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of the New Semiconductor Thermoelectric Material Hf;..Sc.NiSn

The structural, thermodynamic, energetic, electrokinetic, and magnetic properties of the
new semiconductor thermoelectric material Hf1.xSc:NiSn, x=0-0.07, obtained by
introducing Sc atoms into the structure of the HfNiSn compound by replacing Hf atoms,
were investigated. The features of the transformation of the crystal and electronic
structures, as well as the nature of the generated energy states and mechanisms of
electrical conductivity, were established. Analysis of the electron density function based on
Bader’s quantum theory for the HfNiSn and Hfp 75Sco.2sNiSn compounds confirmed the
experimental conclusions regarding the generation in Hf1xSc:NiSn of structural defects of
acceptor nature only and the corresponding energy states. High values of the specific
electrical conductivity and the thermopower coefficient correspond to the condition of
maximum efficiency of thermal-to-electrical energy conversion, making Hf1Sc.NiSn a
promising thermoelectric material.
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Introduction

One of the most studied classes of thermoelectric materials with high efficiency in
converting thermal energy into electrical energy is substitutional-type solid solutions based on
semiconductor phases, in particular n-TiNiSn, n-ZrNiSn, and n-HfNiSn [1]. They have high
efficiency in converting thermal energy into electrical energy, and appropriate doping allows
optimization of the value of the specific electrical conductivity o, the thermopower coefficient
a, and the thermal conductivity x to obtain maximum values of thermoelectric figure of merit
Z(Z=a*0o/x) [2, 3].

In this context, it is interesting to study the semiconductive thermoelectric material
Hf1xSc:NiSn, obtained by introducing Sc atoms (5d'4s?) into the structure of the HfNiSn
compound by substituting Hf atoms (54%6s?) at position 4a. Such substitution should generate
structural defects of an acceptor nature since Hf has more d-electrons than Sc. It creates a
precondition for changing the type of electrical conductivity of Hfi«ScxNiSn from electronic to
hole at certain concentrations of Sc atoms, which will make the semiconductor heavily doped
and highly compensated (HDHCS) [4].

To determine the conditions for the synthesis of a material with the maximum efficiency
of converting thermal energy into electrical energy, a comprehensive study of the structural,
thermodynamic, energy, electrokinetic, and magnetic properties of the Hf1.xScxNiSn solid
solution was carried out, as well as an analysis of the electron density function based on the
quantum theory of R. Bader [5]. The combination of experimental results with quantum-
chemical calculations based on the theory of R. Bader allows us to describe the electronic
structure and mechanisms of electrical conductivity of the thermoelectric material Hfi-
xScxNiSn. After all, instead of using electronic orbitals or complex wave functions, a physically
observable quantity is analyzed — the topology of the scalar field of the electron density, which
can be obtained both by quantum-chemical calculations and experimentally.

Research methods

Samples of Hf1.xScxNiSn, where x = 0-0.10, were produced by the arc-melting of a batch
of starting components, including hafnium (purity 99.95 wt. %), nickel (purity 99.99 wt. %),
tin (purity 99.999 wt. %), scandium (purity 99.9 wt. %) in an atmosphere of purified argon
(sponge titanium was used as a getter). To bring the alloys to an equilibrium state,
homogenizing annealing was performed at 1073 K for 700 h, followed by quenching in cold
water without prior breaking of the ampoules. X-ray phase and X-ray structural analyses were
performed using diffraction patterns obtained on a PROTO AXRD Benchtop diffractometer
(Cu Kq radiation). The chemical composition of the samples was controlled by the method of
energy-dispersive X-ray spectroscopy (Tescan Vega 3 LMU electron microscope). The
structural parameters of the samples were calculated using the WinCSD software package [6].
The full-potential linearized augmented plane wave (FLAPW) method, based on density
functional theory (DFT) for the ordered variant of the Hf1.xSciNiSn crystal structure was
employed to simulate the structural, thermodynamic, energy, and electric transport properties,
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as well as the electron localization function (ELF). The calculations within the framework of
the DFT density functional theory were performed on licensed software using the Vienna Ab
initio Simulation Package VASP v. 5.4.4 with PAW-type potentials [7]. The Perdew-Burke-
Enzerhof exchange-correlation functional [8] was applied in the generalized gradient
approximation (GGA) Monkhorst-Pack [9] for the 11 x 11 x 11 k-grid. In the calculations, the
plane wave cutoff was set at 400 eV. The Exciting code (FLAPW method) was used to model
the electrokinetic properties by solving the linear Boltzmann equation in the constant relaxation
time approximation. The electric transport properties of Hf1-«ScxNiSn, x = 0-0.07, were studied
using samples measuring 5 x 1 x 1 mm?®. The temperature and concentration dependences of
the resistivity (p), the thermopower coefficient (o) relative to copper in the temperature range
T =80-400 K, and the specific magnetic susceptibility (y) (Faraday method) at a temperature
of 300 K were measured.

