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Suppression of the gap energy in Zr-Ni-Sn and Ti-Ni-Sn by partial substitution
of Zr and Ti by Ce
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We report on magnetic measurements and electronic structure investigations of the alloyed compounds
Zr-Ni-Sn and Ti-Ni-Sn. Both belong to the group of semi-Heusler alloys, and are classified as narrow-gap
semiconductors with indirect gaps near 500 meV. Tetravalent ions~Zr,Ti! are partly replaced by Ce, with a Ce
concentration less than 20%. Susceptibility measurements indicate the magnetic ground state of Ce in both
Zr-Ni-Sn and Ti-Ni-Sn, and the effective moment is near the trivalent value atT5300 K. The Ce 4f 1

configuration is well accepted by Ce 3d x-ray photoemission spectra. We compare the x-ray photoemission
spectroscopy valence-band spectra for investigated Ce alloys. A very good agreement between the experiments
and calculations is obtained. We classify Zr-Ni-Sn and Ti-Ni-Sn as alloys with a strong hybridization influence
on the gap formation. The destructive alloying affecting the gap stability seems to have the same origin as in
the case of Ce Kondo insulators.@S0163-1829~98!07115-X#
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I. INTRODUCTION

The ternary intermetallic compounds Zr-Ni-Sn, Ti-Ni-S
and Hf-Ni-Sn exhibit unusual electric transport properti
suggesting that they may have a gap at the Fermi leve1–3

These compounds crystallize in a cubic structure of
Mg-Ag-As type, and are related to the metallic Heusler al
MNi2Sn, whereM5Zr, Ti, or Hf, and one of two sublattice
is empty. The calculations of the electronic structure of s
eral Heusler-type alloys showed semiconducting gaps
MNiSn.4,5 In Ref. 5, Zr-Ni-Sn was classified to a group
intermetallic alloys with a strong hybridization between
states and conduction bands. The gap is destroyed if N
replaced by another transition element, e.g., by Co. The
structive influence of the substitutedd element is correlated
with its d occupation number. Moreover, for semi-Heus
alloys of 1:1:1 type, a gap in the electronic structure for
minority-spin direction has often been predicted by ba
structure calculations, even when the transitiond element
replaces Ni.5–7

Very similar band properties are well known in the ca
of CeNiSn, with a small energy gap in the band structu
The ground state of CeNiSn is nonmagnetic, and low-ly
excitations exhibit properties of strong correlation, analog
to those found in the heavy-fermion compound. The co
pounds in this class, CeNiSn,8,9 CeBi4Pt3,

10 and Ce-Rh-Sb
~Ref. 11! alloys, containf elements which have unstablef
configurations. The gap in CeNiSn is unstable against
change in 4f conduction-electron hybridization caused
alloying.12 The gap is closed by a replacement of about 1
570163-1829/98/57~16!/9544~6!/$15.00
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of either the Ni or Ce sublattice.
The electronic structures of Zr-Ni-Sn and CeNiSn a

rather simple and similar. In both cases a strong hybridi
tion effect forms the gap, and it is unstable against alloyi
These arguments allow us to classify Zr-Ni-Sn or Ti-Ni-S
and CeNiSn as intermetallic alloys with a hybridization g
at the Fermi energy.

We now present the investigation of Zr-Ni-Sn an
Ti-Ni-Sn with Ce, which replaces the tetravalentM element.
Ce ions under sufficiently large external or lattice press
have a tendency to go into a mixed valence state betwe
and 4. Early experiments have indicated 4f instabilities for
Ce in ZrIr2, e.g., Ślebarski and Wohlleben13,14 found Kondo-
like anomalies in the resistivity and susceptibility.
Zr-Ni-Sn with tetravalent Zr, the unit-cell volume is smalle
than in the corresponding mixed-valence Ce-Ni-Sn co
pound. Therefore, Ce impurities are expected to be und
relatively high lattice pressure. As we shall show, neith
magnetic nor XPS studies have shown any instability of
4 f shell of Ce alloyed with Zr or Ti semi-Heusler com
pounds. So we expect a destructive influence of trivalent
with a stable 4f configuration on the gap in both matrice
The band calculations for several compounds, which
compared on two plots, clearly indicated that the gap direc
depends on the valence of metalM in strongly hybridized
materials. To our knowledge, the stability of the gap
MNiSn-type semi-Heusler alloys has not been studied
perimentally up to now. We present magnetic measurem
and high-resolution x-ray photoemission spectra which ar
good correlation with the theory. First, we explain the g
9544 © 1998 The American Physical Society



en
t

o
d

th
y
s
y
i-
o
n

ifie

a
x-
ic
o
u

it
s-
ur
ow
c
th
t

d
st
d

om
te

nd

ent

he
ion
on

ini-
le-
e

r-

el,

ple
of

for
e.
en-
i in
the

the

of

f
ility

57 9545SUPPRESSION OF THE GAP ENERGY IN Zr-Ni-Sn AND . . .
instability by the destructive influence of alloying, and th
several reasons for the gap formation are presented in
conclusions.

