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a b s t r a c t

The n-TiNiSn ternary intermetallic semiconductor is doped by the V donor impurity and the crystalline

structure of the obtained Ti1�xVxNiSn solid solutions (x¼0–0.10) is determined by X-ray diffraction.

Temperature and concentration dependences of the resistivity and thermopower are investigated in

80–380 K range. As main results, the TiNiSn conductivity type is revealed insensitive to V doping and the

thermopower factor substantially increases versus V content. First principle calculations based on DFT

using FPLO and KKR–CPA methods are performed as well. Experimental data and electronic structure

calculations are compared and discussed in terms of thermopower improvements.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Equiatomic TiNiSn, ZrNiSn, and HfNiSn compounds with the
MgAgAs crystal structure type (ST), called half-Heusler phase, are
formed in the M–Ni–Sn (M¼Ti, Zr, Hf) metallic systems [1–3].
Despite these compounds are formed with the metallic elements,
previous works on electron transport, optical and resonance
properties point out to their semiconductor character [4–6]. Partial
substitution enables to modify their transport properties and
create thermoelectric materials with predictable parameters for
technical applications.

Doping of the basic ternary compounds of the MgAgAs structure
type (ST), in particular, TiNiSn, ZrNiSn or HfNiSn, allows to
considerably improve the power factor value of Z* (Z*

¼S2
�s, where

S is the thermopower and s the electrical conductivity) [7–10].
Partial substitution of the constituents in various crystallographic
positions of the MgAgAs structure type (ST) materials was
previously reported, however Z* values are not yet determined
for these compounds type.

In previous works [5,11–13], we analyzed the effect of heavy
doping of the intermetallic compounds with the MgAgAs-type by
acceptor or donor impurities. We examined, particularly, the
energy bands and crystalline structure changes upon doping
nature. Electronic transport, magnetic and optical characteristics
were analyzed as well. The impurity effect on electric conduction
ll rights reserved.
was defined and the energy band models versus concentration and
impurity type was proposed as well. In Refs. [11–13], we under-
lined that description of semiconductors, with MgAgAs ST and their
solid solutions belonging to heavily doped and compensated
semiconductors, differs from that for traditional semiconductors
[14]. In solid solutions with MgAgAs ST, the compositional disorder
takes place, whereas long-range order is kept [15]. In amorphous
semiconductor model [16], theory of heavily doped and compen-
sated semiconductor assumes that modulation amplitude max-
imum of the zones of continuous energies is equal to the half of the
energy band (Eg/2), and the Fermi level (EF) is localized at the
middle of the energy band. We also formulated, with success, the
condition to obtain maximal power factor value Z* [17], which is
proven interesting for practical applications, since these interme-
tallic half-Heusler semiconductors are considered as candidate
materials for active elements in thermoelectric generators [18,19].
As reported for these semiconductors [17], the necessary condi-
tions to reach the maximal power factor value is the heavy doping
by acceptor or donor impurities with concentrations for which the
Fermi level would be fixed close to the mobility edge of valence
band or the conduction band. In addition, it should be noticed that
during last years, both experimental and theoretical investigations
of the well-known Heusler phases delivered new and exciting
results on their physical properties.

In this work, we present the investigations of crystal structure and
electric transport properties in Ti1�xVxNiSn solid solutions. Electronic
structure calculations, using both the FPLO and the KKR–CPA methods,
are performed, and a special attention is paid to analyze V atom
influence on thermoelectric characteristics of these compounds.
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2. Experimental

The Ti1�xVxNiSn solid solution samples (x¼0–0.1) were pre-
pared by arc melting using metal elements (Ti, purity 99.97 wt%,
Ni—99.99 wt%, and Sn—99.999 wt%, V—99.85 wt%). Synthesis was
released under purified Ti-guttered argon atmosphere with non-
consumable tungsten electrode on a water-cooled copper hearth.
All weight losses were generally less than 1 wt%. Heat treatment of
ingots was carried out in vacuum-sealed silica ampoules at 1070 K
for 1000 h, followed by quenching in ice water. Crystal structure
investigation was performed using X-ray intensities data recorded
on HZG-4a diffractometer (Cu K and Cu Ka-radiation). Lattice
parameters were calculated from simple indexing of the patterns.
Resistivity (r) was measured by two probe dc technique when
thermopower (S) was measured in reference to pure copper from
80 to 380 K.
2θ (°)

Fig. 1. Observed and calculated diffraction patterns of TiNiSn (model is in the upper

right corner) obtained using combined Cu Ka and Cu Kb radiation.