Study of structural and thermodynamic properties of Hf1-xScxNiSn

X-ray structural studies of Hf1.xScyNiSn samples (x = 0-0.10) showed that all powder
diffraction patterns are indexed in the MgAgAs structure type (space group F43m). There are
no traces of other phases in the powder diffraction patterns with Sc concentrations x = 0-0.07
(Fig. 1a). However, samples with Sc concentrations of x > 0.07 contained minor inclusions of
the binary phase Hf5Sn4 (TisGas-type), so they were excluded from further studies. Microprobe
analysis of the chemical and phase compositions of the surface of Hfi«ScxNiSn samples,
x=0-0.07, showed that they correspond to the composition of the charge of the initial
components. Fig. 15, for example, shows the elemental distribution in the sample
Hf0.97Sc0.03N1Sn, which fully corresponds to the initial composition of the charge.
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Fig. 1. Powder diffraction patterns of Hf1..ScxNiSn samples (a)
and elemental distribution in Hf).97S8co.03NiSn (b)

At the beginning of the study, it was important to understand if replacing Hf atoms with
Sc atoms in the 4a position of the HfNiSn compound is energetically feasible. In other words,
does this form a substitutional-type Hf1xScxNiSn solid solution, and if so, in what concentration
ranges, and are the samples we studied within these ranges?

Using the FLAPW method (VASP software package) within the framework of the DFT
density functional theory, the mixing enthalpy AHmix(x) was simulated in the approximation of
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harmonic vibrations of atoms for a hypothetical solid solution HfixSc:NiSn, x=0-1.0,
(Fig. 2a). The calculations show that at concentrations x ~ 0-0.42 and temperature 7= 1073 K
(temperature of homogenizing annealing of samples), the dependence AHwmix(x) decreases and
has negative values. This behavior of AHmix(x) is evidence of the energetic feasibility of
substituting Hf atoms for Sc in position 4a and the existence of a solid solution Hfi»ScxNiSn
up to a limit concentration of Sc x = 0.42.

At higher concentrations x > 0.42 and 7= 1073 K, the dependence AHumix(x) increases,
indicating the energetic inexpediency of such substitution; stratification occurs (spinoidal phase
decomposition). Calculations also show that at lower temperatures, the region of existence of
the solid solution decreases (the minimum of the dependence AHwmix(x) shifts to the region of
lower Sc concentrations). Therefore, based on the results of modeling the mixing enthalpy
AHmix(x), it was established that the Hf1+ScxNiSn samples at concentrations x = 0—-0.07 belong
to the region of existence of the substitutional-type solid solution.
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Fig. 2. Modeling of the mixing enthalpy AHui(x,T) (a) and the change
in the unit cell parameter a(x) based on the results of modeling (1)
and experiment (2) (b) of the solid solution Hf;Sc:NiSn

Modeling the change in the unit cell parameter a(x) of Hfi-+ScxNiSn for the ordered variant
of the crystal structure showed a linear increase at concentrations x = 0-0.07 (Fig. 2 ). We
considered the case when the Hf(Sc) atoms occupy the crystallographic position 4a (0, 0, 0),
Ni — 4d (Y4, Y4, /2) and Sn — 4c¢ (%%, Y2, '2). Such a change in the unit cell parameter a(x) is
predicted, since the atomic radius of Sc (rsc = 0.164 nm) is larger than the atomic radius of Hf
(rur=0.158 nm).

