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FEATURES OF THE GENERATION OF ENERGY
STATES IN THE Lu1−𝑥V𝑥NiSb SEMICONDUCTOR

A comprehensive study of the crystal and electronic structures, thermodynamic, kinetic, en-
ergy, and magnetic properties of the Lu1−𝑥V𝑥NiSb semiconductor (𝑥 = 0÷0.10) has revealed
the possibility for impurity V atoms to simultaneously occupy different crystallographic posi-
tions. At the same time, defects of the acceptor or donor nature are generated in the crystal
structure of the Lu1−𝑥V𝑥NiSb solid solution, and the corresponding energy states appear in the
band gap 𝜖𝑔. The concentration ratio of donor-acceptor states determines the position of the
Fermi level 𝜖F and the mechanisms of electrical conductivity of Lu1−𝑥V𝑥NiSb. The results of
the modeling of thermodynamic and transport properties of the semiconductor are consistent
with experimental data. Understanding the mechanism of energy state generation in the semi-
conductor Lu1−𝑥V𝑥NiSb allows the modeling and production of new thermoelectric materials
with a high efficiency of converting the thermal energy into the electrical one.
K e yw o r d s: Fermi level, electronic structure, electrical resistivity, thermopower coefficient.

1. Introduction

Continuing the program of the finding of new ther-
moelectric materials, the structural, thermodynamic,
magnetic, kinetic, and energy properties of the semi-
conductor solid solution Lu1−𝑥V𝑥NiSb, 𝑥 = 0÷0.10,
obtained by doping the 𝑝-LuNiSb semiconductor with
V atoms through replacing the rare earth Lu atoms
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in the crystallographic site 4𝑎, were investigated. The
peculiarity of such doping is that V atoms, having a
relatively small atomic radius (𝑟V = 0.134 nm) and
the ability to be in different valence states, may show
a variability in entering the structure of compounds
and may occupy different crystallographic positions.
This leads to the simultaneous generation of the de-
fects of the acceptor, donor, or neutral nature in dif-
ferent ratios in the crystal structure, and the corre-
sponding energy states appear in the band gap 𝜖𝑔. In
addition, the ability of V atoms to change the valence
state can change the magnetic state of the material.

Solid solutions based on semiconductor half-Heus-
ler phases (structure type of MgAgAs, space group
𝐹 4̄3𝑚 [1]), in particular, TiNiSn, ZrNiSn, HfNiSn,
TiCoSb, VFeSb, ZrCoSb, and RNiSb (R is a rare
earth metal) are among the most studied thermo-
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Fig. 1. Models of the crystal structure of LuNiSb and Lu1−𝑥V𝑥NiSb

electric materials, because they have a high efficiency
of converting the thermal energy into the electrical
one [2]. Previous studies of the RNiSb half-Heusler
phases (R–Y, Gd–Lu) [3–6] revealed some disorder
of the crystal structure, and the authors of work [7]
established its nature. It was shown that, in the crys-
tallographic positions 4𝑎 of R atoms and 4𝑐 of Ni
atoms (Fig. 1), there are vacancies (Vac), which are
structural defects of the acceptor nature and gener-
ate acceptor states 𝜖𝐴1 in the band gap 𝜖𝑔, while holes
are the main carriers of electricity. This is indicated
by the positive values of the thermopower coefficient
𝛼(𝑇 ) [7].

In the studies of half-Heusler phases which con-
tain V, in particular, in semiconductors Zr1−𝑥V𝑥NiSn
[8], Ti1−𝑥V𝑥NiSn [9], Ti1−𝑥V𝑥CoSb [10], and
V1−𝑥Ti𝑥FeSb [11], the mechanisms of simultaneous
generation of structural defects of the acceptor and
donor nature were revealed. Thus, thermodynamic
calculations showed that, in Zr1−𝑥V𝑥NiSn, it is en-
ergetically favorable for V atoms to simultaneously
partially occupy the 4𝑐 position of Ni atoms (3𝑑84𝑠2),
which generates structural defects of the acceptor na-
ture (V has fewer 3𝑑-electrons than Ni), as well as
the 4𝑎 position of Zr atoms (4𝑑25𝑠2), generating de-
fects of the donor nature (V has more 𝑑-electrons than
Zr). In the Zr1−𝑥V𝑥NiSn band gap, energy states of
the donor and acceptor nature appear simultaneously
in different ratios. The results of kinetic and energy
studies of Zr1−𝑥V𝑥NiSn coincided with the results of
DFT calculations of the density of electronic states for
the case where the total concentration of V atoms (𝑥)
is distributed between two positions: 4𝑎 of Zr atoms
(𝑦) and 4𝑐 of Ni atoms (𝑧), and 𝑥 = 𝑦 + 𝑧. In this
case, the formula of the solid solution is transformed
into (Zr1−𝑦V𝑦)(Ni1−𝑧V𝑧)Sn [8].