Table 1
Atomic coordinates and isotropic displacement parameters of TiNiSn.

Atoms Wyckoff positions x/a y/b z/c SOF Biso 102 nm2

Ti 4(a) 0 0 0 0.94(1) 0.78(5)

Ni 4(c) 1/4 1/4 1/4 0.96(1) 0.56(5)

Sn 4(b) 1/2 1/2 1/2 1.00(1) 0.47(2)
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3. Structure electronic calculation details

Electronic and thermoelectric properties of Ti1�xVxNiSn are
investigated by ab initio calculations based on the density func-
tional theory. The precise self-consistent full potential local orbital
minimum basis (FPLO) method was employed [20,21]. Calculations
were processed within the framework of the coherent potential
approximation (CPA) which takes the disorder into account.
We assumed that the 4a (0, 0, 0) and 4b (1/4, 1/4, 1/4) sites,
occupied by Ni and Sn atoms, respectively, are perfectly ordered
whereas the 4a (3/4, 3/4, 3/4) site is taken to be randomly shared by
Ti and V atoms. Calculations were performed with the scalar
relativistic version using the Perdew and Wang exchange–
correlation potential. Included valence basis states are 3spd

and 4sp of Ti, V and Ni atoms as well as 4spd and 5sp of Sn
atom. A reciprocal space mesh containing 72 k-points within the
irreducible wedge of the Brillouin zone was used to perform
self-consistent calculations. For comparison, Akai code is used
to perform band structure calculations by the KKR method
with coherent potential approximation (CPA) in semi-relativistic
treatment of core level [22].
6000
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Fig. 2. Diffraction patterns and cell parameters of Ti1�xVxNiSn solid solution.
4. Results and discussion

We studied the relationship between Z* values, concentration
and doping impurity type, versus substitution of the host Ti
(3d24s2) atoms by V (3d34s2) ones in the TiNiSn compound. In
accordance with the electronic structure of the titanium and
vanadium atoms in the Ti1�xVxNiSn solid solution, the V atom is
expected to play the n-type impurity role. It should be noticed that
in the TiNiSn, ZrNiSn and HfNiSn ternary intermetallics, the donor
impurities (defects) exist initially allowing to consider these
ternaries as the heavily doped and compensated semiconductors
with electron conductivity type.

Crystal structure of TiNiSn ternary compound was refined by
powder diffraction method from data obtained with Cu K radiation
(Cu Ka and Cu Kb) (Fig. 1). Structure refinement showed that
TiNiSn crystallizes in MgAgAs ST with a¼0.59270(1) nm and
RI¼6.43%. However, as shown in Table 1, the site occupation
factors (SOF) for Ti and Ni were refined to 0.94 and 0.96. It evidences
that TiNiSn stannide has defect structure induced by vacancies in
crystallographic positions which can play a role of acceptor
impurities.

X-ray diffraction patterns and structure analyses exhibit a single
phase for all Ti1�xVxNiSn alloys (Fig. 2) except for the Ti0.90V0.10-

NiSn alloy, which contained insignificant amount of additional
phases. Lattice parameters for samples, calculated from powder
diffraction data, are listed in Fig. 2. At vanadium low concentration
(x¼0.005) and, in spite of the substitution of the greater size host
atoms (rTi¼0.1462 nm) by the less size impurity atoms (rV¼0.1346
nm), a substantial lattice parameter increase was observed. This
observed cell parameter increase can be explained in terms of
filling the vacancies in initial compound (TiNiSn) where occupation
factors are 0.94 and 0.96 for Ti and Ni, respectively. Concentrations
of impurity, higher than x¼0.005, slightly influence the lattice
parameter.