II. EXPERIMENT

The samples Zr12xCexNiSn and Ti12xCexNiSn were arc
melted on a cooled copper crucible in a high-purity arg
atmosphere and remelted ten times, and then anneale
800 °C for one week. The constituents were specpure.

The x-ray analysis showed single-phase samples wi
the usual resolution of 6%. For Zr-Ni-Sn and the Ce allo
with x50.05, 0.1 and 0.2, we found a cubic Mg-Ag-A
structure,15 which we also found in Ti-Ni-Sn and its Ce allo
with x50.05. The solubility of Ce impurities in both matr
ces Zr-Ni-Sn and Ti-Ni-Sn is quite low. For larger values
x thanx50.2 and 0.05, respectively, in the x-ray-diffractio
pattern we observed additional phases which were ident
properely as ZrNi2Sn and TiNi2Sn.

As we will show later, susceptibility measurements c
detect phase segregation on a much finer scale than the
analysis. A superconducting quantum interference dev
magnetometer and vibrating magnetometer were used to
tain magnetization results for low temperatures from 1.6
to 300 K, and magnetic fields of 50–50 kOe.

The x-ray-photoemission spectra were obtained w
monochromatized AlKa radiation at room temperature u
ing a PHI 5600ci spectrometer. The spectra were meas
immediately after cleaving the sample in vacuum bel
6310210 Torr. Calibration of the spectra was performed a
cording to Ref. 16. Binding energies were referenced to
Fermi level (eF50), the 4f levels of gold were found a
84.0 eV, and the observed energy spread of electrons
tected at the Fermi energy was about 0.4 eV. In all inve
gated Ce alloys, in the x-ray photoemission spectra we
tected a small amount of oxygen, which mainly arises fr
the impurity phase Ce2O3. This phase has also been detec
in several single crystals of CeNiSn by other authors.17

The electronic structures of ordered Zr-Ni-Sn a

FIG. 1. Magnetic susceptibility of Zr-Ni-Sn and Ti-Ni-Sn.
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Ti-Ni-Sn and the alloys were studied by the self-consist
tight-binding linearized muffin-Tin orbital~TB-LMTO!
method18 within the atomic-sphere approximation and t
local-spin-density approximation. The exchange-correlat
potential was assumed in the form proposed by v
Barth-Hedin19 and Langreth-Mehl-Hu,20 ~LMH ! with correc-
tions included. In the band calculations, we assumed the
tial configurations according to the Periodic Table of e
ments. For Zr-Ni-Sn and Ti-Ni-Sn, for the calculations w
considered aC1b-type structure which consists of four inte

penetrating fcc sublattices based on~0,0,0!, ( 1
2

1
2

1
2 ),

( 1
4

1
4

1
4 ), and (34

3
4

3
4 ). In a C1b-type structure, one of the

sublattices, (14
1
4

1
4 ) or ( 3

4
3
4

3
4 ), is empty. The self-

consistent band structures forM12xCexNiSn ~M5Zr or Ti!
alloys were calculated for the supercell structural mod
which was built with twoC1b cells along thez axis. In the
supercell each fcc sublattice was divided into four sim
cubic ones, and therefore our structural model consisted
32 simple cubic sublattices. Each type of atom,~Zr,Ti!, Ni,
and Sn, and empty sphere~vacance! occupied eight simple
cubic sublattices. The band calculations were performed
93 k points in the irreducible wedge of the Brillouin zon
The electronic structures were computed for the experim
tal lattice parameters. The value of the Wigner-Seitz radi
the atomic-sphere approximation were chosen to satisfy
conditions:(n(Sn /S)35N, whereS5a(3/4pN)1/3. Herea
denotes the lattice parameter,N is the number of atoms in
the cell, and the summation was made for all atoms in
cell.