At the same time, the introduction of atoms larger
than V into the 𝑝-LuNiSb structure, in particu-
lar, Zr or Sc (𝑑14𝑠2) by substituting Lu atoms in
the 4𝑎 position, did not lead to the occupation of
other crystallographic positions by impurity atoms
[12, 13]. In turn, DFT calculations of the free en-
ergy Δ𝐺(𝑥) (Gibbs thermodynamic potential) and
mixing enthalpy Δ𝐻mix showed the energetic feasibil-
ity of the existence of semiconductor solid solutions
Lu1−𝑥Zr𝑥NiSb and Lu1−𝑥Sc𝑥NiSb in the concentra-
tion interval 𝑥 = 0÷0.10. At higher concentrations,
the decomposition of the solid solution occurs.

The peculiarity of doping 𝑝-LuNiSb with the Zr
dopant impurity (Zr has more 𝑑-electrons than Lu)
is the metallization of electrical conductivity at the
lowest concentration of Zr. The authors of work [12]
associated the rearrangement of the electronic struc-
ture of Lu1−𝑥Zr𝑥NiSb with structural changes. Thus,
replacing Lu atoms with Zr atoms or occupying
the last vacancies in position 4𝑎 generates struc-
tural defects of the donor nature, and the corre-
sponding donor states appear in the band gap 𝜖𝑔. In
the case of the substitution of Lu atoms for Sc in
the 4𝑎 site in Lu1−𝑥Sc𝑥NiSb, defects of the neu-
tral nature are generated (Lu and Sc atoms be-
long to the same group of the Periodic Table)
[13]. When vacancies in position 4𝑎 are occupied by
Sc atoms, defects of the acceptor nature and the
corresponding acceptor states disappear, and defects
of the donor nature and the corresponding donor
states are generated. However, at all concentrations
of Lu1−𝑥Sc𝑥NiSb, holes are the main charge carriers,
and the Fermi level 𝜖F lies near the edge of the va-
lence band 𝜖𝑉 . Thus, the number of generated donors
is not enough to change the conductivity type of the
semiconductor.
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In this context, the case where V atoms (3𝑑34𝑠2)
are introduced into the 𝑝-LuNiSb structure by re-
placing Lu atoms (5𝑑16𝑠2) in the 4𝑎 position, which
should generate structural defects of the donor na-
ture (V has more 𝑑-electrons than Lu). Since the
atomic radius of V is much smaller than that of Lu
(𝑟Lu = 0.173 nm) and close to the atomic radius of Ni
(𝑟Ni = 0.125 nm), this may be a prerequisite for more
complex changes in the crystal and electronic struc-
tures of Lu1−𝑥V𝑥NiSb associated with a possible par-
tial occupation of the 4𝑐 position by V atoms by filling
vacancies and/or substituting Ni atoms. This is one of
the subjects of the research presented below. Know-
ledge of the peculiarities of the dynamics of the crys-
tal and electronic structures of Lu1−𝑥V𝑥NiSb will al-
low the appropriate doping to fill vacancies and re-
place atoms of the base compound, by generating en-
ergy states that will meet the conditions for obtaining
maximum values of the thermoelectric ZT-factor [2].

