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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(imsi) 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 valu&=aB00 K. The Ce 4!
configuration is well accepted by Cel 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 insulatof§0163-182808)07115-X

I. INTRODUCTION of either the Ni or Ce sublattice.
The electronic structures of Zr-Ni-Sn and CeNiSn are

The ternary intermetallic compounds Zr-Ni-Sn, Ti-Ni-Sn, rather simple and similar. In both cases a strong hybridiza-
and Hf-Ni-Sn exhibit unusual electric transport properties tion effect forms the gap, and it is unstable against alloying.
suggesting that they may have a gap at the Fermi fevel. These arguments allow us to classify Zr-Ni-Sn or Ti-Ni-Sn
These compounds crystallize in a cubic structure of theand CeNiSn as intermetallic alloys with a hybridization gap
Mg-Ag-As type, and are related to the metallic Heusler alloyat the Fermi energy.
MNi,Sn, whereM = Zr, Ti, or Hf, and one of two sublattices We now present the investigation of Zr-Ni-Sn and
is empty. The calculations of the electronic structure of sevTi-Ni-Sn with Ce, which replaces the tetravalditelement.
eral Heusler-type alloys showed semiconducting gaps fo€e ions under sufficiently large external or lattice pressure
MNiSn.*® In Ref. 5, Zr-Ni-Sn was classified to a group of have a tendency to go into a mixed valence state between 3
intermetallic alloys with a strong hybridization between Zr and 4. Early experiments have indicatefl idstabilities for
states and conduction bands. The gap is destroyed if Ni i€e in Zrlr,, e.g., $ebarski and Wohllebér'*found Kondo-
replaced by another transition element, e.g., by Co. The ddike anomalies in the resistivity and susceptibility. In
structive influence of the substituteldelement is correlated Zr-Ni-Sn with tetravalent Zr, the unit-cell volume is smaller
with its d occupation number. Moreover, for semi-Heuslerthan in the corresponding mixed-valence Ce-Ni-Sn com-
alloys of 1:1:1 type, a gap in the electronic structure for thepound. Therefore, Ce impurities are expected to be under a
minority-spin direction has often been predicted by band+elatively high lattice pressure. As we shall show, neither
structure calculations, even when the transittbrelement magnetic nor XPS studies have shown any instability of the
replaces NP~/ 4f shell of Ce alloyed with Zr or Ti semi-Heusler com-

Very similar band properties are well known in the casepounds. So we expect a destructive influence of trivalent Ce
of CeNiSn, with a small energy gap in the band structurewith a stable 4 configuration on the gap in both matrices.
The ground state of CeNiSn is nonmagnetic, and low-lyingThe band calculations for several compounds, which we
excitations exhibit properties of strong correlation, analogougsompared on two plots, clearly indicated that the gap directly
to those found in the heavy-fermion compound. The comdepends on the valence of metdl in strongly hybridized
pounds in this class, CeNi$r, CeBi,Pt;,'° and Ce-Rh-Sb materials. To our knowledge, the stability of the gap of
(Ref. 11 alloys, containf elements which have unstable MNiSn-type semi-Heusler alloys has not been studied ex-
configurations. The gap in CeNiSn is unstable against anperimentally up to now. We present magnetic measurements
change in 4 conduction-electron hybridization caused by and high-resolution x-ray photoemission spectra which are in
alloying!? The gap is closed by a replacement of about 10%good correlation with the theory. First, we explain the gap
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FIG. 1. Magnetic susceptibility of Zr-Ni-Sn and Ti-Ni-Sn. FIG. 2. Magnetization of ZreCeyogNiSn at weak magnetic

fields (50 and 100 Okas a function of temperature.

instability by the destructive influence of alloying, and then
several reasons for the gap formation are presented in thE-Ni-Sn and the alloys were studied by the self-consistent
conclusions. tight-binding linearized muffin-Tin orbital (TB-LMTO)
method® within the atomic-sphere approximation and the
local-spin-density approximation. The exchange-correlation
Il EXPERIMENT potential was assumed in the form proposed by von