Resistivity measurements versus temperature and vanadium
content for all samples are reported in Fig. 3. Analysis points to
that the resistivity temperature dependences of samples (x¼0 and
x¼0.005) considerably differ from the rest. Indeed, insignificant
substitution of Ti atoms by V ones leads to the insulator–metal
transition (i.e. change of conductivity from a semiconductor to
metallic-type behavior). Further increase of vanadium concentration
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diminishes the r value without character change in tempe-
rature dependences. Thus, at x¼0.005, lattice parameter increase
and simultaneously sharp change of the transport properties are
observed.

As reported in Ref. [23], semiconducting properties of the half-
Heusler compounds is determined by two main factors: crystal
structure of the MgAgAs-type and host atom type. Analysis of
crystal structure of the MgAgAs ST compounds, for example MNiSn
(M¼Ti, Zr, Hf) equiatomic phases displayed in Fig. 1 reveals that the
coordination polyhedra of M and Sn atoms are tetrahedrons. That is
typical for semiconductor phases as reported in Ref. [23]. Such
coordination is determinative in formation of the covalent chemi-
cal bonds. These bonds involve 5s2p2 electrons of Sn and ns2(n–1)d2

electrons of Ti, Zr or Hf. Therefore sp3- and sd3-hybridization would
take place which leads to the ionic-covalent bonds system in these
compounds. These bonds type induces interesting semiconductor
properties, and stabilizes the close-packed structure of the
MgAgAs type as well. As known, mixed ion-covalent chemical
bonds are characteristic for semiconductor compounds, therefore,
semiconducting properties are more strongly expressed when
covalent bonds contribution is important in crystal. As quoted
above, the introduction of insignificant concentration of vanadium
in TiNiSn initial semiconductor compound causes the loss of
semiconductor properties. This conductivity type change should
be accompanied by a sharp reduction of the portion of covalent
bonds which can explain the unexpected increase of the unit cell
parameter as well.

Temperature and concentration dependences of thermopower
of the Ti1�xVxNiSn alloys are displayed in Fig. 4. They show a
decrease of the thermopower value versus V content, without
change in its temperature dependence. It is worth noticing that
TiNiSn compound is the n-type semiconductor and replacing
titanium by the vanadium atoms seems equivalent to introduction
of some donor defects in the semiconductor material. As seen in
Fig. 4, thermopower sign is not reversed for all concentrations and
temperature ranges. Simultaneous analysis from Figs. 3 and 4 show
that the gradual increase of vanadium concentration in solid
solution consistently results in resistivity and thermopower
decrease. This also confirms that the vanadium atoms are donor
doping in the Ti1�xVxNiSn solid solution. Thus, the Fermi level
shifts to the bottom of the conduction band and moves towards
higher energies when V content increases.

We also are interested in the power factor for which tempera-
ture and concentration dependences are reported in Fig. 5. As seen,
the power factor increases versus temperature and when vanadium
content x varies, a maximum is observed at x¼0.01. It was
stated from Ref. [17] that the main condition of achievement of
maximal values of the power factor in any materials based on of
MgAgAs ST compounds was the strong doping of the ternary
compounds by acceptor and/or donor impurities, for which
the Fermi level is fixed by the mobility edge of the valence band
or conduction band. As conclusion from our experiment point of
view, it is reasonable to assert that in the Ti1�xVxNiSn solids
the Fermi level crosses the conduction band at vanadium concen-
tration equal to 0.01.

Examination of these half-Heusler phases based on the MgAgAs
ST intermetallic compounds allows to conclude that if the type of
doping was such that leads to overcompensation of the semicon-
ductor and to sign reversal of main charge carrier, we reach the
maximal values of the power factor at certain concentration of
impurity. However, this value in most cases is less for undoped
semiconductor [24,25]. It is also ensued that the highest value of
the power factor is reached when doping the intermetallic semi-
conductor by impurity type which agree with the type of main
charge carriers. Data of presented article (Fig. 5) exhibit that doping
of the n-TiNiSn intermetallic semiconductor by the vanadium
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donor impurity leads to a considerable increase of the power factor
reference to undoped ternary compound.

Now, we will be interested in the electronic structure calcula-
tions to see how these experimental results will agree with
theoretical conclusions. Total density of states (DOS), deduced
from the band structure calculations versus V content, is presented
in Fig. 6. First, DOS close to the Fermi level gives evidence of a small
gap presence for TiNiSn. The gap width is estimated to be about 0.7,
0.5 and 0.45 eV for x¼0, 0.05 and 0.1, respectively. Taken
as a reference energy, Fermi level position in the gap points out
to a thermoelectric character i.e. a semi-conducting-like state that
correlates the resistivity decrease versus temperature (dr/dTo0)
when x¼0.