2. Experimental

Samples of the Lu1−𝑥V𝑥NiSb (𝑥 = 0÷0.10) solid so-
lution were synthesized by the arc-melting of a batch
of appropriate amounts of Lu (99.9%), V (99.7%),
Ni (99.99%), and Sb (99.999%) in the inert argon
atmosphere followed by the homogenizing annealing
at a temperature of 1073 K for 720 h. X-ray pow-
der diffraction was performed on STOE STADI P
(CuK𝛼1-radiation) and DRON-4.0 (FeK𝛼-radiation)
diffractometers. Lattice parameters were calculated
using the Fullprof program [14]. The chemical and
phase compositions of the samples were examined
by energy dispersive 𝑋-ray spectroscopy (scanning
electron microscope TESKAN VEGA 3 LMU). The
DFT calculations were carried out with the Vienna
Ab initio Simulation Package VASP v. 5.4.4 [15]
with PAW-type potentials [16]. The Perdew–Burke–
Enzerhoff exchange-correlation functional in the gen-
eralized gradient approximation (GGA) [17] with a
11 × 11 × 11 Monkhorst–Pack 𝑘-point set [18] were
used. The planewave cut-off was set to 400 eV in all
calculations. For the crystal structures with mixed
occupancies, the supercell approach was used. In this
case, the symmetry of the lattics was reduced, and
all unique atom distributions were generated using
the combinatorial approach [19]. The lattice param-
eters for such structures were optimized by varying
the lattice volume subsequently fitted by the univer-
sal equation of state [20]. The calculations of the elec-

tronic transport coefficients were carried out with the
Exciting code [21] (FLAPW method) by solving the
linearized Boltzmann equation in the constant relax-
ation time approximation [22–24]. The temperature
and concentration dependences of the resistivity (𝜌),
thermopower coefficient (𝛼) relative to copper, and
magnetic susceptibility (𝜒) (Faraday method) were
measured in the temperature interval 𝑇 = 80÷400 K.

3. Results and Discussion

3.1. Investigation of thermodynamic
and structural properties

The thermodynamic modeling of the hypothetical
Lu1−𝑥V𝑥NiSb solid solution showed positive values
of the enthalpy of mixing in the whole concentration
interval (𝑥 = 0÷1.0) (Fig. 2, a), which indicates that
the Lu for V substitution is energetically unfavor-
able. However, the absolute values of the enthalpy of
mixing are quite low. By applying the configurational
entropy of mixing, it is possible to lower the free en-
ergy curve and to achieve a solubility of 𝑥 ≈ 0.05 at
𝑇 = 1000 K. The study of the chemical and phase
compositions of Lu1−𝑥V𝑥NiSb samples, 𝑥 = 0÷0.10,
confirmed their overall composition, but, at the same
time revealed the presense of a small amount of the
LuNi3 impurity concentrated between the grains of
the main half-Heusler phase. Nevertheless, the EDX
mapping showed that, up to 1 at.% (𝑥 ≈ 0.03), Lu is
substitited, indee, by V (Fig. 2, b) which is consistent
with the thermodynamic modeling.

Based on the assumption that there is a contin-
uous solid solution of Lu1−𝑥V𝑥NiSb, 𝑥 = 0÷1.0,
the change of the lattice parameter 𝑎(𝑥) for the or-
dered variant of the crystal structure was calculated
by the PAW method (Fig. 3). In this case, all crys-
tallographic positions are occupied by atoms corre-
sponding to the MgAgAs structural type [1], and V
atoms replace Lu atoms in position 4𝑎. Modeling the
change in the period of the Lu1−𝑥V𝑥NiSb, 𝑥 = 0÷1.0,
(VASP [15]) shows a monotonous decrease of 𝑎(𝑥)
(Fig. 3). The obtained result is expectable, since the
substitution of large Lu atoms (𝑟Lu = 0.173 nm) with
smaller V atoms (𝑟V = 0.134 nm) in position 4𝑎 will
certainly lead to a decrease of the lattice parameter
𝑎(𝑥) of Lu1−𝑥V𝑥NiSb. At the same time, impurity
donor states 𝜖𝑉𝐷 will be formed in the 𝜖𝑔 band gap
of the Lu1−𝑥V𝑥NiSb semiconductor (V has more 𝑑-
electrons than Lu).
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a b
Fig. 2. Concentration dependences of the enthalpy of mixing Δ𝐻mix(𝑥) (a) and SEM pictures (SE/BSD)
with the mapping of elements of a Lu1−𝑥V𝑥NiSb sample (𝑥 = 0.03) (b). 𝑇 = 0 K (1), 𝑇 = 600 K (2),
𝑇 = 800 K (3), 𝑇 = 1000 K (4), 𝑇 = 1200 K (5)

