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Effect of alloying on the electronic structure in CeNiSn
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The electronic structure of CeNi,Cu,Sn system and GgZr,;NiSn is studied by photoemission spec-
troscopy. CeNiSn is a rare example of a valence-fluctuating Ce compound with a small gap at the Fermi
energy. The gap is strongly suppressed by substituting either Cu for Ni or Zr for Ce. The XPS valence-band
spectra are compared witth initio band structure calculations, using the linearized muffin-tin orbital method.
For CeNiSn a small indirect energy gap and a very low density of states at the Fermi level is found. The
substitution of Ni by Cu leads to a higher density of states at Fermi energy, whereas for the substitution of Ce
by even 10% Zr, the changes of the density of states-are clearly visible. A strong hybridization of the
f orbitals with a conduction band is characteristic for all of the investigated compounds. We report the Ce
3d XPS spectra of CeNi ,Cu,Sn and Cg¢Zr;NiSn. Applying the Gunnarsson-Satttammer model the
coupling energyA between thef levels and the conduction states is about 115 meV. The numbef of 4
electron; is 0.95 for CeNiSn. With increasing Cu concentratinpis close to 1. The magnetic susceptibility
of CeNi;_,Cu,Sn and CggZryNiSn is measured in magnetic fields from 50 Oe up to 5 T.
[S0163-18296)05343-X

I. INTRODUCTION The gap in CeNiSn is unstable against any change in
4f-conduction electron hybridization caused by alloyifig
Cerium-base Kondo-lattice systems exhibit interestingand application of pressuter magnetic field® Alloying
physical phenomena such as valence fluctuations and heavstudies of CeNiSn revealed that the gap is closed by any
fermion behaviot:? The low-temperature properties of the replacement of about 10% either of the Ni sublattice or Ce
latter are dominated by a renormalized narrow band formedublattice. Magnetic, thermal, and transport measurements
by the hybridization and a Kondo-type interaction betweeron CeNj_,Cu,Sn have demonstrated the evolution from a
the 4f electron and the conduction electrons. Most Kondo-valence-fluctuating state with an energy gap to an antiferro-
lattice systems have a metallic ground state, either magnetmagnetic Kondo state for>0.13 through a heavy-fermion
cally ordered or Pauli paramagnetic. state’ In Ref. 11 the authors compare the resistivities of
The class of Ce compounds with unstablie shells was several single crystals of CeNiSn and suggest a semimetallic
recently enlarged by a new group of intermetallics with non-ground state of a clean sample, while impurer ones are semi-
metallic behavior at low temperatures. The well known semiconductors. This is the case where an increase in purity
conducting compounds such as SmS, SmSe, §mi  changes a semiconductor to a metallic conductor; usually it
YbB,, are based on the rare-earth elements with tlie 4is in the other way around.
shells nearly half-filled or nearly filled. CeNiSRefs. 3 and In order to elucidate the mechanism of gap formation we
4) is the first example of a valence-fluctuating cerium com-measured the structural and magnetic properties and the elec-
pound with an energy gap which is an order of magnitudedronic structure of ternary Celi,Cu,Sn compounds. The
smaller than those in the above mentioned compounds. Tealence-band XPS spectra are compared with calculations of
the group of these new systems belong the compoundbe electronic structure of the valence bands by the self-
Ce;Bi ,Pt; (Ref. 5 and CeRhSB.At low temperatures these consistent spin-polarized linear-muffin-tin orbitdlMTO)
ternary intermetallics show a characteristic semiconductingnethod. In this work we present the electronic structure cal-
behavior which is believed to arise from hybridization be-culations of CeNiSn, where Ni or Ce is substituted by differ-
tween 4 and conduction-band electrons. Transport properentd elements. The calculations show the destructive influ-
ties of these materials show Kondo behavior at high temperaence of the substituted element either in the Ni or Ce atomic
tures and formation of a gap at low temperatures. positions on the gap formation at the Fermi energy. We also
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TABLE I. The lattice parametera, b, andc in A. were used to obtain the magnetization results at low tempera-
tures from 1.6 up to 300 K and magnetic fields of 50 Oe to