: , , Barth-Hedirt® and Langreth-Mehl-H&° (LMH) with correc-
Th | N Ti_ N ; . o ..
e samples Zr,CeNiSn and Ti_.CeNiSn were arc tions included. In the band calculations, we assumed the ini-

melted on a cooled copper crucible in a high-purity argon_. . ; : L
atmosphere and remelted ten times, and then annealed téql configurations according to the Periodic Table of ele-

800 °C for one week. The constituents were specpure. ment's. For Zr-Ni-Sn and Ti—Ni—Sn, for thg calculations we
The x-ray analysis showed single-phase samples Withiﬁon&dered & 1,-type structure which consists of four inter-
the usual resolution of 6%. For Zr-Ni-Sn and the Ce alloysPenetrating fcc sublattices based d0,0,0, (3 7 ),
with x=0.05, 0.1 and 0.2, we found a cubic Mg-Ag-As (3 2 %), and ¢ 2 2). In a Cl,-type structure, one of the
structuret® which we also found in Ti-Ni-Sn and its Ce alloy
with x=0.05. The solubility of Ce impurities in both matri-
ces Zr-Ni-Sn and Ti-Ni-Sn is quite low. For larger values of
x thanx=0.2 and 0.05, respectively, in the x-ray-diffraction
pattern we observed additional phases which were identifie
properely as ZrNiSn and TiNjSn.

sublattices, ¥ 5 %) or (3 2%32), is empty. The self-
consistent band structures fivt; _,CeNiSn (M =Zr or Ti)
alloys were calculated for the supercell structural model,

hich was built with twoC1,, cells along thez axis. In the
sSupercell each fcc sublattice was divided into four simple
cubic ones, and therefore our structural model consisted of
32 simple cubic sublattices. Each type of atdir,Ti), Ni,

and Sn, and empty spheeacance occupied eight simple

analysis. A supercondugtlng quantum interference devIC%ubic sublattices. The band calculations were performed for
magnetometer and vibrating magnetometer were used to og-

tain magnetization results for low temperatures from 1.6 u 3k points in the irreducible wedge of the Brillouin zone.
9 - P "9 UPrhe electronic structures were computed for the experimen-
to 300 K, and magnetic fields of 50-50 kOe.

The x-ray-photoemission spectra were obtained witr{al lattice parameters. The value of the Wigner-Seitz radii in

monochromatized AK « radiation at room temperature us- he atomic-sphere approximation were chosen to satisfy the

it . 3_ — 1/3
ing a PHI 5600ci spectrometer. The spectra were measuret nd't'onS'E“(Sﬂ‘/S) =N, wher_eS— a(3/4mN)™". Herea_
enotes the lattice parametét,is the number of atoms in

immediately after cleaving the sample in vacuum below . .
"0 . . the cell, and the summation was made for all atoms in the

6X 10"~ Torr. Calibration of the spectra was performed ac- |

cording to Ref. 16. Binding energies were referenced to the ™

Fermi level =0), the 4f levels of gold were found at

84.0 eV, and the observed energy spread of electrons de- lll. RESULTS AND DISCUSSION

tected at the Fermi energy was about 0.4 eV. In all investi-

gated Ce alloys, in the x-ray photoemission spectra we de-

tected a small amount of oxygen, which mainly arises from We present the magnetic susceptibility as a function of

the impurity phase G©;. This phase has also been detectedtemperature for Zr ,CeNiSn (x=0 to 0.2 and

in several single crystals of CeNiSn by other autHdrs. Ti;_,CeNiSn (x=0, 0.5 alloys. The magnetic properties of
The electronic structures of ordered Zr-Ni-Sn andCeNiSn were discussed, e.g., in Ref. 9. The susceptibility

A. Magnetic properties
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FIG. 3. Magnetic susceptibilitAy in emu{mole Cg and in- 910 8%0