The powder XRD analysis showed that all powder
patterns can be indexed in the MgAgAs-type struc-
ture and revealed the presence of a small amount
of the impurity phase in all studied samples. Experi-
mental values of the lattice parameters (Fig. 3, insert)
of Lu1−𝑥V𝑥NiSb, 𝑥 = 0÷0.10, deviate, at low con-
centrations, from the modeled ones and do not show
a linear dependence. This may indicate that, in the
crystal structure of Lu1−𝑥,V𝑥NiSb undergoes more
complex changes than the elementary replacement of
Lu atoms by V atoms. Based on the shape of the 𝑎(𝑥)
dependence, one may speculate that the increase in
the values of 𝑎(𝑥) at concentrations 𝑥 = 0÷0.03 can
occur, when V atoms occupy positions 4𝑐 of smaller
Ni atoms (𝑟Ni = 0.125 nm). At the same time, V
atoms (3𝑑34𝑠2) can replace Ni atoms (3𝑑84𝑠2), by
generating structural defects of the acceptor nature
(V has fewer 3𝑑-electrons than Ni), and occupy avail-
able vacancies in the 4𝑐 position, by generating struc-
tural defects of the donor nature. At concentrations
𝑥 > 0.03 (Fig. 3, insert), the behavior of the lattice
parameter is obviously related to the predominant oc-
cupation of crystallographic position 4𝑎 of Lu atoms
by V atoms. However, when comparing the modeled
and experimental absolute values and slopes of the
𝑎(𝑥) dependence, it is easy to notice that, in com-
parison to the modeled one, the experimental depen-
dence just barely decreases, confirming a very small
solubility of V in LuNiSb.
3.2. Investigation of magnetic properties
Experimental measurements of the magnetic suscep-
tibility 𝜒(𝑥) of Lu1−𝑥V𝑥NiSb samples at room tem-

Fig. 3. Modeling of the lattice parameter 𝑎(𝑥) of
Lu1−𝑥V𝑥NiSb. Insert: experimental values of 𝑎(𝑥)

perature (Fig. 4) showed that the semiconductor is a
Pauli paramagnet with characteristically small values
of the magnetic susceptibility (𝜒 ∼ 10−6 emu/g). It
is known that, in Pauli paramagnets, the magnetic
susceptibility is determined exclusively by the elec-
tron gas and is proportional to the density of elec-
tronic states at the Fermi level 𝑔(𝜖F), and the results
of measuring the magnetic susceptibility 𝜒 are a di-
rect experimental method of establishing the fact of
redistribution of the density of electronic states [9].

As is seen from Fig. 4, in the interval of concentra-
tions 𝑥 = 0.01÷0.04, the increase in the concentra-
tion of V atoms in the 𝑝-LuNiSb structure is accom-
panied by an increase in the magnetic susceptibility
𝜒(𝑥). However, at a concentration of 𝑥 ≈ 0.04, the
dependence 𝜒(𝑥) of Lu1−𝑥V𝑥NiSb passes through a
maximum and, at 𝑥 > 0.04, decreases to a concentra-
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Fig. 4. Concentration dependence of the magnetic suscepti-
bility 𝜒(𝑥) of Lu1−𝑥V𝑥NiSb

tion of 𝑥 ≈ 0.065. Then, at 𝑥 > 0.07, the magnetic
susceptibility values increase again. Such 𝑁 -like de-
pendence of 𝜒(𝑥) for Lu1−𝑥V𝑥NiSb is a reflection of
structural changes that cause a redistribution of the
density of electronic states at low V concentrations,
where the solubility takes place, and the influence of
the metallic impurity phase for higher V concentra-
tions is observed.

3.3. Investigation of kinetic properties

The results of the DFT modeling and experimental
studies of the temperature dependences of the resis-
tivity 𝜌(𝑇, 𝑥) and thermopower coefficient 𝛼(𝑇, 𝑥) of
Lu1−𝑥V𝑥NiSb, 𝑥 = 0÷0.10, are shown in Figs. 5–
7. The calculated temperature dependences of the
resistivity 𝜌(𝑇 ) of 𝑝-LuNiSb (FLAPW method [21–
24]) coincides with that obtained earlier [12, 13] and
shows a decrease in the resistivity at temperatures
𝑇 = 20÷50 K (Fig. 5, a). This behavior of 𝜌(𝑇 ) is
typical of semiconductors, when the number of free
charge carriers increases due to their activation from
the Fermi level 𝜖F to the conduction band. In the case
of 𝑝-LuNiSb, holes are activated from the acceptor
states 𝜖𝐴1 into the valence band 𝜖𝑉 , and the main car-
riers are holes, which is indicated by the positive val-
ues of the thermopower coefficient 𝛼(𝑇 ) (Fig. 6, a).

