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The electronic structure and magnetic properties of CeRhSb were investigated by substituting Rh with 10%
of Pd or Co, or Sb with 10% Sn. Thed3and 4 x-ray photoelectron spectroscof¥PS) 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? weight in the 3l XPS spectra using Gunnarsson-Suh@mmer 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 thi&-d hybridization.[S0163-1828)00644-4

I. INTRODUCTION calculations clearly indicated the indirect gap, which is un-
stable against any change ifi éonduction electron hybrid-

Ce-based compounds such as CeNiSiGeRhSE and ization caused by alloying. The gap was visible only in these
Ce;Bi,Pd; (Ref. 4 belong to a class of rare-earth com- CeNiSn alloys which contain the mixed valence Ce ions, but
pounds that become semiconducting at low temperaturethe LMTO calculations always gave a small number of the
(Kondo insulators However, they are not ordinary semicon- DOS at the Fermi level.
ductors because the gap formation is due to many-body in- In this work we present the electronic structure and mag-
teractions between conduction and localized electrons in theetic properties of CeRhSb when Rh or Sb is respectively
f shell. It is generally accepted that the small gaps in theeplaced by 10% of Co and Pd or Sn. The major attention
range of 10—100 K in Kondo insulators originate from weakconcerns the comparison of the valence-band XPS spectra
hybridization between localizefilevels and the conduction with calculations of the electronic structure of the valence
band. In terms of a simple Kondo model, the gap would alsands. The pseudo-V-shape gap was always calculated for
correspond to the filling of the Brillouin zone by additional the investigated CeRhSb-type alloys, however, its energetic
states due to the Abrikosov-Suhl resonahee insulating ocation in the bands neag. is dependent on the respective
gap formation is indeed theoretically expected for Kondogypstituted element. It is also found that the substitution of
systems without long-range magnetic order and with a CelCo, Pd, or Sn modifies the V-shaped pseudogap in CeRhSb

. . . 6
talr;)Coonmb”|nt(_eract|or;J_ betvr;/eenr:hef Etates U=+0)." c and generates the DOS plateau over a very small energy
revious alloying studies show that the energy gap In Cez, e neare. . We also note the correlation between the

based Kondo insulators is very sensitive to the partial substi- . : ; .
; : " | f h f t tthe F
tution of either Ce by La or NiRh) by a transition metaf=® mixed valence of Ce ions and the gap formation at the Fermi

Replacing all Ce ions of the Kondo insulator by trivalent level in the alloyed CeRhSb. We will also present tiesid

ions leads to ordinary metals, whereas by replacing the C d core-level XPS Ce spectra and discuss their implications
ions such by tetravalent ndm:ons such as Zr. Ti. or Hf ‘or the structure of thefdevels in the conduction bands. We

semiconductors are obtained. This predicts a ground state ES‘f"_l show tha_tf-level hybridization with the conduction band
the known Kondo insulators as a result of the hybridization'S ImPortant in CeRhSb alloys.
of one occupied state with a half-filled conduction band.

However, the problem of the ground state of CeNiSn and
CeRhSb still exists. A Sn nuclear magnetic resonance study Il EXPERIMENT
reported a semimetallic ground state with a V-shaped
pseudogap and with a low carrier of the density of states The samples CeRhSb, CefREq,Sb, CeRbPd, ;Sb,
(DOS) at the Fermi level® Recently, we investigated the and CeRhSfgSn, ; were arc melted on a cooled copper cru-
electronic structure of the alloyed CeNi&n'? The x-ray  cible in a high-purity argon atmosphere, remelted ten times,
photoelectron spectroscopgXPS) results and the self- and then annealed at 800 °C for one week. The constituents
consistent spin-polarized linear muffin-tin orbitdlMTO) were specpure.
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The x-ray analysis showed single phase samples withir 010 ' ' 6002.5
the usual resolution of 6%, which crystallized in the ortho- ~ .o0s | CeRNSb  1iy et 29
rhombic TiNiSn-type structuréspace grougPnma. 006 | 400, o b
A SQUID magnetometer and vibrating magnetometer & 004 10l
were used to obtain the magnetization results for low tem- @ oesntinnand e |20
peratures from 1.6 K up to 300 K and magnetic fields of 50 g 002 ' '5 CeRnSo
Oe to 50 kOe. 3 % 100 200 a0 Yo 100 200 300