III. RESULTS AND DISCUSSION

A. Magnetic properties

We present the magnetic susceptibility as a function
temperature for Zr12xCexNiSn ~x50 to 0.2! and
Ti12xCexNiSn ~x50, 0.5! alloys. The magnetic properties o
CeNiSn were discussed, e.g., in Ref. 9. The susceptib

FIG. 2. Magnetization of Zr0.95Ce0.05NiSn at weak magnetic
fields ~50 and 100 Oe! as a function of temperature.
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reminds one somehow of heavy-electron cerium-fluctua
compounds. At high temperatures it follows the Curie-We

law, with nearly theJ5 5
2 free-ion value of the effective mo

ment (meff), whereas atT50 it reveals a singlet ground stat
The ground state of the alloyd CeNiSn is still a singlet due
the Kondo coupling.21,22 However, alloying destroys the
semiconducting gap. At a very weak magnetic field the s
ceptibility either of CeNiSn or its alloys always indicates t
presence of additional phases, mainly of Ce2O3, which con-
tribute to a Brillouin term at low temperature. Even in ve
good quality single crystals,17 the impurity phase was de
tected. Therefore, we have also analyzed Zr and Ti alloy
weak magnetic fields, at which the presence of additional
magnetic phases is less than 0.1%.

In this paper we attempt to answer experimentally
question of band-gap stability in the ternary intermeta
compounds Zr-Ni-Sn and Ti-Ni-Sn. At first, we present t
magnetic susceptibility of these compounds, and then
show how it depends on alloying.

In Fig. 1 the susceptibilities of Zr-Ni-Sn and Ti-Ni-Sn a
nearly temperature independent between 50 and 300 K,
below 50 K one observes an increase of the susceptibili
We attribute this increase to metallurgical problems, wh
are also apparent in the strong resistivity dependence on
annealing, and correlate with the substitutional disorder
tween Zr or Ti and Sn atomic positions.2

At weak magnetic fields of 50 and 100 Oe, one obser
a paramagnetic behavior for both samples, with a weak
constant magnetization aboveT53.7 K. But below this tem-
perature the magnetization becomes negative, which
gests an incomplete solution of Sn~less than 0.1%! which is
superconducting with a characteristic temperature
Tc53.7 K.

In Fig. 2 we show the magnetization of the 5% Ce all
as a function of temperature and magnetic field. The mag

FIG. 3. Magnetic susceptibilityDx in emu/~mole Ce! and in-
verse susceptibilityDx21 in (cm3/mole Ce)21. The applied mag-
netic field is 10 kOe. The plots on the right side present the ef
tive magnetic momentmeff per one Ce atom inmB as a function of
temperature @the effective magnetic moment at eachT is
(DxT)1/2(3kB /N)1/2, wherekB is the Boltzman constant andN the
Avogadro number#.
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tization increases below the temperatureT55 K and begins
to saturate near 1.6 K. The incomplete solution effect of
matrix is covered by the ferromagnetic impurity Ce2O3
amount, discussed above. Figure 3 shows the susceptib
incrementDx and (Dx)21 for Zr12xCexNiSn alloys, where
Dx5„x(alloy)2x@(12x)Zr-Ni-Sn#…/x. At low tempera-
tures one observes for the alloys only a weak concentra
dependence ofDx21, which emphasizes the uncertainties
sample preparation. At high temperatures the concentra
dependence becomes relatively stronger. We have also
tedDxT to exhibit this point more clearly. The kink ofDxT
near 5 K in allplots indicates the ferromagnetic clusters
Ce2O3. The Curie-WeissQ temperatures are negative. Th
suggests a spin-glass-type ordering, even for the 5%
sample. However, we did not observe a maximum of
susceptibility at the frozen temperature Tf . This type of be-
havior is, however, expected to be observed in the lo
magnetic-field experiment belowT51.6 K.

The most important conclusion from Fig. 3 is the follow
ing. The high-temperature effective magnetic moment
close to the full 4f 1 Hund’s-rule ground-state moment o
2.54mB . Below 60 K a deviation from the high-temperatur
law occurs, giving, at 4.2 K, an effective moment of abo
1.9mB . This behavior may be ascribed to crystal-field effe
which has a ‘‘preference’’ for two low-lying doublets. Th
magnetic Ce ground state of the alloyed Zr or Ti Heus
alloys with the gap is in important contradiction with th
nonmagnetic state of CeNiSn. The singlet ground state
to the Kondo coupling and the 4f Ce instability argue for the
CeNiSn hybridization gap, which is destroyed when Ce or
are partly replaced by La or ad-type atom. In Ref. 21 we
presented the Ce 3d XPS spectra, which did not show th
shake-up satellite due to the 4f instability, when the
CeNiSn sample is alloyed. The magnetic susceptibi

-
FIG. 4. Ce 3d XPS spectra obtained for severalM12xCexNiSn

alloys ~M5Zr or Ti! are compared with the spectrum of Ce-Ni-S
The 3d94 f 1 and 3d94 f 2 components are separated on the basis
the Doniach-Sˇunjić theory. The line indicates the energy of th
3d9f 0 satellite.
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57 9547SUPPRESSION OF THE GAP ENERGY IN Zr-Ni-Sn AND . . .
clearly now indicates trivalent Ce in Zr-Ni-Sn or Ti-Ni-S
materials. With alloying we expect to observe a drastic
crease of the gaps in the matrices bands, which should
proportional to the decrease of the number of tetravalent
~Zr,Ti! in the unit cell.