Doping 𝑝-LuNiSb with V atoms by substituting
Lu atoms in the 4𝑎 position generates structural
defects of the donor nature in the semiconductor
Lu1−𝑥V𝑥NiSb, and the corresponding donor states 𝜖𝑉𝐷
appear in the 𝜖𝑔 band gap.

Modeling the resistivity 𝜌(𝑇, 𝑥) of Lu1−𝑥V𝑥NiSb
shows a rapid decrease in the temperature interval
𝑇 = 10÷35 K. At temperatures 𝑇 > 35 K, this

change is insignificant. At the same time, the val-
ues of the thermopower coefficient, for example, for
the semiconductor Lu0.99V0.01NiSb rapidly decrease
and change their sign: 𝛼10 𝐾 = 132.3𝜇V/K and
𝛼80 𝐾 = −18.4𝜇V/K (Fig. 6). A change in the sign
of the thermopower coefficient 𝛼(𝑇, 𝑥) indicates a
change in the type of conductivity, when electrons be-
come the main charge carriers. The Fermi level 𝜖F is
located in the conduction band 𝜖C, which ensures the
metallic conductivity. At higher concentrations of V
atoms, 𝑥 > 0.03, at temperatures 𝑇 = 10÷400 K, the
sign of the thermopower coefficient 𝛼(𝑇, 𝑥) remains
negative, as does the metallic type of conductivity
(Fig. 5, a). Obviously, at temperatures 𝑇 > 20 K,
there is a thermal ejection of electrons from donor
states 𝜖𝑉𝐷 into the conduction band 𝜖C, which is ac-
companied by an increase in the concentration of free
electrons. The Fermi level 𝜖F enters the conduction
band 𝜖C: the insulator–metal conduction transition
(Anderson transition [25]) takes place.

The experimental results for the resistivity 𝜌(𝑇, 𝑥)
and the thermopower coefficient 𝛼(𝑇, 𝑥) of the semi-
conductor Lu1−𝑥V𝑥NiSb, 𝑥 = 0÷0.10 are presented
in Fig. 7. We can see that, at all Lu1−𝑥V𝑥NiSb
concentrations, the temperature dependences of
ln(𝜌(1/𝑇, 𝑥)) and 𝛼(1/𝑇, 𝑥) have high-temperature
activation regions. This nature of a change in ki-
netic characteristics shows that the studied samples
are doped and compensated semiconductors [26]. In
addition, the presence of activation regions on the
ln(𝜌(1/𝑇, 𝑥)) dependences at high temperatures indi-
cates the location of the Fermi level 𝜖F in the band
gap 𝜖𝑔, when charge carriers are activated into the
conduction band. For samples with concentrations
𝑥 = 0− < 0.07, the Fermi level 𝜖F lies closer to the
valence band 𝜖𝑉 , as indicated by the positive values of
the thermopower coefficient 𝛼 at high temperatures
(Fig. 7, b). However, at concentrations 𝑥 > 0.07, the
Fermi level 𝜖F is located near the edge of the con-
duction band 𝜖C, since the values of the thermopower
coefficient 𝛼 are negative at all temperatures.

The temperature dependences of ln(𝜌(1/𝑇, 𝑥))
Lu1−𝑥V𝑥NiSb (Fig. 7, a) can be described by for-
mula (1) [26]:

𝜌−1(𝑇 ) = 𝜌−1
1 exp

(︂
− 𝜀𝜌1
𝑘B𝑇

)︂
+ 𝜌−1

3 exp

(︂
− 𝜀𝜌3
𝑘B𝑇

)︂
, (1)

where the first high-temperature term describes the
activation of charge carriers 𝜖𝜌1(𝑥) from the Fermi level
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a b
Fig. 5. DFT modeling of the temperature dependences of the resistivity 𝜌(𝑇, 𝑥) of Lu1−𝑥V𝑥NiSb
at low (a) and high (b) temperatures: 𝑥 = 0.10 (1); 𝑥 = 0.04 (2); 𝑥 = 0 (3); 𝑥 = 0.02 (4); 𝑥 = 0.07

