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Abstract. We report on structural measurements on and electronic structure investigations of the
alloyed compounds ZrNiSn, TiNiSn, CeNiSn and CeRhSh. We present measurements of lattice
parameters as a function of temperature and analysig©f and its relation tox 7, x being

the magnetic susceptibility. We observed a linear dependene€lofversusy T for Zr, Ti and

Ce alloys (for orthorhombic Ce alloys, the lattice parameterdsandc scale linearly withy 7).

The x-ray photoelectron and ultraviolet photoemission spectra are further compared to the density
of states, obtained from band-structure calculations.

1. Introduction

Ce-based heavy-fermion metals, which are characterized by large Sommerfeld constants,
exhibit various metallic ground states. Among strongly correlated f-electron systems there
are a group of small-gap semiconductors which might be expected to be metallic, judging
from the properties of their f-series analogues. These semiconductors are orthorhombic
(CeNisn [1, 2], CeRhSb [3]) or cubic (gBisPd; [4]) and their susceptibilities and lattice
parameters indicate mixed-valence character of the f electron. These compounds can be
regarded as highly renormalized band insulators, where the f electrons behave as valence
electrons.

Recently, we have shown that the mixed valence of Ce in CeNiSn and CeRhSb seems
to be correlated with the formation of a gap at the Fermi level [5]. In every case there is an
isostructural semiconductor in which Ce is replaced by a tetravalent non-4f element, when the
trivalent 4f analogues are metallic. In reference [6] we have argued for ZrNiSn and TiNiSn that
the lowering of the valence of tetravalent Zr or Ti in the Ce-doped samples closes the gap at
the Fermi level. Very similar band properties are well known for CeNiSn, which is considered
a Kondo insulator.

Both MNiSn and CeNiSn are intermetallic and strongly hybridized materials. Previous
alloying studies have shown that the energy gap in Ce-based Kondo insulators is unstable
against change in the hybridization of the 4f conduction electrons. Replacing all of the Ce ions
in a Kondo insulator with trivalent ions leads to an ordinary metallic state, whereas by replacing
the Ce ions with tetravalent non-f-electron ions, such as Zr, Ti or Hf ions, a semiconducting
state is obtained. Accordingly, the gap400 meV in ZrNiSn) is destroyed if Ni is replaced
by another transition element, such as Co. This gap can also be suppressed by a partial sub-
stitution of a trivalent metal (e.g. Ce) for Z¢ despite the fact that the electronic structures of
ZrNiSn and CeNiSn are rather simple and similar [7, 8]. We have also found that the gap is
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dependent on the local environment of the metal M for both compounds [5]. The electronic
specific heat and the Hall effect for MNiSn compounds reveal a rather high effective mass for
the current carriers:*, of the order of 2—4 times the electron mass[9, 10].

The similar behaviour observed in MNiSn-type compounds wite=NZr, Ti and Hf or
Ce motivated us to try to find the role of the M atom in the energy spectrum near the Fermi
energy. Here, we attempt to classify the non-magnetic narrow-gap semiconductors MNiSn
and the Ce Kondo insulators into a group of alloys with strong hybridization of the electronic
states near the Fermi energy. Reported herein are the results of an investigation consisting of
measurements of crystal structure, magnetization and both UP and XP valence band spectra.

2. Experimental procedure

The samples of CeNiSn, CeRhSb, ZrNiSn, TiNiSn and their alloys were arc melted on a cooled
copper crucible in a high-purity argon atmosphere and remelted ten times, and then annealed at
800°C for one week. The constituents were Specpure. The x-ray analysis showed single-phase
samples within the usual resolution of 6%. The compounds were identified by their powder
diagrams which were recorded using x-ray Debye—Sherrer powder diffraction withaCu K
radiation using a Siemens D-5000 diffractometer. The lattice parameters were investigated as
afunction of temperature betwe8 K and 300 K. The ultraviolet photoemission spectra (UPS),
x-ray photoelectron spectra (XPS) and Auger spectra were taken with a Physical Electronics
PHI 5700 ESCA spectrometer. He | and He Il radiation was used in the UPS regime. The
Auger transitions and the XP spectra were observed using monochromatizedradiation