The XPS spectra were obtained with monochromatizec &
Al Ka radiation at room temperature using a PHI 5600ci "
ESCA spectrometer. The spectra were measured immed =
ately after cleaving the sample in vacuum below B0~ 10
Torr. Calibration of the spectra was performed according tc @
Ref. 13. Binding energies were referenced to the Fermi leve &
(eg=0), the 4 levels of gold were found at 84.0 eV, and @ , , , ,
the observed energy spread of electrons detected at the Feri-2 0 100 200 300 0 100 200 300
energy was about 0.4 eV. In all investigated Ce alloys we 2
have detected in the XPS spectra a very small amount ¢ @
oxygen, which mainly arises from the impurity phase
Ce0;.

The electronic structure of the ordered CeRhSb alloys wa:
studied by the self-consistent tight-binding linearized
muffin-tin orbital method* within the atomic sphere ap-
proximation (ASA) and the local spin densityl. SD) ap-

.03
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CeRhy Pd, ,Sb

Mag

108

CeRhSby 4Sn, ,

100 200 300

proximation. The exchange correlation potential was as- 04 : : 8075
sumed in the form proposed by von Barth-Hédirand 1

he ] : 03 Iy, 1 60 6-0
Langreth-Mehl-Hu(LMH)™® with corrections included. In ) a5
the band calculations we assumed the initial configuration: 02§ J40 ~

according to the Periodic Table of elements. The electronic
structures were computed for the experimental lattice param
eters for the supercell GBh,M Sy or CegRhgSh,M, where 0
M is Co, Pd, or Sn for 144 points in the irreducible part of
the Brillouin zone. The value of the Wigner-Seitz radii in the |G, 1. Magnetic susceptibility in emu{mol formula uni} and
atomic sphere approximation was chosen to satisfy the connverse susceptibilityy * in (cm®/mol formula unit) X. The ap-
ditions =,(S,/S)*=N, whereS=a(3/47N)'3. Herea de-  plied magnetic field is 10 kOe. The solid line is a fit based on the
notes the lattice parameté¥, is the number of atoms in the ICF model with parameters given in Table I. The plots on the right
cell, and the summation was made for all atoms in the cellside present the effective magnetic momegi per one Ce atom in
g as a function of temperatugéhe effective magnetic moment at

01t x 120 451
CeRho'QICome .

CeRh,4Co, ,Sb 3

0 100 200 300 0 100 200 300

IIl. RESULTS AND DISCUSSION eachT is (xT)Y4(3kg/N)¥2 wherekg is the Boltzmann constant
andN is the Avogadro numbérHund’s ruleue of the free Cé*
A. Magnetic properties is 2.54ug .

The magnetic susceptibility of CeRhSb shown in Fig. 1
was discussed recently in Ref. 3. It is typical for a ceriumlevel system (4, 4f%. The trivalent magnetic level is
valence-fluctuation compound; the susceptibility exhibits ehigher than the nonmagnetic one by an eneggyof order
broad maximu_m at gbout 120 'K anq at higher te_mperatures 'QTmaX.19 Ts¢, which is essentially equal 0, is interpreted
follows a Curie-Weiss behavior with an effective momentin this model as the inverse of the valence fluctuation life-
(mer) Which is close to the free ion value with=5/2 and 2 {ime. The solid lines in Fig. 1 represent the(T)= xo

Weiss constand - - 290 K (Flg. ). The large vaue 08 4 nC/T+Nuni/3kg(T+Tsy) [and x (T)] fits based on
arises from strong crystal-field effectree doublets rela- o |or model with parameters given in Table I. A Curie-