(5); 𝑥 = 0.01 (6)

a b
Fig. 6. DFT modeling of the temperature dependences of the thermopower coefficient 𝛼(𝑇, 𝑥) of
Lu1−𝑥V𝑥NiSb at low (a) and high (b) temperatures: 𝑥 = 0.07 (1); 𝑥 = 0 (2); 𝑥 = 0.10 (3); 𝑥 = 0.01

(4); 𝑥 = 0.02 (5); 𝑥 = 0.04 (6)

𝜀F into the valence band 𝜀𝑉 , and the low-temperature
term describes the hopping conductivity 𝜖𝜌3(𝑥) with
energies close to the Fermi level 𝜀F.

The temperature dependence of the thermopower
coefficient 𝛼(1/𝑇, 𝑥)𝑜𝑓 Lu1−𝑥V𝑥NiSb (Fig. 7, b) is
described by formula (2) [23]:

𝛼 =
𝑘B
𝑒

(︂
𝜀𝛼𝑉
𝑘B𝑇

− 𝛾 + 1

)︂
, (2)

where 𝛾 is a parameter that depends on the scatter-
ing mechanism. The values of the activation energies
𝜖𝛼1 (𝑥) and 𝜖𝛼3 (𝑥) were calculated from the high- and
low-temperature activation regions of the 𝛼(1/𝑇, 𝑥)

dependence. Their values are proportional to the am-
plitude of the large-scale fluctuation of the continu-
ous energy zones and the small-scale fluctuation of
the compensated semiconductor [26].

As is seen from the temperature dependence of the
resistivity ln(𝜌(1/𝑇, 𝑥)) of 𝑝-LuNiSb in Fig. 7, a, there
are the activation regions at high and low tempera-
tures. The existence of the hopping 𝜖𝜌3-conductivity
mechanism indicates the presence of a significant
number of ionized acceptors in 𝑝-LuNiSb, which en-
sures carrier jumps to localized states in a vicinity
of the Fermi energy 𝜖F. After all, in the structure of
the 𝑝-LuNiSb semiconductor, there are vacancies in
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a b
Fig. 7. Temperature dependences of the resistivity ln(𝜌(1/𝑇, 𝑥)) (a) and thermopower coefficient
𝛼(1/𝑇, 𝑥) (b) of Lu1−𝑥V𝑥NiSb: 𝑥 = 0.01 (1); 𝑥 = 0.03 (2); 𝑥 = 0.05 (3); 𝑥 = 0.07 (4); 𝑥 = 0.10 (5);
𝑥 = 0 (6)

Fig. 8. Change in values of activation energies 𝜖𝜌1(𝑥) of
Lu1−𝑥V𝑥NiSb

the positions of atoms 4𝑎 and 4𝑐 [7], which generates
acceptor states 𝜖𝐴1 in the band gap 𝜖𝑔, and the Fermi
level 𝜖F is located at a distance of ∼10.2 meV from
the edge of the valence band 𝜖𝑉 (Fig. 8).

For all other samples of Lu1−𝑥V𝑥NiSb, 𝑥 > 0, there
are no low-temperature activation areas and a mech-
anism of hopping 𝜖𝜌3-conductivity on the tempera-
ture dependences of the resistivity ln(𝜌(1/𝑇, 𝑥)). An
increase in the resistivity 𝜌 at low temperatures in
samples of Lu1−𝑥V𝑥NiSb, 𝑥 > 0, indicates the met-
allization of conductivity, which, in the compensated
semiconductors, is a sign of the proximity of impurity
states that fix the Fermi level 𝜖F and the edge of the
conduction band [26]. In the case of doped semicon-
ductors Lu1−𝑥V𝑥NiSb, 𝑥 = 0.01− ≤ 0.07, this facili-

tates the ionization of acceptor states and the appear-
ance of valence band holes 𝜖𝑉 . There is an overlap of
the wave functions of the impurity states near the
Fermi energy 𝜖F with the states of the valence band
𝜖𝑉 , forming a “tail” of the band, which leads to the
metallization of conductivity.

