supercells.eg is the energy of the minimum of the pseudo-V-shape g
with respect to the Fermi leveleF .

CeRhSb CeRh0.9Co0.1Sb CeRh0.9Pd0.1Sb CeRhSb0.9Sn0.1

lattice parametersa, b, c in Å 4.6124 4.6076 4.6301 4.6217
7.4130 7.4322 7.4424 7.4151
7.8531 7.8338 7.8775 7.8639

x0 in emu/mol 7.431024 1.631022 4.131024 3.131024

impurity concentrationn 0.016 0.051 0.053 0.093
Q in K 290 160 180
Ts f in K 250 143 124 132
Ex in K 412 0 194 316
nf

x at T5300 K 0.71 0.86 0.79 0.74

nf
XPS512

I ( f 0)

I ( f 0)1I ( f 1)1I ( f 2)
0.86 0.89 0.86 ,1

D in meV 140 170 150 160
eg in eV 20.030 20.025 20.074 10.023
DOS ateg in states/eV at 0.27 0.32 0.22 0.44
DOS ateF in states/eV at 0.37 0.37 1.07 0.82
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due to paramagnetic Ce31 impurities and an incomplete cor
rection of x, as the susceptibility of the lanthanum anal
sample was not subtracted.

The susceptibilities of the samples with 10% Pd or Sn
comparable to that of CeRhSb at high temperatures~Fig. 1!.
Also the (xT)1/2 plots in Fig. 1 show almost the same valu
of about 2.1mB . At low temperature, however, susceptibi
ties of the Pd and Sn samples are higher than for CeRh
The ratiomeff(alloy)/meff(CeRhSb) atT51.5 K is 1.7 and
2.1 for the Pd and the Sn sample, respectively. Moreover,
WeissQ constant is strongly reduced to2160 K for the Pd
and 2180 K for the Sn alloys. An increase in the low
temperature susceptibility and the decrease in Curie-WeisQ
suggest that the Kondo temperature decreases by about
for Sn and Pd doping. The ICF model explains well t
susceptibilities of the Pd- and Sn-doped samples and g
almost the same ratioTs f /Q>0.8 ~Table I!. In addition, the
magnetizations of CeRhSb and its Pd and Sn alloys is line
with the magnetic fieldH ~Fig. 2! and the slope ofs(H)
increases in the alloys. One can discuss the incremen
s(H) in terms of an incomplete solution of Ce atoms in t
alloy in agreement with an analysis of a Curie-Weiss term
the susceptibility~Table I!. The electronic configurations o
Rh and Pd and of Sb and Sn are similar and the concen
tion and the atomic position of Ce is unchanged in all inv
tigated samples. The number of thed electrons is slightly
increased in the Pd alloy. We also note the shift of the br
maximum in x to a lower temperature. This suggests t
lowering of the mixed valence of Ce ions in the Pd allo
which we can attribute to the occupation number of thed
subband. In this picture, very similar behavior ofs(H) and
x(T) of the Sn alloy seems to be surprising. Partial sub
tution of Sb by Sn lowers the number of 5p electrons. Thus,
thep subband, located beloweF , could be occupied by con
duction electrons of Ce or Rh atoms due to intra-atomic
bridization. This also can lead to a smaller occupation nu
e
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ber of the 4f shell and simultaneously to a larger mixe
valence of Ce ions. Second, the lower number of Rhd
electrons should also increase the valence of Ce. Howe
the x(T) plot in Fig. 1 does not show any maximum, whic
would be characteristic in a valence fluctuation. Instead
this, we expect a change of the gap in CeRhSb as a resu
the changed number of occupied states in the 5p subband
which is located close toeF . Actually, the width of the gap
is reduced, as will be described later.

At helium temperature the susceptibility of the Co alloy
nearly the same as for the Pd or Sn alloy, however betw
50 K and 300 K it is 10 times larger and almost temperat
independent~Fig. 1!. Also the s(H) dependence shown in
Fig. 2 is quite different from the other alloys and sugge
some additional influence of Co. At 300 K, a huge magne
moment (xT)1/2 of about 6mB is observed, which suggests
spin-glass system with Co clusters. Also a percolation of
moments in coexistence with a Kondo state cannot be f

FIG. 2. Magnetization of CeRhSb, CeRh0.9Co0.1Sb ~a!,
CeRhSb0.9Sn0.1 ~b!, and CeRh0.9Co0.1Sb ~c!, at T54.2 K.
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PRB 58 13 501BAND-GAP STABILITY IN CeRhSb
excluded. The susceptibility maximum—if it exists—is n
observed because of the strongly enhanced paramag
susceptibility of the Co sublattice.