50 K. CeRSD shows  suseaptiilly which contsponds (Y€1 ©mC/T explains the observed uptum in suscept
about 2% of trivalent Ce due to incomplete solution of Ce in lity caused by a frac':tl.o.rm 9f paramagnftlc Ce Impurities.
the alloy® The incomplete solution of Ce in cerium valence- The T=1.5 K susceptibility increment y=C/20 either for
fluctuation compounds is often observed, since no secondafyeRNSP or for the doped samples, since the upturn in sus-
phases are detected in the sample within the x-ray fieg., ceptibility caused by a fraction of paramagnetlg |mpur|t|es_
Ref. 17. Ce" has been subtracted, i.e., the scaling behavior

The ionic two-level interconfiguration fluctuatioiCF)  ©:Tmax:C/x(0) for the valence fluctuating systems occurs.
model proposed by Sales and WohlleBepan determine The (xT)"? plot in Fig. 1 tells us thajes of CeRhSb is
how much of the susceptibility reported in Fig. 1 is intrinsic. about 2.Jug at 300 K, which is less than the Hund'’s rule
Sales and Wohlleben wused the formulgy(T) value of the free ion C&. At 1.5 K, free carriers do not
=Nu?n¢(T)/3kg(T+T;), where the valence fractiom(T) compensate the local magnetic moment due to the local
is computed based on a Boltzmann statistic for an ionic twoKondo interaction. The remanenge.s=0.3ug iS mainly
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TABLE I. The crystallographic and magnetic properties and the results of TB LMTO band-structure calculations. The vglueas of
Ts¢, andE, /kg are defined by fitting(T) to the experimental magnetic susceptibility data. Curie-Weiss temperatsm@btained from the
linear relation ofy ! vs T. n¥ is an occupation number obtained from susceptibilityis the hybridization constant. The calculations were
carried out for the Cg&RhMSh; (M =Co or Pd and CgRhgSb,Sn supercellse, is the energy of the minimum of the pseudo-V-shape gap
with respect to the Fermi leveil- .

CeRhSb CeRCaq; 1Sb CeRpPd, 1Sb CeRhSpoSMy 4
lattice parameters, b, c in A 4.6124 4.6076 4.6301 4.6217

7.4130 7.4322 7.4424 7.4151

7.8531 7.8338 7.8775 7.8639
Xo in emu/mol 7.410°4 1.6x10°? 4.1x10°4 3.1x10™*
impurity concentratiom 0.016 0.051 0.053 0.093
®inK 290 160 180
Tsrin K 250 143 124 132
E, in K 412 0 194 316
n{ at T=300 K 0.71 0.86 0.79 0.74

xps_y 1(°) 0.86 0.89 0.86 <1

A in mev! (P HI(FY+1(F) 140 170 150 160
€ ineVv —0.030 —0.025 -0.074 +0.023
DOS ate, in states/eV at 0.27 0.32 0.22 0.44
DOS ateg in states/eV at 0.37 0.37 1.07 0.82