From the results of experimental studies of the
crystal structure, in particular, changes in the val-
ues of the unit cell period 𝑎(𝑥) (Fig. 3, insert), it was
assumed that the generation of acceptor states 𝜖2𝐴 in a
semiconductor is possible as a result of the partial re-
placement of Ni atoms (3𝑑84𝑠2) by V atoms (3𝑑34𝑠2)
(V has fewer 3𝑑-electrons than Ni). The results of
electrokinetic studies show the correctness of this as-
sumption, since, in the experiment, we observed a
change in the type of main charge carriers, which is
mainly determined by the sign of the thermopower
coefficient 𝛼(𝑇, 𝑥) of Lu1−𝑥V𝑥NiSb.

The growth of the dependence of the thermopower
coefficient 𝛼(1/𝑇, 𝑥) in the interval 𝑇 = 80÷190 K
shows that, even at low temperatures, donors are gen-
erated in Lu0.93V0.07NiSb. The presence of a max-
imum in the dependence of 𝛼(1/𝑇, 𝑥) at the tem-
perature 𝑇 ≈ 190 K indicates that the rate of in-
crease in the concentration of donors is greater than
the rate of increase in the concentration of accep-
tors. The depletion of the acceptor band 𝜖1𝐴, gen-
erated by vacancies in the 𝑝-LuNiSb semiconductor
structure, occurs. This leads to a change in the sign
of the thermopower coefficient 𝛼(1/𝑇, 𝑥) at the tem-
perature 𝑇 ≈ 294 K. In turn, an increase in the nega-
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Fig. 9. Resistivity 𝜌(𝑥, 𝑇 ) and the thermoelectric coefficient 𝛼(𝑥, 𝑇 ) of Lu1−𝑥V𝑥NiSb at different
concentrations and temperatures

tive values of the thermopower coefficient at temper-
atures 𝑇 = 294÷316 K is the evidence of a change in
the type of conductivity, when electrons become the
main carriers of a semiconductor.

In Lu0.99V0.01NiSb, the depth of the Fermi level 𝜖F
is ∼23 meV. With increasing the concentration of V
atoms, it increases to ∼45 meV for Lu0.98V0.02NiSb
and ∼59 meV for Lu0.97V0.03NiSb (Fig. 8). Since, in
the concentration interval 𝑥 = 0÷0.03, the values of
the activation energy of holes from the acceptor states
𝜖2𝐴 to the edge of the valence band 𝜖𝑉 increase al-
most linearly, this allows us to determine the drift
speed of the Fermi level 𝜖F from the valence band 𝜖𝑉 :
Δ𝜖F/Δ𝑥 ≈ 16 meV/%V.

Similar conclusions can be reached by ana-
lyzing the concentration dependences of the re-
sistivity 𝜌(𝑥, 𝑇 ) and the thermopower coefficient
𝛼(𝑥, 𝑇 ) of Lu1−𝑥V𝑥NiSb at different temperatures
(Fig. 9). Thus, an increase in the resistivity 𝜌(𝑥, 𝑇 )
at concentrations 𝑥 = 0÷0.03 in a 𝑝-type semicon-
ductor is possible, only if the concentration of free
holes decreases, which can happen, only if donors ap-

pear in the semiconductor, which compensate accep-
tor states by capturing holes. At the same time, there
is an increase in the degree of compensation of the
semiconductor Lu1−𝑥V𝑥NiSb. The nature of a change
in the resistivity 𝜌(𝑥, 𝑇 ) and the thermoelectric co-
efficient 𝛼(𝑥, 𝑇 ) of Lu1−𝑥V𝑥NiSb in the interval of
concentrations 𝑥 = 0÷0.03 at different temperatures
are consistent with the conclusion based on structural
studies and clarify them. The analysis of changes in
the lattice parameter 𝑎(𝑥) of Lu1−𝑥V𝑥NiSb at con-
centrations 𝑥 = 0÷0.03 showed that the growth can
be caused by the partial occupation of the 4𝑐 po-
sition of Ni atoms by V atoms. The behavior of the
thermoelectric coefficient 𝛼(𝑥, 𝑇 ) of Lu1−𝑥V𝑥NiSb for
𝑥 = 0÷0.03 shows that the concentration of acceptors
present in the semiconductor still exceeds the concen-
tration of generated donors.

At a higher concentration of V atoms (𝑥 = 0.04),
an extremum appears on the dependence of the re-
sisitivity 𝜌(𝑥, 𝑇 ) (Fig. 9), which shifts to the re-
gion of lower concentrations of V with increasing
the temperature. The appearance of an extremum
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on the dependence of 𝜌(𝑥, 𝑇 ) indicates changes in
the ratio of ionized acceptors and donors present
in Lu1−𝑥V𝑥NiSb. After all, an increase in the tem-
perature simplifies the ionization of acceptors and
donors. As a result, the concentration of free carri-
ers increases.