In the following, the magnetic properties of the CeRh
and its Pd, Co, and Sn alloys will be correlated with th
electronic structure, which was determined by XPS spe
and band-structure calculations.

B. Electronic structure of the alloyed CeRhSb

In Figs. 3–6, a comparison of LMTO valence-band c
culations with XPS spectra is shown for the four differe
CeRhSb alloys. In each case, good agreement between
periment and theory can be seen. The DOS are convol
by Lorentzians with a half-width 0.4 eV. The partial den
ties of states were multiplied by the corresponding cross
tions, which are taken from Ref. 20. The XPS bands
subtracted by the background which was calculated b
Tougaard algorithm.21 The broad peaks located neareF in
the XPS valence-band spectra are mainly attributed td
states of Rh. The intensities of those peaks are only slig
modified when Rh in CeRhSb is replaced in part by Co
Pd. The second peak located at about 10 eV in the ba
represents mainly the Sb states. The partial DOS present
Figs. 3–6 show a renormalizedf level. No significant influ-
ence of alloying was observed in the shape of the Ce s
bands, however ateF the density of the Ce states is two tim
larger in the Sn alloy than in the other CeRhSb alloys. T
calculations give also comparable occupation numbers of
Ce states in the alloys, which are about 1.30, 1.85, 0.47,
0.66 for the 4f , 5d, 6s, and 6p states, respectively. Like
wise, the partial DOS of Rh and Sb did not distinctly depe
on alloying. By changing the number of the valence el
trons in CeRhSb, the shape of the bands is only sligh
modified, however the position of the Fermi level is mu

FIG. 3. Comparison of the total DOS~solid line!, the convoluted
DOS ~by Lorentzians of the half-width 0.4 eV and taking into a
count proper cross sections for bands with differentl symmetry;
dashed line!, and the measured XPS valence bands corrected by
background~points! for CeRhSb. The partial DOS are plotted b
low.
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FIG. 4. Comparison of the total DOS~solid line!, the convoluted
DOS, and the measured XPS valence bands corrected by the b
ground ~points! for CeRh0.9Co0.1Sb. The partial DOS are plotted
below.

FIG. 5. Comparison of the total DOS~solid line!, the convoluted
DOS, and the measured XPS valence bands corrected by the b
ground ~points! for CeRh0.9Pd0.1Sb. The partial DOS are plotted
below.
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more influenced. Partial substitution of Sb by Sn~the atomic
radii of both elements are similar! leads to a shift of the
bands to lower binding energies, which also shifts the g
energyeg ~Table I!. The number of valence electrons is i
creased when Rh is partly replaced by Pd. This substitu
moveseg to higher binding energy. Substitution of Co d
not lead to significant changes ineg , as the total number o
valence electrons is not changed. Only changes of the l
environment of each atom in the unit cell occur. The shift
eg per n additional electrons in the valence band was e
mated to beeg /n50.4 eV/electron. Increasing or decreasi
the numbern, the DOS at the Fermi level is always increas
with respect to CeRhSb~Fig. 7!.

FIG. 6. Comparison of the total DOS~solid line!, the convoluted
DOS ~partial DOS are shown below!, and the measured XPS va
lence bands corrected by the background~points! for
CeRhSb0.9Sn0.1.

FIG. 7. Schematic DOS with the V-shaped pseudogap in r
tion to the Fermi level~perpendicular lines! in CeRhSb alloys.
p
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In band-structure calculations, the Ce 4f electrons are
treated as band electrons. In reality, they are more localiz
and to treat them correctly, band theory would have to
clude strong local correlations. These correlations co
cause the numerical changes~e.g., the shift in the gap energ
and the changes in the density of states at the Fermi level
at the gap energy! in the band. One way to explore this issu
would be to carry out the calculations treating the Ce 4f as a
frozen core state, and see how the numerical results cha
We applied the model of Brookset al.22 We treated the lo-
calized 4f 1 states of Ce as core states, which do not hybr
ize with conduction electrons. In this way there is nof
contribution to the density of states. The calculations treat
the Ce 4f as a frozen core state have never given the gap
the density of states at the Fermi level is much larger than
the 4f electrons treated as band electrons~Fig. 8!. We ob-
tained the analogous numerical results for the localized
4 f electrons for Co, Pd, and Sn doping.

In conclusion, band-structure calculations on CeRh
show that a V-shaped gap formation is strongly dependen
the f-conduction electrons hybridization. In our opinion, th
hybridization between the Ce 4f states and the transition
metal–d states seems to be very important to the format
of the gap in CeRhSb~and in CeNiSn!. However, local cor-
relations can have a destructive influence on the gap. Th
a competitive effect tof -d hybridization near the Ferm
level, which can alter the densities of states at the gap en
and form the pseudogap.