verse susceptibilitA y ! in (cm¥/mole Ce) . The applied mag-
netic field is 10 kOe. The plots on the right side present the effec-
tive magnetic momengey; per one Ce atom ijg as a function of FIG. 4. Ce 3l XPS spectra obtained for seveidl, _,CgNiSn
temperature [the effective magnetic moment at each is  alloys(M =Zr or Ti) are compared with the spectrum of Ce-Ni-Sn.
(AxXT)Y(3kg /N)*2, whereks is the Boltzman constant andithe  The 3d°4f! and 31°4f2 components are separated on the basis of
Avogadro numbelr the Doniach-8njic theory. The line indicates the energy of the
3d°f° satellite.
reminds one somehow of heavy-electron cerium-fluctuation
compounds. At high temperatures it follows the Curie-Weissization increases below the temperatiire 5 K and begins
law, with nearly thel= 3 free-ion value of the effective mo- to saturate near 1.6 K. The incomplete solution effect of the
ment (ue), Whereas aT =0 it reveals a singlet ground state. matrix is covered by the ferromagnetic impurity g
The ground state of the alloyd CeNiSn is still a singlet due te@mount, discussed above. Figure 3 shows the susceptibility
the Kondo coupling?? However, alloying destroys the incrementAy and (Ax)~* for Zr;_,CeNiSn alloys, where
semiconducting gap. At a very weak magnetic field the susd x = (x(alloy)— x[(1—x)Zr-Ni-Sn])/x. At low tempera-
ceptibility either of CeNiSn or its alloys always indicates thetures one observes for the alloys only a weak concentration
presence of additional phases, mainly oGg which con-  dependence ok y 1, which emphasizes the uncertainties of
tribute to a Brillouin term at low temperature. Even in very sample preparation. At high temperatures the concentration
good quality single crystals, the impurity phase was de- dependence becomes relatively stronger. We have also plot-
tected. Therefore, we have also analyzed Zr and Ti alloys ded A xT to exhibit this point more clearly. The kink dfx T
weak magnetic fields, at which the presence of additional Ceear 5 K in allplots indicates the ferromagnetic clusters of
magnetic phases is less than 0.1%. Ce0;. The Curie-Weis®) temperatures are negative. This

In this paper we attempt to answer experimentally thesuggests a spin-glass-type ordering, even for the 5% Ce
question of band-gap stability in the ternary intermetallicsample. However, we did not observe a maximum of the
compounds Zr-Ni-Sn and Ti-Ni-Sn. At first, we present thesusceptibility at the frozen temperature. Trhis type of be-
magnetic susceptibility of these compounds, and then wéavior is, however, expected to be observed in the low-
show how it depends on alloying. magnetic-field experiment below=1.6 K.

In Fig. 1 the susceptibilities of Zr-Ni-Sn and Ti-Ni-Sn are  The most important conclusion from Fig. 3 is the follow-
nearly temperature independent between 50 and 300 K, bing. The high-temperature effective magnetic moment is
below 50 K one observes an increase of the susceptibilitieslose to the full 4* Hund's-rule ground-state moment of
We attribute this increase to metallurgical problems, which2.54ug. Below @ K a deviation from the high-temperature
are also apparent in the strong resistivity dependence on tHaw occurs, giving, at 4.2 K, an effective moment of about
annealing, and correlate with the substitutional disorder be1.9ug. This behavior may be ascribed to crystal-field effect
tween Zr or Ti and Sn atomic positioAs. which has a “preference” for two low-lying doublets. The

At weak magnetic fields of 50 and 100 Oe, one observesnagnetic Ce ground state of the alloyed Zr or Ti Heusler
a paramagnetic behavior for both samples, with a weak andlloys with the gap is in important contradiction with the
constant magnetization aboVe=3.7 K. But below this tem- nonmagnetic state of CeNiSn. The singlet ground state due
perature the magnetization becomes negative, which suge the Kondo coupling and thef4Ce instability argue for the
gests an incomplete solution of Hess than 0.1%which is  CeNiSn hybridization gap, which is destroyed when Ce or Ni
superconducting with a characteristic temperature ofre partly replaced by La or dtype atom. In Ref. 21 we
T.=3.7 K. presented the Ced3XPS spectra, which did not show the

In Fig. 2 we show the magnetization of the 5% Ce alloyshake-up satellite due to thef 4instability, when the
as a function of temperature and magnetic field. The magnezeNiSn sample is alloyed. The magnetic susceptibility

Binding Energy (eV)
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FIG. 6. The total DOSsolid line), the convoluted DOS as in
FIG. 5. Comparison of the total DOSolid line), the convoluted  Fig. 5 (dashed ling and the valence-band spec{mints.

count proper cross sections for partial bands with different I-XPS spectrgFig. 4), which overlap, was made on the base
symmetry; dashed lineand the measured XPS valence bands cor-gf the Doniach:Hnji(': theory?® In all Ce cases, only the

rected by the backgroungoints for Zr; _,CgNiSn.

clearly now indicates trivalent Ce in Zr-Ni-Sn or Ti-Ni-Sn
materials. With alloying we expect to observe a drastic de;
crease of the gaps in the matrices bands, which should b&
proportional to the decrease of the number of tetravalent iong
(Zr,Ti) in the unit cell.