At the same time, the unit cell parameter a(x) of Hfi«ScxNiSn, calculated from the data
of X-ray diffraction, also increases, but unlike the simulation results, contains two linear
sections: 0 <x <0.02 and x > 0.02 (Fig. 2b). In addition, the unit cell parameter of the initial
compound HfNiSn, obtained by simulation, is much larger than the unit cell parameter
calculated from the experimental results. It is clear that for samples of the solid solution Hfi-
xScxNiSn, all subsequent values of the lattice parameter will also be larger than calculated from
the experimental data.
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In this context, it is important to note that a similar change in the unit cell parameter a(x)
was observed in previously studied solid solutions based on HfNiSn that included large atoms,
specifically rare-earth metals (R), namely Hfi+RxNiSn [1]. The presence of two linear sections
on the a(x) dependence is due to the disorder of the crystal structure of the HfNiSn compound,
while the simulation was performed for its ordered variant. The essence of the disorder lies in
the partial, up to ~ 1 %, occupation of the crystallographic position 4a of Hf atoms by Ni atoms
[10]. In this case, if in the structure of the HfNiSn compound the positions of large Hf atoms
(ruf=0.158 nm) are partially occupied by smaller Ni atoms (7~i = 0.124 nm), then the crystal
structure of the compound is deformed. It is one of the reasons why, for the basic compound
HfNiSn, the values of the lattice parameter a(x) obtained by simulation are larger than those
obtained from the experiment.

When larger Sc atoms (rsc = 0.164 nm) are introduced into the structure of the HfNiSn
compound, they first displace the smaller Ni atoms from the crystallographic position 4a. At Sc
atom concentrations of x > 0.02, all Ni atoms will be displaced from the position of Hf atoms,
and now only Hf atoms are substituted by Sc. In this case, the rate of change of the lattice
parameter a(x) of Hf1«ScxNiSn in the concentration regions 0 <x < 0.02 and x > 0.02 will be
different. In the first case, this change will be greater, as indicated by the larger slope of the
dependence a(x), which is possible only when larger Sc atoms displace smaller Ni atoms from
position 4a. In this case, the ordering of the crystal structure of HfixScxNiSn also occurs. The
overlay of the graphs of the changes in the lattice parameter a(x) for HfixScxNiSn (inset
Fig. 2b), calculated from the experiment and obtained by simulation, shows complete
coincidence at concentrations x > 0.02.

The process of ordering of the crystal structure of Hf1xScxNiSn is also accompanied by a
redistribution of the density of electronic states. Thus, if in the HfNiSn compound Ni atoms
(3d%4s?) partially occupy the 4a position of Hf atoms (54°6s?), this gives rise to structural
defects of donor nature and the corresponding electronic states (Ni has more d-electrons than
Hf). At the same time, vacancies appear in the crystallographic position 4¢ of Ni atoms, i.e.,
structural defects of acceptor nature and the corresponding acceptor states. The Hfi-+ScxNiSn
semiconductor becomes heavily doped and highly compensated (HDHCS) of electronic
conduction type [4].

The introduction of Sc (3d'4s?) atoms into the structure of the HfNiSn compound and its
ordering in the Hf1xScxNiSn solid solution leads to a simultaneous reduction of structural
defects of donor and acceptor nature associated with Ni atoms (Ni atoms leave the 4a position
and return to their own 4c¢ position, and vacancies disappear). On the other hand, since Sc
(5d'4s%) contains one Sd-electron less than Hf, structural defects of acceptor nature and
corresponding acceptor states are generated in HfixScxNiSn. The Hfi»ScxNiSn semiconductor
remains a HDHCS, but now of p-type conductivity. The presented results of the qualitative
analysis of the redistribution of electron density in Hfi.«ScxNiSn are confirmed by the results of
the quantitative analysis of the electron density function presented below, carried out based on
the quantum theory of R. Bader [5].
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Analysis of the electron density function of Hf1.xScxNiSn according to R. Bader

The Bader atomic charge is calculated by integrating the electron density within an
“electron pool”. In this approach, the continuous electron density is “cut” into individual atoms,
which allows the determination of partial charges on the atoms. In other words, the real charge
distribution is analyzed, rather than the mathematical analysis of complex wave functions
(orbitals). The calculated Bader atomic charges for the compound HfNiSn show (Table 1) that
the Hf atoms are positively charged, while the Ni and Sn atoms form the anionic sublattice
Hfn+[NiSn]n-. In the compound Hfo.75Sco.25NiSn, partial substitution of Hf atoms by Sc leads
to an increase in the positive charge on both the Hf and Sc atoms and the negative charge on
the Ni atoms. The charge of the Sn atoms becomes less negative, indicating a deficiency of
electrons in the system.