Figure 9 presents the band structures of CeRhSb al
plotted along various symmetry directions. The energy ba
of CeRhSb alloys are similar. The indirect gap is strong
anisotropic. It is closed mainly in theG-X andG-Z directions
and is the biggest at theY point. For Co and Pd alloys, th
gap is reduced inY by about 30% with respect to CeRhS
but for Sn the reduction is more than 60%.

X-ray photoelectron spectroscopy is not an ideal probe
the Ce 4f valence bands because of the relatively small cr
sections. The XPS spectra of the 3d core levels, however
give more information about the 4f shell configurations and
hybridization. The intensity of the 3d lines in the Ce inter-
-

FIG. 8. The numerical results for CeRhSb with the Ce 4f elec-
trons treated as band electrons~dotted line! and with the Ce 4f as a
frozen core state~solid line!.
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PRB 58 13 503BAND-GAP STABILITY IN CeRhSb
metallic compounds shows different final states depend
on the occupation of thef shell.23,24 Figure 10 represents th
Ce 3d XPS spectra of the CeRhSb alloys. Three final-st
contributions f 0, f 1, and f 2 are observed, which exhibit
spin-orbit splittingDSO518.3 eV. The appearance of thef 0

components is clear evidence of the mixed valence.
CeRhSb0.9Sn0.1, no clearf 0 components are observed, whic
predicts a stable 4f configuration of Ce. Based on th
Gunnarsson-Scho¨nhammer theoretical model,23,24 the inten-
sity ratio I ( f 0)/I ( f 0)1I ( f 1)1I ( f 2), which should be di-
rectly related to thef-occupation probability in the fina
states, indicates anf-occupation numbernf

XPS ~Table I!. To
compare the experimental results from the XPS spectrosc
and from the susceptibility, we note that each type of exp
ment yields a different picture of the electronic states
a-Ce in CeRhSb and in the doped alloys. For CeRhSb
the Co- and Pd-doped samples, XPS indicates anf-
occupation number about twice as large asnf obtained from
the susceptibility. These discrepancies show immedia

FIG. 9. TB LMTO band structure of CeRhSb~a!,
CeRh0.9Co0.1Sb ~b!, CeRhSb0.9Sn0.1 ~c!, and CeRh0.9Pd0.1Sb ~d!
along various symmetry directions in the Brillouin zone.

FIG. 10. Ce 3d XPS spectra obtained for several CeRhSb
loys. The 3d94 f 1, 3d94 f 0, and 3d94 f 2 components are separate
on the basis of the Doniach-Sˇunjić theory.
g

e
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that the final-statef occupation is smaller for a ‘‘fast’’~XPS!
experiment than for a ‘‘slow’’ one~susceptibility!. However,
the largest divergence ofnf in the Sn-doped alloy is no
clear.

In Fig. 11, the Ce 4d XPS spectra are shown. Again, cle
evidence for mixed valence in CeRhSb and the Co and
alloys is seen, although no detailed interpretation of the sp
tra is attempted because of the strong multiplet splittin
The two peaks above 120 eV can be assigned tof 0 final
states.26,25,24In Fig. 11, the indicated splittingd53.4 eV has
almost the same value as the spin-orbit splitting of the Lad
states. Thef 2 components located at the low-binding-ener
side of thef 1 components in the Ce XPS spectrum~Fig. 10!
are attributed within the Gunnarsson-Scho¨nhammer model to
the hybridization between thef states and the conductio
band. The hybridization energyD, which describes the hy
bridization part of the Anderson impurity Hamiltonian,
defined aspV2rmax, wherermax is the maximum in the den
sity of the conduction states andV is the hybridization matrix
element. Since the intensity ratior 5I ( f 2)/I ( f 1)1I ( f 2) for
Ce has been calculated in Ref. 24 as a function ofD, it is
possible also to deduce the hybridization widthD. The sepa-
ration of the peaks in the Ce 3d XPS spectra~Fig. 10!, which
overlap, was made on the basis of the Doniach-Sˇunjić
theory.27 The ratior could be determined with an accuracy
less than 5%. From the calculated variation ofr as a function
of D ~Ref. 24!, a hybridization widthD of about 140 meV
was obtained for CeRhSb and its alloys with an accuracy
50 meV. For the doped samples, the hybridization cons
slightly increases and changes the densities of states a
Fermi level~Table I!. The change in hybridization is accom
panied by the decrease in Kondo temperature. Ther depen-
dence on other parameters, such as thef-level occupancy,
and the Coulomb interactionU betweenf electrons were not
investigated. This analysis shows visible hybridization
fects in the valence bands and good correlation with the s
ceptibility results.