at room temperature. The vacuum during the Auger measurements was abtdufdi@, and

it was 10°° Torr when the helium lamp was used. The samples were scraped in an UHV
with a diamond file. For some samples, sputtering with Ar ions was used to ensure that
the surface was free from contamination. Then a low-energy ion beam (below 1 keV) was
used and it was checked that the sputtering did not influence the chemical composition or the
shape of the peaks. The level of oxygen and carbon contamination was controlled during the
measurements. The UPS data were obtained within a short time to avoid the effects of oxygen
deposition. Calibration of the spectra was performed according to reference [11]. Binding
energies were referenced to the Fermi levgl £ 0).

The electronic structures of the ordered alloys were studied by the self-consistent tight-
binding linearized muffin-tin orbital method [12] within the atomic sphere approximation
(ASA) and the local spin-density (LSD) approximation. The exchange—correlation potential
was taken in the form proposed by von Barth and Hedin [13], and Langreth—Mehl-Hu (LMH)
corrections were included [14]. In the band calculations we assumed the initial configurations
to be according to the periodic table of elements. The electronic structures were computed for
the experimental lattice parameters for the supercell model. The values of the atomic sphere
radii were taken in such a way that the sum of all atomic sphere volumes was equal to the
volume of the unit cell.

3. Results and discussion

3.1. Structural and magnetic properties

ZrNiSn has a MgAgAs-type structure and is a strongly disordered alloy because of the closeness
of the Zr- and Sn-atom radii. These atoms may substitute for each other. Therefore, in ref-
erence [9] a chemical formula of thesZr, Sn.Ni(Vac)Sn_, Zr, type and with 0L < x < 0.3

was obtained for ZrNiSn in agreement with the x-ray diffraction analysis. In figure 1 we
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Figure 1. Lattice parametera as a function of temperature for ZrNiSn and TiNiSn and their
Ce alloys. The calculated(7) are shown as a solid lines. The thermal lattice expansion plots
of the respective Ce alloys are normalized’at= 300 K to the lattice parameters of ZrNiSn and
TiNiSn respectively.

present lattice parameters as a function of temperature for ZrNiSn, TiNiSn and their Ce alloys.
The experimental data are compared with calculationg B derived from the Debye theory.

The Debye temperatures for ZrNiSn and TiNiSn were taken from reference [9]. The lattice
parameter of ZrNiSn markedly deviates from the calculated cur#fe-at200 K. This result
suggests a hon-magnetic-type phase transition without any change in the crystal structure.
We also observed the same abnormal behaviour(d for TiNiSn below7T = 150 K. In
reference [16] this abnormal changexasbserved in ZrNiSn beloW = 100 K was attributed

to a spontaneous change of the degree of substitution between the Zr and Sn sublattices.

A small degree of replacement of Ti by trivalent Ce destroys this phase transition of the
disorder—order type and leads to the characteristit) dependence predicted by the Debye
lattice vibration model (figure 1). The lattice parameter of Z€e NiSn alloys plotted as
a function of T shows a small collapse belo# = 100 K, which does not depend on the
concentration of Ce impurities and could be attributed to crystal-field effects.