Calculations confirm the Fermi level shift to the band conduc-
tion when Ti atom is progressively substituted by V atom, as
expected from our experimental data. This shift is understood in
terms of the electron number increase in the valence band.
Transition from semiconducting-like state (EF falls in the gap for
x¼0) to metal-like state (EF in the BC when x increases) is
confirmed as well. This transition does not involve the Seebeck
coefficient value reversal, since Fermi level shifts from gap to
conduction band. Chemical bonding analysis, based on calculated
Fig. 6. Total DOS of Ti1�xVxNiSn solid solution alloys. For comparisons versus

concentration, the DOS is shifted on Y-axis by 25 and 40 for x¼0.05 and 0.10,

respectively.

Fig. 7. The l-decomposed DOS of like-states s, p and d of TI, V, Sn and Ni in

T0.95V0.05NiSn solid solution alloys.

Fig. 8. Composition dependence of the density of states at Fermi level (KKR-CPA

method).
Mulliken electron populations, indicates that, for x¼0, the net
charge is �1.319e9, +1.079e9, and +0.239e9 on Ti, Ni and Sn atoms,
respectively. These values indicate a charge transfer between
atoms in undoped TiNiSn. When V atoms are introduced, the
calculated total charge atomic values, found to be insensitive to the
V content, are 21.81, 28.57 and 49.62 for Ti, Ni and Sn, respectively.
Small charge transfer is evidenced since these values are slightly
different from neutral charge atomic ones 22, 28 and 50 for Ti, Ni



Fig. 9. Total DOS of Ti1�xVxNiSn solid solution alloys obtained with KKR method.
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and Sn isolated atoms, respectively. The l-decomposed DOS of like-
states s, p and d of Ti, V, Sn and Ni in Ti0.95V0.05NiSn solid solution
alloys are presented in Fig. 7. The specify that total DOS is mainly
originating from Ni(3d) band contributions in valence band
whereas V(3d) and Ti(3d) bands contribute to the unoccupied
states. DOS contributions from Sn to both occupied states and
unoccupied states are found weak reference to those of the
remaining atoms.

These FPLO calculations are compared to the calculations using
the KKR–CPA method. This choice is due to the fact that this second
method is widely used to investigate the electronic and magnetic
properties of such half-Heusler materials [26–29]; hence it could
assert our theoretical conclusions. The KKR–CPA calculations show
that, whatever V content, Fermi level is situated at the edge of the
conduction band. Contrary to the FPLO method, this method gives,
particularly for x¼0, correct Fermi level position which is situated
near conduction band. It indicates n-type of conductivity which
fully agrees with the experiment. Progressive substitution of Ti by V
atom increases the density of states on the Fermi level (Fig. 8) and
shifts it into the conduction band (Fig. 9).

It should be noticed that our calculations include our measured
lattice parameter change versus vanadium concentration in cubic
system having atoms on special sites (0, 0, 0), (1/4, 1/4, 1/4) and
(3/4, 3/4, 3/4). Therefore, inter atomic distances change are
included in calculations, since these distances are proportional
to the lattice parameter. As a consequence, when Ti is progressively
substituted by V, both charge change and the size effect induced by
V substitution are considered.
5. Conclusions

Based on experimental and calculation approaches, crystal
structure, temperature and concentration dependences of the
resistivity and thermopower of Ti1�xVxNiSn substitutional solid
solution are investigated. It is underlined that V atoms behave as
donor impurity in this semiconductor, and low V concentration
(x¼0.005) in Ti1�xVxNiSn solid solution results in the insulator–
metal transition (i.e. change of the conduction type from a
semiconductor to metallic-like). Doping by such impurity having
the same type as the basic charge carriers leads to power factor
increase in the Ti1�xVxNiSn thermoelectric alloys.

Electronic structure calculations give a complete picture about
understanding thermoelectric properties since they confirm all
experimental data assertions. They mainly highlight insulator–
metal transition, negative sign of thermopower and vanadium
behaves as donor.
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