Recently, we have discussed the mixed valence of C
CeNiSn and CeRhSb, which seems to be very important
the formation of the gap at the Fermi level.28 It is a well-
known fact that in every case there is an isostructural se
conductor in which Ce is replaced by a tetravalent nonf
element, when the trivalent 4f analogs are metallic. In Ref
28, we have argued for ZrNiSn and TiNiSn that the loweri

-

FIG. 11. XPS spectra of the 4d core levels of CeRhSb alloys.
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of the valence of Zr or Ti in the Ce-doped samples closes
gap at the Fermi level. A distinct correlation between t
change of the gap at theY point in Fig. 9 and the Ce valenc
in CeRhSb and in its doped samples gives the next evide
for that.

However, alloying also can affect the electronic structu
in the vicinity of the gap, without a change in valence. F
thermore, the gap could be an intrinsic feature of the ba
ground band structure, e.g., of LaRhSb or CePdSb, so
the key role of the mixed valence would not be to create
gap, but to provide the extra electrons which move the Fe
level into the gap.

This is clearly visible in Figs. 12 and 13 with the nume
cal calculations of DOS. For LaRhSb, the pseudogap w
the largest value at theY point is located in the band at abo
0.5 eV aboveeF . However, for trivalent CeRhSb this ga
strongly depends on the crystallographic ordering and is
cated at about 0.5 eV below the Fermi level. Based on
numerical calculations, we show that for the mixed valen
system the extra electron in the band can move the Fe
level exactly into the gap. In conclusion, we believe that b
plausible effects can destroy the gap at the Fermi level
consequence of the stable trivalence of Ce. In Fig. 13,
present the DOS calculations for the frozen 4f core states.
The distribution of the densities of states withoutf -d hybrid-
ization is qualitatively the same as obtained for LaRhSb w
nearly zerof occupation in La. We argue again that thef -d
hybridization determines the formation of the gap at
Fermi level in ‘‘Kondo-insulator’’-type materials.

The following problem discussed here concerns the in
ence of the crystallographic ordering in the ‘‘Kond
insulator’’-type materials on the gap. In Fig. 13, we pres
the results of numerical calculations for a different occu
tion of the atomic positions in CePdSb. The gap is eviden
dependent on the local environment of the Ce atoms. I
also possible to obtain the gap with zero DOS very close
the Fermi level.

IV. CONCLUSIONS

CeRhSb is a strongly hybridized intermetallic compou
with a hybridization energy of about 140 meV betweenf and

FIG. 12. Total DOS~solid line! and the convoluted DOS fo
LaRhSb. Partial DOS are shown below.
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the conduction states. The hybridization is also large wh
Rh or Sb are partly replaced by Pd, Co, or Sn. This hybr
ization leads to the formation of a narrow gap at the Fe
level in CeRhSb and similar Ce intermetallics. The pres
LMTO calculations of the electronic bands indicate, ho
ever, only a pseudogap with a very low DOS ateF . The
energetic position of this pseudogap with respect to
Fermi level is shifted by alloying. We show that the sh
depends on the change of the number of valence-band e
trons in CeRhSb. Either increasing or decreasing this nu
ber, the DOS ateF always increases in the alloy with respe
to CeRhSb. The 3d and 4d Ce XPS spectra clearly indicate
the intermediate valence of Ce in CeRhSb and its Pd and
alloys, in agreement with susceptibility measurements. T
Sn alloy exhibits a valence close to 3, which is in disagr
ment with magnetic susceptibility measurements, which p
dict a valence of Ce larger than 3. LMTO calculatio
showed that the presence of Sn 5p states can completely
remove the gap by hybridization. The mixed valence of Ce
these alloys is very important for the formation of the gap
eF . We discussed the changes in the partial DOS of Ce aeF
for the Sn alloy due to the localization of the 5p states near
the Fermi level, whereas for the remaining alloys the DOS
almost the same. The strong intra-atomic hybridization in
Sn alloy leads to an electronic band structure which is qu
different from the one obtained for the Pd and Co alloys. T
numerical calculations show that a V-shaped gap forma
at the Fermi level is strongly dependent on the hybridizat
between the Ce 4f states and the transition-metal–d states.
However, the local correlations have a destructive influe
on the gap, and form the pseudogap with a small density
states at the Fermi level.

FIG. 13. The numerical calculations of DOS of CePd
(P63 /mmc) with different occupations of the crystallographic p
sitions: ~a! Ce atoms are in 2b (6m2) sites and Pd and Sb acc
dentally are in 4f (3m) sites, ~b! Ce are in 2b and 4f sites are
occupied by Pd, Sb, Pd, Sb . . . , ~c! Ce are in 2b atomic positions
and 4f sites. The total energy has the lowest value for the situa
~b!. In ~d! the density of states is calculated for the frozen 4f states.
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