CeNiSn 7.544 4.601 7.619 50 kOe.
Ceg.eZro.NiSn 7.552 4.601 7.634 The XPS spectra of CeNi,Cu,Sn were obtained with
CeNig 9dCUo,05Sn 7.5455 4.601 7625 monochromatized AK « radiation at room temperature us-
CeNig g5CUo,055N 7.560 4.608 7.634 ing a PHI 5600ci ESCA spectrometer. The energy spectra of
CeNig ¢CUg 1SN 7.575 4.613 7.652  the electrons were analyzed by a hemispherical mirror ana-
CeNig,CUgsSn 7.477 4.6275 7635 |yzer with an energy resolution of 0.4 eV. All spectra were
CeCuSn(hexag) 4.593 4.593 7882 measured in vacuum below>610~1° Torr. Calibration of

the spectra was performed according to Ref. 12. Binding
energies were referenced to the Fermi lewgl=£0), the 4
levels of gold were found at 84.0 eV, and the observed en-
ergy spread of electrons detected at Fermi energy was about
0.4 eV. In all the compounds investigated we have detected
in the XPS spectra a small amount of oxygen, which comes
mainly from the impurity phase G© ;. This phase was also
The samples CeNi ,Cu,Sn were arc melted of the con- detected by othet$ in several single crystals of CeNiSn,
stituent metals on a cooled copper crucible in a high-puritywhich were grown by different methods.
argon atmosphere, remelted several times, and then homog- The electronic structure of the ordered CeNi&mtho-
enized at 800 °C for 1 week. The compounds were identifiedhombic space groug®nmag, CeCuSn(hexagonal space
by their powder diagrams, which were recorded in x-raygroupP6smmg and CeNj_,Cu,Sn alloys was studied by
Debye-Scherer powder diffraction with €y radiation us- the self-consistent tight binding linearized muffin-tin orbital
ing the Siemens D-5000 diffractometer. The crystal param¢TB LMTO) method®* within the atomic sphere approxi-
eters are given in Table I. mation (ASA) and the local spin densit{. SD) approxima-
A SQUID magnetometer and vibrating magnetometertion. The exchange correlation potential was assumed in the

note that the calculated densities of states-adre relatively
small in the CeNj_,Cu,Sn system, even for CeCuSn,
which does not show any gap at the Fermi energy.

Il. EXPERIMENT
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form proposed by von Barth-Hedid, and Langreth- served at the critical field${.,; =15 kOe, andH,= 26 kOe
Mehl-Hu (LMH) correction$® were included. In the band are connected with the presence of magnetic transitions. The
calculations we assumed the initial configurations accordingnagnetization belowH,, is linear with H and typical for
to the Periodic Table of elements. The electronic structurefoncollinear antiferromagnetism, B, there is the transi-

were computed for the experimental lattice parameters. Thgon to the second noncollinear antiferromagnetic phase and
spin-orbit coupling was included for the valence electrtns. 4t _, the metamagnetic-type transition to the ferromagnetic
The band structures for CeNi,Cu,Sn alloys were calcu-  phase is observed. The destruction of the zero-field impurity

lated for the supercell G&\i_,Cu,Sn, where foly we put a6 s visible again. The value f, is dependent on the
1 and 2. The number df points in the irreducible part of the 5 55jieq magnetic field. Our results are in agreement with
Brillouin zone was 216 for the orthorhombic structure, 193magnetic properties of CeCuSn proposed in Ref. 19. The

for _the hexagonal _ structure, qnd 64 for th_e inverse susceptibility as a function of temperature follows
CegNig_,Cu,Sn supercell. For calculations of the electronic . : _ ) _

Y=y . ! the Curie-Weiss law abové=50 K and givesus=2.51
structure of CggsZr1gNiSn we used a supercell with 32 /fu. and® = —13 K

atoms and for closed packing four empty spheres were corf*
sidered.