due to paramagnetic €& impurities and an incomplete cor- ber of the 4 shell and simultaneously to a larger mixed
rection of y, as the susceptibility of the lanthanum analogvalence of Ce ions. Second, the lower number of Rh 4
sample was not subtracted. electrons should also increase the valence of Ce. However,
The susceptibilities of the samples with 10% Pd or Sn aréhe x(T) plot in Fig. 1 does not show any maximum, which
comparable to that of CeRhSb at high temperat(féag. 1). would be characteristic in a valence fluctuation. Instead of
Also the (yT)¥2plots in Fig. 1 show almost the same valuesthis, we expect a change of the gap in CeRhSb as a result of
of about 2.Jug. At low temperature, however, susceptibili- the changed number of occupied states in tpesiibband
ties of the Pd and Sn samples are higher than for CeRhSMhich is located close ter . Actually, the width of the gap
The ratio ueg(alloy)/ue(CeRhSb) aff=1.5 K is 1.7 and IS reduced, as will be described later. _
2.1 for the Pd and the Sn sample, respectively. Moreover, the At helium temperature the susceptibility of the Co alloy is
Weiss® constant is strongly reduced t0160 K for the Pd  nearly the same as for the Pd or Sn alloy, however between
and —180 K for the Sn alloys. An increase in the low- 90 K and 300 Kitis 10 times larger and almost temperature
temperature susceptibility and the decrease in Curie-Waiss independentFig. 1). Also the o(H) dependence shown in
suggest that the Kondo temperature decreases by about 3d9%§- 2 is quite different from the other alloys and suggests
for Sn and Pd doping. The ICF model explains well theSome additional influence of.Co. At 300 K, a'huge magnetic
susceptibilities of the Pd- and Sn-doped samples and givegoment T)*? of about Gug is observed, which suggests a
almost the same rati;/©=0.8 (Table ). In addition, the spln-glass_ system with Co plusters. Also a percolation of Co
magnetizationr of CeRhSb and its Pd and Sn alloys is linearmoments in coexistence with a Kondo state cannot be fully
with the magnetic fieldH (Fig. 2) and the slope ofr(H)
increases in the alloys. One can discuss the increment of 0.15
o(H) in terms of an incomplete solution of Ce atoms in the
alloy in agreement with an analysis of a Curie-Weiss term of
the susceptibility(Table ). The electronic configurations of
Rh and Pd and of Sb and Sn are similar and the concentra-
tion and the atomic position of Ce is unchanged in all inves-
tigated samples. The number of tdeelectrons is slightly
increased in the Pd alloy. We also note the shift of the broad
maximum in y to a lower temperature. This suggests the
lowering of the mixed valence of Ce ions in the Pd alloy,
which we can attribute to the occupation number of tide 4 [
subband. In this picture, very similar behavior®fH) and o & : : .
x(T) of the Sn alloy seems to be surprising. Partial substi- 0 10 20 30 40 50
tution of Sb by Sn lowers the number op ®lectrons. Thus,
the p subband, located beloet, could be occupied by con-
duction electrons of Ce or Rh atoms due to intra-atomic hy- FIG. 2. Magnetization of CeRhSh, CeRfa,Sb (a),
bridization. This also can lead to a smaller occupation nume€eRhSh S, ; (b), and CeRp¢Caq, ;Sb (), at T=4.2 K.

0.10 |

0.05 1 CeRhSb

Magnetization (ugfformula unit)

Magnetic Field (kOe)
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FIG. 3. Comparison of the total DOSolid line), the convoluted
DOS (by Lorentzians of the half-width 0.4 eV and taking into ac-
count proper cross sections for bands with differeisymmetry; 10 5 0
dashed ling and the measured XPS valence bands corrected by the
background(pointg for CeRhSb. The partial DOS are plotted be- Energy (eV)
low.

FIG. 4. Comparison of the total DOSolid line), the convoluted
is not DOS, and the measured XPS valence bands corrected by the back-

excluded. The susceptibility maximum—if it exists— _ )
observed because of the strongly enhanced paramagneﬁ(e:cl’gvr\'ld (pointg for CeRMyC0y,1Sb. The partial DOS are plotted

susceptibility of the Co sublattice.
In the following, the magnetic properties of the CeRhSb
and its Pd, Co, and Sn alloys will be correlated with their

electronic structure, which was determined by XPS spectra 10
and band-structure calculations. g s CeRN, Pd, ;S
>
Q
B. Electronic structure of the alloyed CeRhSb ?q_,’ 6
<
In Figs. 3—6, a comparison of LMTO valence-band cal- % 4
culations with XPS spectra is shown for the four different Q 2
CeRhSb alloys. In each case, good agreement between ex- o = =

periment and theory can be seen. The DOS are convoluted

by Lorentzians with a half-width 0.4 eV. The partial densi-

ties of states were multiplied by the corresponding cross sec- 10
tions, which are taken from Ref. 20. The XPS bands are
subtracted by the background which was calculated by a
Tougaard algorithmd! The broad peaks located neag in