This is also reflected in the visualization of the electron localization function ELF
(Electron Localization Function) in the case of the HfNiSn and Hfo.75Sco.25NiSn phases (Fig. 3).
Since the method of analyzing the electron density distribution using ELF determines the
probabilities of finding an electron near another electron with the same spin (Fermi hole), the
maximum ELF values of ~ 0.48 are characteristic of the electron gas of delocalized electrons

(Fig. 3).

Table 1
Bader total atomic charges in HfNiSn and Hfo.755c0.2sNiSn
HfNiSn Hfo.75Sc0.25NiSn
Atom | Bader charge (¢") Atom Bader charge (¢)
Hf +1.408 Hf +1.455
Ni —-1.028 Ni -1.093
Sn —0.380 Sn -0.317
Sc +1.445

At the same time, ELF values of ~ 0 characterize regions with low electron density
(interatomic space). As we can see from the results presented in Fig. 3, the localization of
electrons around Sc atoms in the Hfo.75Sco.2sNiSn phase becomes less pronounced compared to
the HfNiSn compound.

Hf; 755¢ o5NiSn

¢ < F——— c
aQ—I—Qh a U= b

Fig. 3. Modeling of the localization of electrons (ELF) around atoms
in the compound HfNiSn and Hfp.75S¢co2sNiSn phase
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Analysis of the electron density distribution of the HfNiSn compound shows (Fig. 4 a)
that the average integral index of the COBI crystal orbitals below the Fermi level is bonding,
while above it is antibonding, forming a band gap between them. Below the Fermi level, the
interactions between Hf-Ni and Hf-Sn atoms are exclusively bonding.

On the other hand, the interaction between Ni-Sn atoms is bonding below -2 eV and
antibonding above, which is caused by the filled antibonding d-states of Ni atoms. The strongest
bonds are Hf-Sn, which are characterized by the highest -COHP values. The second strongest
bonds are Hf-Ni, and the weakest are Ni-Sn. The analysis shows that there is a directed covalent
bond between Hf-Ni and Hf-Sn atoms, which is reflected by the close COBI values.

In Hf0.75Sc0.25NiSn, the Fermi level is shifted into the valence band, and that creates
unoccupied bonding states above Er, which is clearly visible on pCOBI of Sc-Ni and Sc-Sn
interactions and makes the compound less stable (Fig. 4 »). However, this partial depopulation
of the valence band also has a positive effect, as the antibonding Ni-Sn interactions become less
occupied. The ICOBI and -ICOHP (Table 2) of the Hf-Ni and Hf-Sn atom pairs are higher than
the corresponding values for Sc-Ni and Sc-Sn, revealing that Sc creates local structural
distortions and weaker bonding with neighboring Ni and Sn.

HfNiSn Hfy 755€4 25NiSn
6 I average l-H"N' _D_H"S” _]- Ni-Sn| | 6 -avaraget- SC-NI’—_D Sc-Sn__]- NI-SH’—_
41 = 4}
2+ 2|
S o0 o~
O 3’
ulu'-lo -2 F u:1° aL
4l 9 4
B8 )
sl sl | :
10 '4—F— — T T 1 -10 -
40.13 0.00 0.13 -0.30.0 0.3 0.6 -0.140.000.14 -0.16 0.00 0.16 01 00 01 0200 02 04 -01 00 0.1 02 01 00 01 02
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a) b)

Fig. 4. Modeling of the electron density distribution
of HfNiSn (a) and Hfo.755co0.25NiSn (b)

Table 2

Calculated integrated crystal orbital bond index (ICOBI) and negative crystal orbital
Hamilton population (-ICOHP) for atom pairs in HfNiSn and Hfo.755co.2sNiSn

HfNiSn | COBI | -COHP, eV | Hfo.75Sco.2sNiSn | COBI | -COHP, eV
Hf-Ni | 0.382 1.211 Hf-Ni 0.385 1.197
Hf-Sn | 0.360 1.656 Hf-Sn 0.368 1.642
Ni-Sn | 0.176 1.051 Ni-Sn 0.190 1.106