In figure 2 we show the temperature dependences of the intensities of (200) Bragg lines
in ZrNiSn, TiNiSn and their Ce alloys. The continuous curves are calculated from the relation
I(T) = Ipexp(—B(T) sir? 6/12), where the Debye—Waller factd was calculated using the
Debye lattice vibration model. Both ZrNiSn and TiNiSn show a disagreement between the
calculated and measured intensities, that can be attributed to a change of substitutional disorder.
This abnormal behaviour in thgT) plots was only observed for those crystallographic planes
which are occupied by the M Zr or Ti and Sn atoms. The effect, however, was not measured



1272 A Slebarski et al

20 ————F—————1—————
- . + ZrNisn 1
_o°°°°°° oo°°°°°° %5, o o o 4 o |
— ] ZrO.BCeO.ZI.\liSn |
.g 1.5 | . - v . . R i
= - TiNiSn .
> °%000000_,0° 04
% I e 1°°5 o °© ° o ©° =
b= i Tig.05C€0 0sNiISN |
-CEU 1.0 et -
— I CeNiSn ]
? leo o © @ ’ ° ’ o o f
(V5] F— e - a—ao °
3 - '
£ 057 CeRhSh _
O T B |.I T SR TR TR E SR S S
0 100 200 300

Temperature (K)

Figure 2. The intensitied (7')/1(300 K) of the (220) x-ray diffraction lines of the MNiSn-type
alloys are compared with the calculated ones. A similar comparison is presented for the (220)
Bragg’s line for the orthorhombic CeNiSn and CeRhSb.

(This figure can be viewed in colour in the electronic version of the articleygeeiop . org)

for the samples with Ce impurities.

A second abnormal behaviour in théT') plot was observed for ZrNiSn below 40 K. The
lattice parameter has a minimum which is difficult to explain. The low-temperature increase of
a correlates with the resistivity upturn, which was attributed in reference [15] to the transition
from the quasimetallic to Mott’s behaviour. The exponential fgsm= poexp(To/ T)Y*
(reference [17]) describes well the resistivity increase observed both in ZrNiSn and in TiNiSn
atT < 30 K [15]; however, the reason suggested for the Bwesistivity upturn seems to
us to be very questionable, if one considers that the low-temperature volume effeaism
mirrors the volume effect on the magnetic susceptibiliti]. However, we have no tenable
reasons for suggesting e.g. breaking of the symmetfy at 40 K, which could lead to gap
formation, which probably is observed in the resistivity. A linear scaling @f) with x T
in figure 3 suggests the splitting of the volume effects and the weak magnetic properties of
the ground state (a strongly enhanced Pauli paramagnet). The low-temperature volume effect
in ZrNiSn is relatively small and it is not detected for isoelectronic TiNiSn. However, at
T < 40 K TiNiSn still shows a linear dependenceafr’) versusy T (figure 3) although
there is a strong temperature dependence in its susceptibility. Moreover, the high-temperature
slopes ofAa/A(x T) (figure 3) for the two alloys are almost the same [6].

The Kondo insulators CeNiSn and CeRhSb show volume abnormalities analogous to those
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Figure 3. Lattice parametet as a function ofy 7 for ZrNiSn and TiNiSn.

of ZrNiSn or TiNiSn. In figure 4 we present the lattice parameters of CeNiSn and CeRhSb
versusT. For both compounds the thermal expansion coefficients include the phonon and
crystal-field effects. Moreover, the lattice parametér CeNiSn presents the phase transition
atT = 200 K (without a change of the crystal structure) very much analogous to that observed
for ZrNiSn or TiNiSn. This phase transition may be due to a spontaneous change in the
substitution of the Ce and Sn sublattices. A small amount of La at the Ce positions destroys
this transition and stabilizes the structure. The large difference between the Ce- and Sh-atom
radii makes the probability of their mutual substitution small; therefore we did not observe
any abnormal change of the lattice parametar CeRhSb.