the XPS valence-band spectra are mainly attributed to
states of Rh. The intensities of those peaks are only slightly
modified when Rh in CeRhSb is replaced in part by Co or
Pd. The second peak located at about 10 eV in the bands
represents mainly the Sb states. The partial DOS presented in
Figs. 3—6 show a renormalizédevel. No significant influ-
ence of alloying was observed in the shape of the Ce sub-
bands, however ai- the density of the Ce states is two times Ce

larger in the Sn alloy than in the other CeRhSb alloys. The 0 A

calculations give also comparable occupation numbers of the -10 5 0
Ce states in the alloys, which are about 1.30, 1.85, 0.47, and
0.66 for the 4, 5d, 6s, and & states, respectively. Like-
wise, the partial DOS of Rh and Sb did not distinctly depend  F|G. 5. Comparison of the total DOSolid line), the convoluted

on alloying. By changing the number of the valence elecDOS, and the measured XPS valence bands corrected by the back-
trons in CeRhSb, the shape of the bands is only slighthground (points for CeRk JPd, ;Sb. The partial DOS are plotted
modified, however the position of the Fermi level is muchbelow.

DOS (states/eV atom)

Energy (eV)
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:D"l FIG. 8. The numerical results for CeRhSb with the Geedec-
Q trons treated as band electrgastted ling and with the Ce # as a
frozen core statésolid line).
In band-structure calculations, the Céd 4électrons are

treated as band electrons. In reality, they are more localized,
Energy (oY) and to treat them correctly,'band theory would have to in-
clude strong local correlations. These correlations could
cause the numerical changesg., the shift in the gap energy
DOS (partial DOS are shown belgwand the measured XPS va- and the changes in the density of states at the Fermi level and
lence bands corrected by the backgroungointg for  atthe gap energyin the band. One way to explore this issue
CeRhSh ¢Sy ;. would be to carry out the calculations treating the Gead a
frozen core state, and see how the numerical results change.

more influenced. Partial substitution of Sb by @me atomic ~ We applied the model of Brookst al** We treated the lo-
radii of both elements are similateads to a shift of the calized 41 states of Ce as core states, which do not hybrid-

bands to lower binding energies, which also shifts the gapze With conduction electrons. In this way there is nb 4
energye, (Table ). The number of valence electrons is in- contribution to the density of states. The calculations treating

creased when Rh is partly replaced by Pd. This substitutiothe Ce 4 as a frozen core state have never given the gap and
movese, to higher binding energy. Substitution of Co did the density of states at the Fermi level is much larger than for
not lead to significant changes &, as the total number of the 4f electrons treated as band electrghg. 8. We ob-

valence electrons is not changed. Only changes of the loc&kined the analogous numerical results for the localized Ce

environment of each atom in the unit cell occur. The shift of4f electrons for Co, Pd, and Sn doping.
€, per n additional electrons in the valence band was esti- [n conclusion, band-structure calculations on CeRhSb

mated to beey/n=0.4 eV/electron. Increasing or decreasing Show that a V-shaped gap formation is strongly dependent on

the numben' the DOS at the Fermi level is a|WayS increasedthe f-conduction electrons hybridization. In our Opinion, the
with respect to CeRhSKFig. 7). hybridization between the Cef4states and the transition-

metal-d states seems to be very important to the formation
of the gap in CeRhSkand in CeNiSh However, local cor-
relations can have a destructive influence on the gap. This is
a competitive effect tof-d hybridization near the Fermi
CeRhSb level, which can alter the densities of states at the gap energy
and form the pseudogap.

Figure 9 presents the band structures of CeRhSb alloys
plotted along various symmetry directions. The energy bands
of CeRhSb alloys are similar. The indirect gap is strongly
anisotropic. It is closed mainly in tHé-X andI'-Z directions
M and is the biggest at the point. For Co and Pd alloys, the

gap is reduced iry by about 30% with respect to CeRhSb,
but for Sn the reduction is more than 60%.