Sc-Ni 0.279 0.883
Sc-Sn 0.255 1.207
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Electrokinetic, energetic and magnetic properties of Hf1.xScxNiSn
Fig. 5 shows the temperature dependences of the electrical resistivity In(p(1/7, x)) and the

thermopower coefficient a(1/7,x) for several samples of HfixSciNiSn, x=0-0.07. The
temperature dependences In(p(1/7, x)) of Hfi«ScxNiSn (Fig. 5) are described by equation (1) [4]:

o (1) =p,” exp| ~2- |+p, " exp| -2 (1)
: k,) k,T )

where the first high-temperature term describes the activation of current carriers €1°(x) from the
Fermi level er to the percolation level of the continuous energy band, and the second,
low-temperature, term describes the jump conductivity €3°(x) along localized states with
energies close to the Fermi energy er. The presence of high- and low-temperature activation
regions on the In(p(1/7, x)) and a(1/7, x) dependences indicates the location of the Fermi level
er in the band gap &g, from which the activation of current carriers to the percolation level of
the continuous energy band occurs. In turn, the presence of activation regions on the
In(p(1/7, x)) dependences at low temperatures indicates the existence of jump &3°-conductivity,
which is possible only in the presence of electronic states of different nature [4, 11]. Therefore,
the studied Hf1-xScxNiSn samples are heavily doped and compensated semiconductors.
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Fig. 5. Temperature dependences of the resistivity In(p(1/T,x)) (1)
and the thermopower coefficient a(1/T,x) (2) of Hf1.ScxNiSn

In the case of the HfNiSn compound (x =0), negative values of the thermopower
coefficient o indicate the location of the Fermi level er near the percolation level of the
conduction band &c of the semiconductor and the electronic type of conductivity. On the other
hand, in the Hf1.xScxNiSn samples at concentrations of x > 0.01, the Fermi level ¢r lies closer
to the valence band ev (positive values of the thermopower coefficient a), and holes are the
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main current carriers. For the sample with the lowest Sc concentration, Hfo.99Sco.01NiSn, the
values of the thermopower coefficient a are negative at low temperatures (7 < 82 K), and
become positive at higher temperatures (Fig. 6 a).

This behavior of the thermopower coefficient o indicates a state close to full compensation
of the semiconductor, when the concentrations of ionized acceptor and donor states are close.
This conclusion is confirmed by the behavior of the thermopower coefficient a(1/7) at high
temperatures (Fig. 6 b), at which the values of the thermopower coefficient are positive, and an
increase in temperature should increase the concentration of ionized acceptor states. However,
the appearance of an extremum in the a(1/7) dependence at 7= 360 is a manifestation of the
ionization of still existing donor states, which compensate for the acceptor states.

051 T=84 K_ \. - /T'“‘“z%O .
T ~ T Ll T T . T T 1
10.5 11.0 115 12.0 12.5 2.6 2.7 2.8 29 3.0
1037 (1/K) 103/T (1/K)
a) b)

Fig. 6. Temperature dependences of the thermopower coefficient o(1/T, x)
at low (a) and high (b) temperatures of the semiconductor Hfp.99Sco.01NiSn

The proof of the generation of acceptor states when doping the n-HfNiSn semiconductor
with a Sc impurity is the behavior of the Fermi level er (Fig. 7 @). Thus, in n-HfNiSn, the energy
e1P(x=0)=81.3 meV was calculated from (1), which shows the energy gap between the
percolation level of the conduction band ec and the impurity donor state (band), which fixes the
Fermi level er. Doping n-HfNiSn with Sc impurities at the lowest concentration (x =0.01)
radically changes the type of conductivity of Hfo.99Sco.01NiSn, such that at temperatures above
82 K, holes become the main current carriers. The calculated activation energy €1°(x = 0.01) is
27.1 meV, now indicating the energy gap between the valence band level ev and the acceptor
state (band) where the Fermi level €r is located. Increasing the acceptor concentration in
Hf14ScxNiSn leads to an almost linear decrease in the activation energy from
€1’(x = 0.03) =24.3 meV to €1”(x = 0.05) = 17.91 meV and &:1°(x = 0.07) = 10.2 meV (Fig. 7 a).
The obtained dependence €1°(x) at concentrations x =0.01-0.07 reflects the process of
approaching the Fermi level er to the level of the valence band v, which allows us to determine
the rate of its motion: Agr/Ax = 3.9 meB/%Sc. We did not obtain single-phase samples of
Hfi1.xScxNiSn with concentrations x > 0.10, at which the Fermi level er would cross the valence
band ev, which would have caused the dielectric-metal transition of conductivity and
metallization of electrical conductivity.