The semiconductor Lu0.93V0.07NiSb is doped and
compensated and contains significant concentrations
of electrons and holes. An increase in the concen-
tration of V atoms (𝑥 > 0.07) is accompanied by
a change in the type of main charge carriers from
holes to electrons (Fig. 9). In turn, high concentra-
tions of free electrons ensure the high conductivity
of Lu1−𝑥V𝑥NiSb, and this has a slight effect on the
change in the resistivity 𝜌(𝑥, 𝑇 ).

So, the experimental results of structural studies
(Fig. 3, insert), magnetic susceptibility 𝜒(𝑥) (Fig. 4),
resistivity 𝜌(𝑥, 𝑇 ), thermoelectric coefficient 𝛼(𝑥, 𝑇 )
(Figs. 7 and 9), and the activation energy 𝜖𝜌1(𝑥)
(Fig. 8) of Lu1−𝑥V𝑥NiSb revealed that V atoms can
simultaneously occupy crystallographic positions 4a
of Lu atoms and 4c of Ni atoms at 𝑥 = 0÷0.03. At the
same time, structural defects of the acceptor or donor
nature are generated in the semiconductor, which
leads to the appearance of the corresponding accep-
tor and donor states in the band gap 𝜖𝑔. The concen-
tration ratio of donor-acceptor states determines the
position of the Fermi level 𝜖F and the mechanisms of
electrical conductivity of Lu1−𝑥V𝑥NiSb.

4. Conclusions

A comprehensive study of the crystal and electronic
structures, thermodynamic, kinetic, energy, and mag-
netic properties of the semiconductor Lu1−𝑥V𝑥NiSb
has shown the possibility for impurity V atoms to
simultaneously occupy different crystallographic po-
sitions (𝑥 = 0÷0.03). At the same time, defects of
the acceptor or donor nature are generated in the
structure of the semiconductor Lu1−𝑥V𝑥NiSb, and
the corresponding energy states appear in the band
gap 𝜖𝑔. The concentration ratio of donor-acceptor
states determines the position of the Fermi level
𝜖F and the mechanisms of electrical conductivity of
Lu1−𝑥V𝑥NiSb. The results of modeling the proper-
ties of the semiconductor are consistent with the data
of experimental studies. Understanding the mecha-
nism of energy state generation in the semiconduc-
tor Lu1−𝑥V𝑥NiSb allows the modeling and produc-

tion of new thermoelectric materials with a high ef-
ficiency of converting the thermal energy into the
electrical one.
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ОСОБЛИВОСТI
ГЕНЕРУВАННЯ ЕНЕРГЕТИЧНИХ СТАНIВ
У НАПIВПРОВIДНИКУ Lu1−𝑥V𝑥NiSb

Комплексне дослiдження кристалiчної та електронної стру-
ктур, термодинамiчних, кiнетичних, енергетичних та магнi-
тних властивостей напiвпровiдника Lu1−𝑥V𝑥NiSb, 𝑥 = 0–
0,10 встановило можливiсть домiшкових атомiв V одно-
часно займати рiзнi кристалографiчнi позицiї. При цьо-
му у структурi Lu1−𝑥V𝑥NiSb генеруються дефекти акце-
пторної та донорної природи, а в забороненiй зонi 𝜖𝑔
з’являються вiдповiднi енергетичнi стани. Спiввiдношен-
ня концентрацiй донорно-акцепторних станiв визначає по-
ложення рiвня Фермi 𝜖F та механiзми електропровiдно-
стi Lu1−𝑥V𝑥NiSb. Результати моделювання властивостей
напiвпровiдника узгоджуються з даними експерименталь-
них дослiджень. Розумiння механiзму генерування енерге-
тичних станiв у напiвпровiднику у Lu1−𝑥V𝑥NiSb дозволяє
моделювати та отримувати новi термоелектричнi матерiа-
ли з високою ефективнiстю перетворення теплової енергiї в
електричну.

Ключ о в i с л о в а: рiвень Фермi, електронна структура,
електроопiр, коефiцiєнт термо-ерс.
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