X-ray photoelectron spectroscopy is not an ideal probe for
the Ce 4 valence bands because of the relatively small cross
sections. The XPS spectra of thel 8ore levels, however,

FIG. 7. Schematic DOS with the V-shaped pseudogap in relagive more information about thef4shell configurations and
tion to the Fermi levelperpendicular linesin CeRhSb alloys. hybridization. The intensity of thedlines in the Ce inter-

FIG. 6. Comparison of the total DOSolid line), the convoluted

DOS (Arbitrary units)

CeRh(Sb,Sn) Ce(Rh,Pd)Sb

Energy
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FIG. 11. XPS spectra of thed4ore levels of CeRhSb alloys.

that the final-staté occupation is smaller for a “fast(XPS)
experiment than for a “slow” onésusceptibility. However,

FIG. 9. TB LMTO band structure of CeRhSha), the largest divergence af; in the Sn-doped alloy is not
CeRRhy {Coy1Sb (b), CeRhShsSny; (c), and CeRpgPdy Sb (d) clear.
along various symmetry directions in the Brillouin zone. In Fig. 11, the Ce 4 XPS spectra are shown. Again, clear

evidence for mixed valence in CeRhSb and the Co and Pd

metallic compounds shows different final states dependinglioys is seen, although no detailed interpretation of the spec-
on the occupation of theshell?*?* Figure 10 represents the tra is attempted because of the strong multiplet splittings.
Ce 3 XPS spectra of the CeRhSb alloys. Three final-staterhe two peaks above 120 eV can be assigne(ﬂot(ﬁna|
contributionsf®, f!, and f? are observed, which exhibit a state€®2524In Fig. 11, the indicated splitting= 3.4 eV has
spin-orbit splittingAso=18.3 eV. The appearance of the  almost the same value as the spin-orbit splitting of the da 4
components is clear evidence of the mixed valence. Fogtates. Thé? components located at the low-binding-energy
CeRhShgSr 4, no clearf® components are observed, which side of thef! components in the Ce XPS spectrdRig. 10
predicts a stable # configuration of Ce. Based on the are attributed within the Gunnarsson-Seshammer model to
Gunnarsson-Scimammer theoretical mod&l?* the inten-  the hybridization between the states and the conduction
sity ratio 1(fO)/I(f%)+1(f%)+1(f?), which should be di- band. The hybridization energy, which describes the hy-
rectly related to thef-occupation probability in the final pridization part of the Anderson impurity Hamiltonian, is
states, indicates afioccupation numben;™ (Table ). To  defined asrV2p s, Wherepnay is the maximum in the den-
compare the experimental results from the XPS spectroscopsity of the conduction states aids the hybridization matrix
and from the susceptibility, we note that each type of experielement. Since the intensity ratio=1(f2)/1(f1) +1(f?) for
ment yields a different picture of the electronic states inCe has been calculated in Ref. 24 as a function pfit is
a-Ce in CeRhSb and in the doped alloys. For CeRhSb angossible also to deduce the hybridization widthThe sepa-
the Co- and Pd-doped samples, XPS indicates fan ration of the peaks in the Cal3XPS spectraFig. 10, which
occupation number about twice as largena®btained from  overlap, was made on the basis of the Doniachjié
the susceptibility. These discrepancies show immediatelyheory?” The ratior could be determined with an accuracy of
less than 5%. From the calculated variatiorr @f a function
of A (Ref. 29, a hybridization widthA of about 140 meV
was obtained for CeRhSb and its alloys with an accuracy of
50 meV. For the doped samples, the hybridization constant
slightly increases and changes the densities of states at the
Fermi level(Table )). The change in hybridization is accom-
panied by the decrease in Kondo temperature. iTtepen-
dence on other parameters, such as ftlevel occupancy,
and the Coulomb interactiod betweenf electrons were not
investigated. This analysis shows visible hybridization ef-
fects in the valence bands and good correlation with the sus-
ceptibility results.
- Recently, we have discussed the mixed valence of Ce in
930 910 890 870 CeNiSn and CeRhSb, which seems to be very important for
the formation of the gap at the Fermi lev8llt is a well-
known fact that in every case there is an isostructural semi-