B. Electronic properties of CeNi;_,Cu,Sn

IIl. RESULTS AND DISCUSSION Figure 3 compares the XPS valence bands of
CeNi; _,Cu,Sn and Cg¢Zry;NiSn intermetallics with the
band of CeNjSn,. The XP valence-band spectra of
The magnetic properties of CeNiSn are discussed, e.g., i6eNi,Sn, and CeNiSn are similar, thed3Ni peaks are lo-
Ref. 4. We have analyzed in details the susceptibility of thecated 1 eV below the Fermi energy, and we conclude that
CeNi;_,Cu,Sn system at different magnetic fiel@d80 Oe those states are mostly occupied. Ttk GQu states are lo-
<H< 50 kOg as a function of temperature. The main goal cated at about 3.5 eV beloe: . The energetic distributions
of these systematic investigations was to find out the influof these states are rather broad when the Cu concentration is
ence of the impurities on these anomalous Ce materials. Theémaller than 10%, however for the=0.3 compound and
impurity phase CgO3 was always found, even in very good CeCuSn the @ Cu peak is more localized and more narrow.
quality single crystals, by electron-probe microanalyses At a binding energy of about 10 eV the satellite structure
specific heat measuremenfsMost of the published mag- in the XP valence-band spectra is observed. The XP valence-
netic investigations of CeNiSn are carried out at strong maghand spectra are compared with the results of our calcula-
netic fields of the order of several kOe. We analyzed thajons of the electronic structure of CeNiSn and
system at a very weak magnetic field, at which the presencgeni, _,Cu,Sn. In Fig. 4 we present the plots of the total
of additional phases of G4 is less than 0.02%. For small
x the low temperature magnetization is also dominated by

A. Magnetic properties of CeNi;_,Cu,Sn

the impurity, which contributes to a Brillouin term, taking 08 T T T

into account a mean-field approximation for the magnetic I CeCush ]
ordering. Figure 1 presents the susceptibility and inverse sus- r 1
ceptibility of six CeNi,_,Cu,Sn alloys. At liquid helium o r /

temperatures the impurity phase gives the main contribution
to the susceptibility. Abovd =150 K the susceptibility is
determined by the bulk material. The influence of the gap on
the susceptibility of CeNiSn is not evident in this experi-
ment, however the alloying changes the magnetic properties
of the system. When Ni is substituted by Cu, the concentra- 3
tion of d-type electrons increases in the band. As a conse-»
quence one expects a change of the magnetic properties ing
relation to CeNiSn, caused by the change of hybridization °
betweenf and conduction-band states. Indeed, the slope of
the magnetization plotted as a function of the magnetic field
(H) increases systematically with (see Fig. 2. Moreover,
the magnetizationn vs H deviates from linearity wher is
small, and even for = 0.05 theu(H) dependence is char-
acteristic for the metamagnetic phase transitiBig. 2). Ce
substituted by tetravalent Zr changes the distribution mainly
of the d states in the band; however, we do not observe a
change of the magnetic properties with respect to CeNiSn.
For the concentration of Cu larger than 20% the susceptibil-
ity follows the Curie-Weiss law and indicates an antiferro- Magnetic field (kOe)
magnetic orderingFigs. 1 and 2

Figure 2 shows the magnetization of CeCuSii at4.2 K FIG. 2. Magnetization as a function of magnetic field at
as a function of the magnetic field. The singularities ob-T=4.2 K for CeNi; _,Cu,Sn (a) and for CeCuStb).
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FIG. 3. The valence band XPS spectra for CeNCu,Sn and o L f . : Ml o'
Cey.oZro.4NiSn compared with the spectrum for CelSi,. -10 -5 Y
density of states for CeNiSn, CepsCup SN, Energy (eV)
Ceg g7 0.12NiSn, and CeCuSn, and the Fermi level is lo-
cated atE=0 eV. FIG. 5. Total and partial densities of states for

Figure 5 presents the DOS of Ce, Cu, Ni, and Sn forCeNio7sCUo255n. The energy scale is represented relative to the

CeNig 7:CUg»:Sn. Now we can analyze the shape of theFermi energy. Total DOS is presented in sta@é/cell), partial
' ' DOS in stateggV aton).