For CeRhSb the lattice parametersb and ¢ vary linearly with xT'; however, for
CeNiSn we observed two different linear relations 467"), b(T) andc(T) versusy T with
a distinct intersection at abodt = 170 K (figure 5). One can see similarities between
figure 3 and figure 5. Excluding the Mott low-temperature region, ZrNiSn seems to be a
good analogue for CeRhSb, while TiNiSn is a good one for CeNiSn. The volume effect in
CeNiSn can also be enhanced by the Ce 4f and Sn 5p hybridization, which is strong in this
compound [18]. The magnetic susceptibility of CeRhSb and CeNiSn is typical for cerium
valence-fluctuation compounds. Recently, it has been analysed on the basis of the ionic two-
level interconfiguration fluctuation (ICF) model proposed by Sales and Wohlleben [19]. In this
modelx(T) = xo +nC/T + Nu?nf /3ks(T + Tys), the valence fraction{ (T) is computed
from Boltzmann statistics for 4fand 4f levels which are separated by an eneRyy 7, is
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Figure 5. Lattice parameters of CeNiSn and CeRhSb as functiong/of

the inverse of the valence-fluctuation lifetime, while a Curie—Weiss tafmhT’ explains the
observed upturn in the susceptibility caused by a fractiofithe paramagnetic Ce impurities.
However, arelatively large value af(table 1; recently discussed in references [3,5, 8]) cannot
be responsible for the volume effect in CeNiSiTat 200 K.

Table 1. The magnetic properties of CeNiSn and CeRhSh. The valugs,of, T,y andE, /kp
are defined by fitting (7') to the experimental magnetic susceptibility daté.is an occupation
number obtained from the susceptibility on the basis of the ICF models the hybridization

constant.

CeNiSn CeRhSb
¥o in emu mot? 80x10* 74x10*
Impurity concentratiom 0.06 0.02
Ty inK 120 250
E.inK 144 250
nf atT =300 K 0.81 0.71
nfPS=1—- 1%/ + 1Y) +1(%) 0.95 0.86
A in meV 200 140

A ‘Kondo insulator’ has a non-magnetic ground state, an insulating gap and low-lying
excitations which exhibit properties of strong correlation. These properties do not classify
Kondo insulators as Mott or charge-transfer insulators, which generally have antiferromagnetic
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ground states. We have argued above that the Zr and Ti semi-Heusler alloys and CeNiSn-type
Kondo insulators have similar crystallographic properties. The ground states of CeNiSn and
of TiNiSn are different; however, they can both be attributed to the vacancy bands. In TiNiSn
and ZrNiSn, vacancy levels are located above the Fermi level and overlap with the conduction
bands [10]. At low temperatures the enhancement of the effective mass can be deduced from
the narrow band with a width of about a few hundred K due to the localization of the valence
electronsinthe ordered vacancy sublattice. The vacancy model could also explain the transition
from the quasimetallic to Mott’'s behaviour observed in reference [15'fer 30 K.

The effects of vacancies on Kondo insulators is quite different and has been discussed by
Schlottmanret al[20]. A neutral charge substitution for Ce (e.g. with La) leads to a hole in the
f states which is known as a Kondo hole. As was shown in reference [20], a finite concentration
of Kondo holes generates a band in the gap that progressively smears the hybridization gap
and also can lead to magnetic properties. There is an insulator—-metal transition as a function
of the Kondo-hole concentration which usually occurs at a critical concentration of about
10% [20]. It is generally believed that the hybridization between the 4f and the conduction
electrons is responsible for the gap formation in Kondo insulators, except fog. ImBmBs
the hybridization gap model has been found inconsistent with the high-pressure resistivity and
Hall-effect measurements [21] which suggest that it is a Mott—Hubbard insulator.