FIG. 10. Ce @ XPS spectra obtained for several CeRhSb al-conductor in which Ce is replaced by a tetravalent nén-4
loys. The 31°4f%, 3d°4f°, and 31942 components are separated element, when the trivalentf4analogs are metallic. In Ref.
on the basis of the DoniachuSjic theory. 28, we have argued for ZrNiSn and TiNiSn that the lowering

CeRhSb,,Sn,, CeRh,,Pd,,Sb

Intensity (Arbitrary Units)

Energy (eV)
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FIG. 12. Total DOS(solid line) and the convoluted DOS for Energy (eV )
LaRhSb. Partial DOS are shown below.

. FIG. 13. The numerical calculations of DOS of CePdSb
of the valence of Zr or Tiin the Ce-doped samples closes th?P63/mmc) with different occupations of the crystallographic po-

ap at the Fermi level. A distinct correlation between the'. . . . :
ghgnge of the gap at thépoint in Fig. 9 and the Ce valence sitions: (a) Ce atoms are inl2 (6m2) sites and Pd and Sb acci-

: g : . entally are in 4 (3m) sites,(b) Ce are in d and 4f sites are
]Lgr(iﬁ;th and in its doped samples gives the next e\lldem%:cupied by Pd, Sb, PdbS. ., (c) Ce are in d atomic positions

However, alloying also can affect the electronic structureand 4 sites. The total energy has the lowest value for the situation

in the vicinity of the gap, without a change in valence. Fur-(b)' In (d) the density of states is calculated for the frozdrsthtes.
thermore, the gap could be an intrinsic feature of the back-
ground band structure, e.g., of LaRhSb or CePdSb, so thalhe conduction states. The hybridization is also large when
the key role of the mixed valence would not be to create thekh or Sb are partly replaced by Pd, Co, or Sn. This hybrid-
gap, but to provide the extra electrons which move the Fermization leads to the formation of a narrow gap at the Fermi
level into the gap. _ _ level in CeRhSb and similar Ce intermetallics. The present
This is clearly visible in Figs. 12 and 13 with the numeri- | MTO calculations of the electronic bands indicate, how-
cal calculations of DOS. For LaRhSb, the pseudogap withsyer, only a pseudogap with a very low DOS &t. The
the largest value at thé point is quated in the band at about energetic position of this pseudogap with respect to the
0.5 eV aboveer . However, for trivalent CeRhSD this gap permj evel is shifted by alloying. We show that the shift
strongly depends on the crystallographic ordering and is l0geh6nds on the change of the number of valence-band elec-

; . ; frons in CeRhSb. Either increasing or decreasing this num-
numerical calculations, we show that for the mixed valenc

system the extra electron in the band can move the Ferr:her’ the DOS at always increases in the alloy Wit.h respect
level exactly into the gap. In conclusion, we believe that botH© CeRhSb. The @ and 4d Ce XPS spectra clearly indicated

plausible effects can destroy the gap at the Fermi level as i€ intermediate valence of Ce in CeRhSb and its Pd and Co
consequence of the stable trivalence of Ce. In Fig. 13, w&/0yS, in agreement with susceptibility measurements. The
present the DOS calculations for the frozeh ebre states. SN alloy exhibits a valence close to 3, which is in disagree-
The distribution of the densities of states withéed hybrid- ~ Ment with magnetic susceptibility measurements, which pre-
ization is qualitatively the same as obtained for LaRhSb witHict a valence of Ce larger than 3. LMTO calculations
nearly zerof occupation in La. We argue again that the ~ showed that the presence of Sp States can completely
hybridization determines the formation of the gap at theremove the gap by hybridization. The mixed valence of Ce in
Fermi level in “Kondo-insulator”-type materials. these alloys is very important for the formation of the gap at