80 XPS-VB intensity plots presented in Fig. 3. The narrow
60 [ CeNiSn peaks located at about 3.5 eV are mainly connected with the
40 r 3d Cu states, but the “satellite” at 10 eV indicates the dis-
20r | Mﬁ\)\ tribution of Sn 5 states. #4 Ce states are distributed at

0 A =f—————

and below at the occupied side of the band. The broad peaks
at about 5.5 eV could represent the distribution of the

[
(8]
3 200 — Ce,ZNi Sn, valence-band states of Sn; however, they are mostly due to
3 100 E some surface oxygen contamination.
\%{ E A /AA«,,\ The calculated value of DOS at is 0.07 for CeNiSn,
o 0 E T 0.49 for CeNjp gCup 155N, 0.74 for CeNj,£Cug >SN, and
Q 300 3 1.19 (states/eV atomn for CeCuSn. When Ce atoms in
200 Ce,Ni,CuSn, CeNiSn are partly substituted by Zr, the calculated DOS at
100 E the Fermi energy slightly increases with respect to CeNiSn
0 F—h , and equals~0.15 (states/eV atom The units[statesfeV
soF atom] used for the DOS are different from those of Figs. 4
60 E and 5, but they are more representative for a comparison of
r CeCuSn the DOS at the Fermi energy of the alloys described by either

orthorhombic(CeNiSn or hexagonalCeCuSntype struc-
tures and reflect the number of states per one atom in each

-10 -5 0 unit cell. We observe a correlation between the lattice param-
eters and the electronic properties of CeNiCu,Sn alloys.
Energy (eV) The calculated densities of stat@®09) at the Fermi energy

€p are not linear withx, but show a similar tendency to the

FIG. 4. Calculated total densities of stal@09) for CeNiSn,  volume, when plotted as function of the Cu concentration.
Cep gZr 0.1NiSN, CeNp gCu, 1SN, and CeCuSn. The position of ~ Figure 6 presents the band structure of CeNiSn and of
the Fermi energy is &=0 eV. CeCuSn plotted along various symmetry directions. CeNiSn
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TABLE II. 3d XPS peak binding energies for Ce intermetallic compougadissalues in eV with respect

to gg).

Compound 85, 3d3p
CeNi,Sn, 885.38 903.88
CeNiSn 885.15 903.61
Cep.oZr1NiSn 885.17 903.70
CeNig gfCUg o,SN 885.29 903.81
CeNig g£CUg o55Nn 885.29 903.81
CeNig {Cug ;1Sn 885.40 903.81
CeNiy Cug sSn 885.29 903.70
CeCuSn 885.29 903.58

is a semimetal, with an indirect gap. The bands cross thelectrons with the conduction states from the relative inten-
Fermi level only in['—X andI'—Y directions. Our calcu- sities of the Ce 8 XPS peakgsee Table I. A is defined as
lated electron bands are very close to those obtained by YarV2p .., Wherepmayis the maximum in density of conduc-
nase and Harim#& who used the LAPW method with the tion states and/ is the hybridization matrix element. Figure
local density approximation. For the other compounds of thef illustrates the Ce @ XPS spectra of CeNi_,Cu,Sn. The
CeNi,_,Cu,Sn-type we observe somk directions for spin-orbit splitting dominates the spectral structure of the
which the calculated bands do not cross the Fermi energ\8d XPS peaks of Ce intermetallics. At the low-binding-
but the densities of states af are much larger than for energy side of the &, and 35, lines the shake down sat-
CeNisn. ellites are observed, which are known to account for the
The subband of states below?2 eV in respect toer  screened Ce @4f! final state$' 2% The shift of the shake
consists of strongly hybridized Cel5 Ni3d, and Snp down satellites in relation to the main peak is about 4 eV.
states. It is possible to estimate the hybridizatibnof f The creation of the core hole pushes an em(itiedel below
the Fermi energy. The Coulomb interaction between the core
GeNisn hole and 4 states pushes an emptf/ kvel below the Fermi

o energy. A conduction electron fills the hole with a probabil-
015 ity proportional to the hybridization energg.?® The 3
spin-orbit-split components show in the Ce XPS spectrum
011 additional structures at higher energy with an energy separa-
oo tion of order 13 eV with respect to the main peak.
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FIG. 6. The band structure of CeNiSn and CeCuSn calculated FIG. 7. The Ce 8 XPS spectra obtained with the monochroma-
near the Fermi energy along various symmetry directions. tized Al Ka radiation.