B. Electronic properties of M 12xCexNiSn, M 5Zr,Ti

As mentioned above, the susceptibility showed the m
netic ground state and the stable configuration of the 4f shell
of Ce diluted in Zr and Ti matrices. Now we present the
3d x-ray photoemission spectra which confirm it.

In the x-ray photoemission core spectra of Ce the 3d spin-
orbit-split components~Fig. 4! do not show any additiona
structure at the higher-energy side in respect to the m
3d5/2 and 3d3/2 peaks, as a contribution of the 4f 0 configu-
ration to the Ce ground state.23 This 3d94 f 0 components for
3d multiplets are clear evidence of the mixed valence in
compounds; they are, however, not present in the 3d x-ray
photoemission spectra ofg-Ce.24 At the low-binding-energy
side of the 3d5/2 and 3d3/2 lines ~Fig. 4!, shake-down satel
lites are observed, which are known to account for
screened Ce 3d94 f 2 final state.25–27 The structure in the Ce
3d x-ray photoemission spectra is interpreted in terms of
Gunnarsson-Scho¨nhammer theory.23 It is possible to deter-
mine the coupling D energy from the ratio
r 5 I ( f 2)/@ I ( f 1)1I ( f 2)# calculated in Ref. 28 as a functio
of D. D is defined aspV2rmax, wherermax is the maximum
in density of conduction states andV is the hybridization
matrix element. The separation of the peaks in the Ced

FIG. 5. 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 partial bands with different
symmetry; dashed line!, and the measured XPS valence bands c
rected by the background~points! for Zr12xCexNiSn.
-
be
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e
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XPS spectra~Fig. 4!, which overlap, was made on the ba
of the Doniach-Sˇunjić theory.29 In all Ce cases, only the
3d3/2f

2 peak intensities can be accurately estimated in re
tion to 3d9f 1, the 3d5/2f

1 peak overlaps the Sn 3s signal. In
the peak fitting procedure we considered an additional c
tribution to the total intensity to find the theoretically inte
sity ratio 6:4 of the 3d5/2 and 3d3/2 peaks. The Sn 3s peak at
884 eV provides about 15% of the total intensity in 20%
alloy due to the 3d94 f 1 final states. But its contribution de

-
-

FIG. 6. The total DOS~solid line!, the convoluted DOS as in
Fig. 5 ~dashed line!, and the valence-band spectra~points!.

FIG. 7. The partial DOS for Ti-Ni-Sn and Ti0.875Ce0.125NiSn.
Strongly hybridized states are visible in both compounds near
Fermi energy. Our calculations show almost the same plots
Zr-Ni-Sn and its Ce alloys.
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pends on the Ce concentration and increases when th
content in the alloy decreases. The intensity ratio isr'0.20
for 20% Ce alloy and slightly increases with decreasing ox.
From the calculated variation ofr as a function ofD in Ref.
28, this value gives a hybridization width of about 100 me
for Zr0.8Ce0.2NiSn which increases with dilution. The depe
dence ofr on other parameters, such as the f-level oc
pancy, andU, the Coulomb interaction betweenf electrons,
is weaker,28 and we neglect this dependence in our calcu
tions. For the Ce 5% sample,D is about 150 meV. With an
increasing dilution of Ce, the Ce average distance increa
thus the increase ofD with increasing Zr concentration arise
from an overlap withd orbitals on the neighboring atoms
This analysis suggests the visible hybridization effect in
valence bands. Figures 5 and 6 compare the x-ray ph
emission ~XPS! valence bands of Zr12xCexNiSn and
Ti12xCexNiSn alloys with the calculated total densities
states~DOS’s!. The DOS’s are convoluted by a Lorentzia
of half-width equal to 0.4 eV, and evaluated by a prop
cross sections for partial states on each atom of the unit
which are taken from Ref. 30. All XPS bands are subtrac
by the backgrounds which have been calculated with the w
validated and described Tougaard algorithms.31 The agree-
ments between the experimental and calculated spectra
good. The sharp peaks located at 2 eV in the bands