The following problem discussed here concerns the influ€g . We discussed the changes in the partial DOS of Gg at
ence of the crystallographic ordering in the *“Kondo- for the Sn alloy due to the localization of thep States near
insulator”-type materials on the gap. In Fig. 13, we presenthe Fermi level, whereas for the remaining alloys the DOS is
the results of numerical calculations for a different occupaalmost the same. The strong intra-atomic hybridization in the
tion of the atomic positions in CePdSb. The gap is evidentlysn alloy leads to an electronic band structure which is quite
dependent on the local environment of the Ce atoms. It igjifferent from the one obtained for the Pd and Co alloys. The
also possible to obtain the gap with zero DOS very close tymerical calculations show that a V-shaped gap formation
the Fermi level. at the Fermi level is strongly dependent on the hybridization

IV. CONCLUSIONS between the Ce fAstates ar_nd the transition-metﬁl-st_ates.
However, the local correlations have a destructive influence

CeRhSb is a strongly hybridized intermetallic compoundon the gap, and form the pseudogap with a small density of

with a hybridization energy of about 140 meV betwdemd  states at the Fermi level.



PRB 58

ACKNOWLEDGMENTS

BAND-GAP STABILITY IN CeRhSb

13 505

sche Forschungsgemeinschd®FG). One of us (A.J)
thanks the State Committee for Scientific Research for finan-

This work was partly supported by the Foundation forcial support(Project No. 2P03B118.34 The calculations

Polish SciencéProject SUBIN Nr 10/95 by the Deutscher

Akademischer Austausch Diend®dAAD), and by the Deut-

were made in the Supercomputing and Networking Center of
Poznan

17. Takabatakeet al, Jpn. J. Appl. Phys., Supp6, 547 (1987).

2T. Takabatakeet al, Phys. Rev. B41, 9607 (1990.

3S. K. Malik and D. T. Adroja, Phys. Rev. B3, 6277(199).

4M. F. Hundleyet al, Phys. Rev. B42, 6842(1990.

5Z. Fisk et al, Physica B206&207, 798 (1995.

®R. M. Martin, Phys. Rev. Let®48, 362(1982.

"F. G. Aliev et al, Physica B163 3581(1990.

8T. Takabatakeet al, J. Magn. Magn. Mater76&77, 87 (1988.

9p. Schlottmann, Phys. Rev. B, 12 324(1996.

10K, Nakamuraet al, Phys. Rev. B53, 6385 (1996; 54, 6062
(1996.

1A, Slebarskiet al, Phys. Rev. B54, 13 551(1996.

12p . Slebarskiet al, Phys. Rev. B56, 7245(1997).

13y, Baer, G. Busch, and P. Cohn, Rev. Sci. Instrut6, 466
(1975.

0. K. Andersen, O. Jepsen, and M. SobHlectronic Structure
and lts Applicationsedited by M. YussouffSpringer, Berlin,
1987, p. 2.

15U. von Barth and L. Hedin, J. Phys. & 1629(1972.

16C. D. Hu and D. C. Langreth, Phys. S&2, 391(1985.

17, Slebarski, D. Wohlleben, and P. Weidner, Z. Phys6® 449
(1985.

188, C. Sales and D. Wohlleben, Phys. Rev. L88, 1240(1975.

193, Lawrence, Phys. Rev. B0, 3770(1979.

203, 3. Yeh and I. Lindau, At. Data Nucl. Data Tab8% 1 (1985.

21s. Tougaard and P. Sigmund, Phys. Re\283 4452 (1982.

22M. S. S. Brooks, L. Nordsfm, and B. Johansson, J. Phys.: Con-
dens. Mattei3, 2357(1991).

230. Gunnarsson and K. Schilammer, Phys. Rev. B8, 4315
(1983.

243. C. Fuggleet al, Phys. Rev. B7, 7330(1983.

25A. J. Signorelli and R. G. Hayes, Phys. Rev8B81 (1973.

2%y Baeret al, Phys. Rev. B18, 4433(1978.

?’s. Doniach and M. @njic, J. Phys. C3, 286 (1970.

28A. Slebarskiet al, Phys. Rev. B57, 9544(1988.