13 556 A. SLEBARSKI et al. 54

The structure in the Ced3XPS spectra is interpreted in
terms of the Gunnarsson-Setftmmmer theory* Gunnars-

son and Schehammer, using a slightly modified version of [ CeNiSn f H ]
the Anderson impurity Hamiltonian, calculated XPS Ce ! \ H
spectra and discussed how experimental spectra can be used \ H

i

i

to estimate thd occupancyn;, and the coupling\. " (Mg Ka)
When the intensities of the finald3f! and 3°f? states
are measured, it is possible to determine the coupiritom
the ratior=1(f2)/1(f)+1(f?) calculated in Ref. 25 as a
function of A. The hybridization width for-Ce estimated in
this way isA=60 meV?® For Ce intermetallic compounds

~ NJ
with strongf shell instabilitiesA is about 150 meV?> The

i

: i
separation of the peaks of Cel XPS spectrgFig. 7) that : \ \(‘

i

overlap was made on the base of the Doniaghji§ _(AI Kat) i HE
theory?” For CeNiSn the intensity ratio=0.24 was ob- I I .
tained with an accuracy of 5%. This value ofgives from L i H |

.-..“‘H-.

Intensity (arbitrary units)
e 0@

the calculated variation of as a function ofA (Ref. 25 t
hybridization widthA~115 meV. The coupling\ is quite ;
large, larger than that obtained far-Ce (Ref. 26 but | ]
smaller than that for CeNBn,.2 We measured in the same
way the hybridization widthA for CeNi;_,Cu,Sn and
Ceg.oZro1NiSn, which in these cases is comparable with
of CeNiSn. We suggest that the gap-formation in Kondo in- Binding energy (eV)
sulators depends on the hybridization strength, but first of all
on the energy of the subbands location in respectgo
Alloying shifts the hybridization process to higher energy in
relation toeg in the CeNj,_,Cu,Sn.

CeNiSn has proven to be a rare example of a valence-
fluctuating Ce compound with an energy gap. The high enThe partial distributions of the electronic states suggest
ergy component of 8, and 35, multiplets can be inter- strong hybridization of thé-conduction electrons type. We
preted as a contribution of thef% configuration to the Ce observe the important influence of the energy locationl of
ground staté’ We have evaluated the intensity ratio subbands of the substituted element on the gap formation.
fO/(fO+f+£2) 4% which should be directly related to the Tetravalent Zr does not show a maximum of the calculated
f OCCUpation in the final state. For CeNiSn XPS indicates albOSsS at about 3.5 eV below the Fermi energy, there is On|y a
f occupatiom~0.95. The 2I°f° component for @ multip-  small amount. We suppose that Zr modifies the DOS of other
lets clearly is observed too for Ce substituted by tetraVﬁ'e%omponents through the strong hybridization effect. The
Zr and for 2% of Cu alloy. A shoulder in the high energy tail magnetic measurements found the presence of a Ce-impurity
of the Ce 8 XPS spectrum at 913.3 eV is not due to the tail phase in CeNiSn and its alloys, less than 0.02%. Even a very
of the oxygen & Auger line. This high energy peak is de- careful technology is not able to remove the additional Ce
tected too when the spectra are obtained with Mgrdia-  phases in this compourtdWhen Ni is substituted by Cu, the
tion (Fig. 8. For comparison, CeNBn, with the stable concentration ofd electrons in the band slightly increases
trivalent Ce configuration #5d'6s” obtained by XPSRef.  and modifies the band structure. For example, the magneti-
28) and by Ly, x-ray absorptiof® measurements does not zation measured as a function of the magnetic field at
show the satellite at 913 e¥Fig. 8). This satellite is not T=4.2 K and atH =50 kOe increases with increasing Cu in
clearly observed in the Ce d3 XPS spectra of CeNi;_,Cu,Sn. The susceptibility of CeNiSn and its alloys
CeNi; _,Cu,Sn whenx>0.02. We conclude that the valence s typical for the Kondo system with a bigger value @f;
fluctuation properties of Ce in the CeNiSn Kondo insulatorthan is expected for a Cé ion and quite a large Curie-
vanish when Ni is substituted by a second transition metajyeiss constant without a presence of magnetic ordering.
with deeper located states in the band.

1 ! i 1 1 ! 1 1

910 890 870

FIG. 8. The Ce 8 XPS spectra obtained for CeNiSn with the
Mg Ka and Al Ka radiation.
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