FIG. 8. TB LMTO band structure of Zr12xCexNiSn along vari-
ous symmetry directions in the Brillouin zone.
Ce
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mainly attributed to 3d Ni states. The second peak 0.5 e
below the Fermi level in theMNiSn DOS represents th
strongly hybridized Ni-Zr or Ni-Tid states. Its intensity de
creases rapidly when theM element is in 10% replaces b
Ce. Figures 5, 6, and 7 show the Cef states located at 0.7 eV
~10% Ce sample! or at 0.5 eV~20% Ce sample! above the
Fermi level, but in both cases the tail of thef states strongly
hybridizes with Ni and Zr or Tid states. This hybridization
makes a reduction of the DOS intensities ofd states neareF ,
and destroys the gap. The destructive influence on the
formation can also be visible in Figs. 8, and 9, which sh
the bands plotted along various symmetry directions. At
G point the gap, opened forMNiSn, is now closed or
strongly reduced when Ce replaces theM metal. For both
Zr-Ni-Sn and Ti-Ni-Sn alloys, the indirect gap at theG point
has the same value and does not depend on the atomic
berZ of theM element. We found a large rate of depressi
for this gap due to Ce impurities, which again does not
pend on theZ number, and is about 1.6 eV/~Ce atom!. The
zero-gap limit in the alloys is reached at a critical concent
tion of Ce impurities close to the limit of Ce dilution withou
segregation of additional phases. This also means that
hybridization gap characterizes theMNiSn-type alloys~M
5Zr,Ti,Hf! and has an important influence on their structu
properties.

The broad peaks detected at 8 eV in the XPS vale
bands~Figs. 5 and 6! are connected with Sns electronic
states. There is a second gap in the bands between 5 a
eV, which is characteristic of semi-Heusler alloys a
Ce-Ni-Sn-type intermetallics.

IV. CONCLUSIONS

MNiSn semi-Heusler alloys, whereM is tetravalent Zr or
Ti, are strongly hybridized materials with a gap of the ord
at 500 meV. This gap is formed for a tetravalent elementM ,

FIG. 9. TB LMTO band structure of Ti12xCexNiSn along vari-
ous symmetry directions in the Brillouin zone.
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57 9549SUPPRESSION OF THE GAP ENERGY IN Zr-Ni-Sn AND . . .
which strongly hybridizes with the conduction-band stat
When M is partly replaced by a trivalent Ce, the gap
depressed, and it vanishes almost at the same concentr
of about 25% of Ce impurities. Ce atoms diluted inMNiSn
matrices are detected as trivalent impurities with a magn
ground state. The Cef states are strongly hybridized withM
and Ni d states near the Fermi level. The hybridization e
ergyD was determined from the Ce 3d XPS spectra for each
Ce alloy on the base of Gunnarsson and Scho¨nhammer
theory.D is about 100–150 meV, depending on the Ce c
tent in Zr-Ni-Sn or Ti-Ni-Sn. A strongf -d hybridization
shifts the unoccupied states to the Fermi level, and as a
sequence destroys the gap. Similar band properties
known in CeNiSn semiconductors with metallic elements.
this case Ce is in a mixed-valence state, and in contrast to
diluted Ce alloys it has a nonmagnetic ground state of
Kondo-type. We classified the cubic semi-HeuslerMNiSn
and the orthorombic CeNiSn compounds to a group of all
with a hybridization gap at the Fermi energy. The tetraval
M element inMNiSn-type semiconducting alloys seems f
us to be very important. The gap is suppressed by a pa
substitution of a trivalent metal~e.g., Ce! either for Zr41 or
Ti41. In consequence, this substitution gives an aver
value of the valencev at the M -atom position in
M12xCexNiSn systems less than 4, andv531n, where
J

.

tion

ic

-

-

n-
re

n
he
e

s
t

ial

e

n512x. The Zr12xCexNiSn system shows a linear scalin
of the gapDE with n. Considering the influence of the va
lence of theM element on the gap formation, a very crud
analysis predicts a gapDEn of about 20 meV for CeNiSn
with a slightly mixed valence of Ce ions, if one takes in
considerationDE(Zr-Ni-Sn,n51)5430 meV. This value is,
however, 20 times larger than what was measured, but sh
the strong influence of the valence of theM atom on the gap
formation inMNiSn-type intermetallics. We have mentione
the rapid change of Nid DOS closed toeF whenMNiSn is
alloyed. Recently we have theorized that a very similar
fect, observed in CeNiSn when Ni is partly substituted w
Cu or Pd, is due to the charge transfer.
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