In the light of this consideration, we will discuss the abnormal volume behaviour observed
in CeNiSn and CeRhSb at abalit= 40 K. Recently, Nolteret al [22] reported that below
T = 38K, the coefficient of the volume expansion of CeRhSb has a distinct contribution which
coincides with a change in the slope of the electrical resistivity; however, no corresponding
anomaly has been found in the specific heat data published so far. The magnetic contribution
to the specific heat, / T has only shown a just visible changefak 38 K[23]. Nevertheless,
the nature of this contribution (7)) was not discussed in reference [22]. Note that several
experiments carried out independently have indicated this resistivity change Betod0 K
either for CeRhSbh or CeNiSn (e.g. references [2,24,25]). This abnormal change of the thermal
volume expansion coefficient seems to be analogous to that observed bdlow 40 K in
ZrNisSn. Therefore, we believe that the same features are responsible for the volume and
resistivity anomalies observed &t < 40 K in both the semi-Heusler alloys of the ZrNiSn
type and the CeNiSn-type Kondo insulators. In addition, the Mott-type behaviour, if it is
indeed due to the abnormal resistivity increase in ZrNiSn and TiNiShat40 K, can also
be attributed to the ground state of the Kondo-insulator-type alloys. In this sense, however, a
large competition of the band hybridization and the Kondo-type interactions can disturb the
Mott—Hubbard insulator state.

We again cite SmBas an example of a striking parallel to Mott—Hubbard insulators such
as \L0s; [21]. Spateket al [26] have presented the diagram on fhel// W plane of possible
metal—-insulator transitions, wheterepresents the intra-atomic Coulomb repulsion Bhis
the bandwidth. Near the tricritical point on this plot, it is possible to observe the transition
from the paramagnetic metal to the paramagnetic insulator; however, the low-temperature
ground state should be antiferromagnetic. Moreover, for Kondo insulators this state is not
seen in the most recent experiments (e.g. in references [27]), but some experiments (e.g. in
references [28, 29]) suggest low-temperature antiferromagnetic correlations.

3.2. Electronic structure

Recently, we presented the Ce 3d XP spectra for CeNiSn and CeRhSb [5, 8], which give
information about the 4f-shell configuration and hybridization strength. On the basis of the
Gunnarsson and Sehhammer theoretical model [30], three final-state contributiofstf
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and f of the Ce 3d XP spectra indicate an f occupation numBB¥ < 1 and a hybridization
width A of about 200 meV (table 1). This analysis showed visible hybridization effects in the
valence bands and good correlation with the susceptibility results (table 1).

Ultraviolet photoemission spectroscopy is a powerful technique for studying the electronic
properties of solids near the Fermi level. Such studies of polycrystalline materials can be used
to determine the density of states (DOS) of the alloy and, more interestingly, can be used to
determine the contribution to the valence bands of the constituent elements. Since the cross-
section of s states is comparatively low for all the elements in MNiSn and MRhSb samples, the
photoemission spectra in figures 6—13 are dominated by transitions from the d bands (figure 14
and reference [31]). We compare the photoemission specthafer21.2 (He 1), 40.8 (He ll)
and 1486.6 eV (Al k&) with the calculations. All the photoemission spectra are subtracted
from the background which has been calculated using the well established Tougaard algorithms
[32]. The spectra are detected at room temperature, while the calculations have been done for
the ground state & = 0, and the calculated gap size in Ce alloys is considerably smaller
than the standard resolution of the measured valence band XP and UP spectra. This makes
discussion of the Kondo-insulator behaviour impossible, even through the recorded spectra
are qualitatively similar to the convoluted DOS curves. The spectra demonstrate a valence
band that has a major peak that is mainly due to the d states located near the Fermi level. The
second peak centred at about 8 eV is observed for ZrNiSn and TiNiSn alloys in the 40.8 and
21.2 eV UP spectra, but for the Ce Kondo insulators it is only just detectable. The intensity
profile of the 8 eV peak shows a strong energy dependence for TiNiSn and ZrNiSn, whereas
for CeNiSn it has almost the same shape at the different photon energies. This peak is well
known to be a resonant satellite for Ni [33—35]. The strong intensity enhancement at resonance
is due to the influence of two excitation channels. One channel involves the excitation of a
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Figure 6. The DOS (solid thin line) and the DOS convoluted by Lorentzians of the half-width 0.4 eV
and taking into account appropriate cross-sections for bands with diffesgmmetry (dashed
line) are compared with the XPS valence bands (squares) and with the measuze@l.2 (a)