B. Electronic properties of M ;_,CeNiSn, M =Zr, Ti

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

In the x-ray photoemission core spectra of Ce thespin-
orbit-split componentgFig. 4) do not show any additional
structure at the higher-energy side in respect to the main
3ds, and 3y, peaks, as a contribution of thef 4 configu-
ration to the Ce ground statéThis 3d°4f° components for
3d multiplets are clear evidence of the mixed valence in Ce
compounds; they are, however, not present in thex3ay
photoemission spectra giCe?2* At the low-binding-energy
side of the 85, and 35, lines (Fig. 4), shake-down satel-
lites are observed, which are known to account for the
screened Ce @4f2 final state?®~2’ The structure in the Ce
3d x-ray photoemission spectra is interpreted in terms of the
Gunnarsson-Scimammer theor§® It is possible to deter-
mine the coupling A energy from the ratio
r=1(f3)/[1(fY)+1(f?)] calculated in Ref. 28 as a function

DOS (states/eV atom)

4

3d,,f? peak intensities can be accurately estimated in rela-
tion to 3d°f1, the As,f! peak overlaps the Sns3signal. In

the peak fitting procedure we considered an additional con-
ribution to the total intensity to find the theoretically inten-
ty ratio 6:4 of the 8l5;, and 3;,, peaks. The Sn8peak at

84 eV provides about 15% of the total intensity in 20% Ce
alloy due to the 8%f! final states. But its contribution de-

4
TiNiSn
3
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i
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Energy (eV)

Tip 875C€0.125NiSN

Energy (eV)

FIG. 7. The partial DOS for Ti-Ni-Sn and J,<Cey 1,NiSn.

of A. A is defined asTV?ppay, Whereppmayis the maximum Strongly hybridized states are visible in both compounds near the
in density of conduction states and is the hybridization  Fermi energy. Our calculations show almost the same plots for
matrix element. The separation of the peaks in the @e 3 Zr-Ni-Sn and its Ce alloys.
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FIG. 9. TB LMTO band structure of Ti ,CegNiSn along vari-
ous symmetry directions in the Brillouin zone.

mainly attributed to 8 Ni states. The second peak 0.5 eV
below the Fermi level in theViNiSn DOS represents the
strongly hybridized Ni-Zr or Ni-Tid states. Its intensity de-
creases rapidly when thid element is in 10% replaces by
Ce. Figures 5, 6, and 7 show the €states located at 0.7 eV
(10% Ce sampleor at 0.5 eV(20% Ce sampleabove the
Fermi level, but in both cases the tail of thestates strongly
hybridizes with Ni and Zr or Td states. This hybridization
FIG. 8. TB LMTO band structure of Zr,CgNiSn along vari- makes a reduction of the DOS intensitiegidftates neagg ,
ous symmetry directions in the Brillouin zone. and destroys the gap. The destructive influence on the gap
formation can also be visible in Figs. 8, and 9, which show

pends on the Ce concentration and increases when the @ bands plotted along various symmetry directions. At the
content in the alloy decreases. The intensity ratio40.20 1" point the gap, opened foMNiSn, is now closed or

for 20% Ce alloy and slightly increases with decreasing.of  strongly reduced when Ce replaces temetal. For both
From the calculated variation ofas a function oA in Ref.  zy-Nj-Sn and Ti-Ni-Sn alloys, the indirect gap at thepoint