and 40.8 eV (b) UP spectra.
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core-level electron (3p—3d) followed by a coherent Auger-type decay leaving two holes at one
site. The same final state can be obtained by a shake-up process. In Ni, the satellite shows
considerable intensity even far from resonance (e.g. at XPS energies [36]); however, at the
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resonance threshold, a 3p—3d transition leads to a strong enhancement of the satellite. In this
experiment we are far from the resonance; therefore, the reason for the strong enhancement in
the satellite intensity in the 40.8 eV spectrum of TiNiSn in comparison with CeNiSn seems to

be more complicated. It also cannot be explained on the basis of the calculated one-electron
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ground-state bands. We believe that the strong peak in the UP spectra 8 e\£ pglaich is

visible for TiNiSn and ZrNiSn but not for the Ce alloys, also manifests the d character of the
valence bands of Ti or Zr due to the many-body effects. The final state that has two 3d holes is
the same as that produced byMysM 45 Auger transition. In figure 15 we present the LMM
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Figure 13. The total DOS compared with they = 21.2, 40.8 and 1486.6 eV photoemission
spectra. The details are given in the description of figure 6.
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Figure 14. The partial DOS for CeNiSn.
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Figure 15. Ni LMM Auger spectra. The perpendicular line indicates the energy of this line for
pure Ni metal.

Auger spectra of MNiSn compounds. All the spectra show one dominant line characteristic
for the transition d-type elements. However, we observe an energy shift of about 0.7 eV higher
kinetic energyE;. in the Zr and Ti alloy spectra in relation to those for the CeNiSn sample.
The Sn MNN spectra presented in figure 16 are almost identical and are also shifted to higher
E with respect to those for pure Sn. These shifts suggest strong Ce (or M) 4f (d)-Sn d, p
hybridization, that is stronger than the Ce 4d—Ni 3d hybridization. The hybridization effect
in the valence band between the d bands seems to be very important in ZrNiSn and TiNiSn.
Recently, we have presented the XPS binding energies of the maxima of the core levels for
a series of Zr Heusler and semi-Heusler alloys [6]. A shift of about 1 eV in the XPS lines
indicated the strong redistribution of charge in these alloys due to intersite hybridization effects.
The largest effect was found for the Zr and Sn atoms, in agreement with Auger results.

4. Conclusions

The calculations of the electronic structure of the MNiSn-type alloys with the M element tetra-
valent (Zr, Ti) and of the CeNiSn-type Kondo insulators showed similar energy distributions of
the densities of states. The semiconducting gap was calculated for MNiSn, whereas for CeNiSn
and CeRhSb at the Fermi level there is a narrow pseudogap. For both systems the second gap
is calculated to be a few eV below the Fermi level. At about 8 eV, just below the second gap,
the d states give the signals in the ultraviolet photoemission and x-ray photoelectron spectra
which are characteristic for TiNiSn and ZrNiSn in the 40.8 eV UP spectrum.

Very similar band properties, such as strong hybridization, the gap formation at the Fermi
energy and the second gap in the middle of the valence band, and the almost identical shapes
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Figure 16. Sn MNN Auger spectra. The perpendicular lines indicate the energies of the appropriate
lines for pure Sn metal.

of the photoemission spectra allowed us to classify both MNiSn and CeNiSn into the common
group of intermetallics with the hybridization gap at the Fermi energy.

The low-temperature anomalies due to the lattice ordering we discussed as a characteristic
either for the MNiSn semi-Heusler alloys with the M element tetravalent or the CeNiSn-
type Kondo insulators. As the lattice becomes more ordered, these anomalies increase in
number. At abouf”’ = 40 K we observed in the thermal volume expansion the abnormal
behaviour specific to ZrNiSn-type and CeNiSn-type alloys. The volume effects correlate with
the abnormal increase of the resistivities.
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