28, this value giveS a hybridization width of about 100 mthaS the same value and does not depend on the atomic num-
for Zro {Ce NiSn which increases with dilution. The depen- perz of the M element. We found a large rate of depression
dence ofr on other parameters, such as the f-level occufor this gap due to Ce impurities, which again does not de-
pancy, andJ, the Coulomb interaction betwednelectrons,  pend on thez number, and is about 1.6 e@e atom. The

is weaker:® and we neglect this dependence in our calculazero-gap limit in the alloys is reached at a critical concentra-
tions. For the Ce 5% sampld, is about 150 meV. With an  tjon of Ce impurities close to the limit of Ce dilution without
increasing dilution of Ce, the Ce average distance increasesegregation of additional phases. This also means that the
thus the increase df with increasing Zr concentration arises nypridization gap characterizes théNiSn-type alloys(M

from an overlap withd orbitals on the neighboring atoms. = zr Tj Hf) and has an important influence on their structural
This analysis suggests the visible hybridization effect in theyroperties.

valence bands. Figures 5 and 6 compare the x-ray photo- The broad peaks detected at 8 eV in the XPS valence
emission (XPS) valence bands of Zr,CeNiSn and pands(Figs. 5 and § are connected with S electronic

Ti;—xCeNiSn alloys with the calculated total densities of states. There is a second gap in the bands between 5 and 7
states(DOS's). The DOS'’s are convoluted by a Lorentzian ey, which is characteristic of semi-Heusler alloys and

of half-width equal to 0.4 eV, and evaluated by a properce-Ni-Sn-type intermetallics.
cross sections for partial states on each atom of the unit cell,

Energy (eV)

which are taken from R_ef. 30. All XPS bands are _subtracted IV. CONCLUSIONS
by the backgrounds which have been calculated with the well
validated and described Tougaard algoritithhe agree- MNiSn semi-Heusler alloys, whei is tetravalent Zr or

ments between the experimental and calculated spectra afé are strongly hybridized materials with a gap of the order
good. The sharp peaks located at 2 eV in the bands arat 500 meV. This gap is formed for a tetravalent elentnt
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which strongly hybridizes with the conduction-band statesy=1—x. The zZr_,CegNiSn system shows a linear scaling
When M is partly replaced by a trivalent Ce, the gap is of the gapAE with ». Considering the influence of the va-
depressed, and it vanishes almost at the same concentratigihce of theM element on the gap formation, a very crude
of about 25% of Ce impurities. Ce atoms dilutedNiNiSn analysis predicts a gapEv of about 20 meV for CeNiSn
matrices are detected as trivalent impurities with a magnetigith "a slightly mixed valence of Ce ions, if one takes into
ground state. The Ckstates are strongly hybridized witt consideration\ E(Zr-Ni-Sn,»=1)= 430 meV. This value is,
and Nid states near the Fermi level. The hybridization eN-however, 20 times larger than what was measured, but shows
ergy A was determined from the C&l3XPS spectra for each  the strong influence of the valence of thleatom on the gap
Ce alloy on the base of Gunnarsson and $tlmnmer formation inMNiSn-type intermetallics. We have mentioned
theory.A is about 100-150 meV, depending on the Ce conye rapid change of Nil DOS closed toer whenMNiSn is
tent in Zr-Ni-Sn or Ti-Ni-Sn. A strongf-d hybridization  5jj0yed. Recently we have theorized that a very similar ef-
shifts the unoccupied states to the Fermi level, and as a CORact, observed in CeNiSn when Ni is partly substituted with

sequence destroys the gap. Similar band properties ag, or Pd. is due to the charge transfer.
known in CeNiSn semiconductors with metallic elements. In

this case Ce is in a mixed-valence state, and in contrast to the
diluted Ce alloys it has a nonmagnetic ground state of the
Kondo-type. We classified the cubic semi-HeudliéNiSn

and the orthorombic CeNiSn compounds to a group of alloys This work was partly supported by the Foundation for
with a hybridization gap at the Fermi energy. The tetravalenPolish Science Project: SUBIN No. 10)9By the Deutscher

M element inMNiSn-type semiconducting alloys seems for Akademischer Austausch Dien&®AAD), and by the Deut-

us to be very important. The gap is suppressed by a partiaiche ForschungsgemeinschdfdFG). One of us (A.J)
substitution of a trivalent metdk.g., C¢ either for Zf* or  thanks the State Committee for Scientific Research for finan-
Ti*". In consequence, this substitution gives an averageial support(Project No. 2P30200507 The calculations
value of the valencev at the M-atom position in  were made in the Supercomputing and Networking Center of
M,_,CegNiSn systems less than 4, and=3+v», where Poznan
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