From the results presented, we can state that the semiconductor Hfi»ScxNiSn contains
significant concentrations of electronic states of various types and is a HDHCS [1, 4]. On the
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other hand, the presence in the semiconductor of a significant number of different charged defects,
the location of which is of a fluctuating nature, radically changes its electronic structure. It leads
to fluctuations in potential relief with the amplitude of large-scale fluctuations and the modulation
of continuous energy bands (small-scale fluctuations). At low temperatures, a heavily doped
crystalline semiconductor is a partially disordered system. The electron in such a system is
considered not in the periodic field of the crystal, but in the chaotic field of defects [4].

801 3% EF—&¢ (n-type) 50+ ‘\
704
451 Hf, Sc NiSn
60 45 \ lx™~vx
3 Hf,_Sc,NiSn 40 \\
& 40 E = -\
@30 - E—&y (p-type) ol A
201 \-\.\.\ 304 \\
e
104 s 254 A\‘
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a) b)

Fig. 7. Change in activation energies €1°(x) (a) and €1°(x) (b) of Hf1-xScxNiSn

It is shown in ref. [12] that the amplitudes of modulation of the potential relief and small-
scale fluctuations of the HDHCS can be quantitatively evaluated. The change in the
thermopower coefficient with temperature a(1/T, x) of Hf1.xScxNiSn (Fig. 5) is described by the
well-known Mott formula (2) [13], using which the activation energies €1%(x) and €3%(x) can be
determined from the high- and low-temperature activation regions of the thermopower

coefficient a(1/7, x):
a=k—3(i-y+lj, )
e \ k,T
where v is a parameter that depends on the nature of the scattering mechanism. It turned out
that the activation energies €1%(x) and €3%(x) describe, respectively, the amplitudes of large- and
small-scale fluctuations of continuous energy bands. Since the amplitude of large-scale
fluctuations is in turn proportional to the compensation degree of the semiconductor, the nature
of the change in €1%(x) can be used to judge the ratio of ionized acceptor and donor states (degree

of compensation).

According to formula (2), the activation energy €1%(x) of n-HfNiSn was calculated as
€1%(x =0) =50.8 meV, which is consistent with the literature data (Fig. 7 ) [1, 10]. Doping
n-HfNiSn with Sc impurity reduces the activation energy from &1%x =0.03) =40.2 meV to
€1%(x =0.05) =33.1 meV and €1%(x =0.07) =26.9 meV. Considering that the activation energy
€1%(x) is proportional to the compensation degree, in a p-type semiconductor, the reduction of
the degree of compensation is possible only if the concentration of acceptor states increases
[4, 11]. Therefore, the decrease in the degree of compensation of the Hfi+ScxNiSn
experimentally proves the existence in the crystal of a mechanism for the generation of
structural defects of an acceptor nature and the corresponding electronic states.
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The behavior of the electrical resistivity p(x, 7) and the thermopower coefficient a(x, 7)
of Hf1.xScxNiSn samples when changing the concentration of Sc atoms at different temperatures
allows us to clarify the processes of restructuring the electronic structure of the semiconductor
(Fig. 8). As seen from Fig. 8a, the resistivity p(x, 7) of Hf1+xScxNiSn at concentrations of
x> 0.01 monotonically decreases for all studied temperatures, which is due to an increase in
the concentration of free holes during the ionization of acceptor states. It is indicated by the
positive values of the thermopower coefficient a(x, 7) (Fig. 8b).
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Fig. 8. Change in resistivity p(x,T) (a) and thermopower coefficient a(x, T) (b) of Hf1xScxNiSn at
temperatures: | —T=80K; 2—T=160K;3—-T=250K;4-T=300K; 5—T=380K.
Inset b: modeling of the behavior of the thermopower coefficient o(x,T)

However, in the concentration range 0 < x < 0.01, the behavior of the dependence p(x, 7)
at different temperatures differs. Thus, at low temperatures (7=80 K and 7= 160 K), the
resistivity p(x, 7) of Hf1.xSc:NiSn monotonically decreases, and at higher temperatures,
160 K < T< 380K, it increases, passes through a maximum, and then monotonically decreases.
This behavior of the dependence p(x, 7) of Hf1.+ScxNiSn is due to the presence of deep donor
states in the band gap &g, which are ionized at 7> 160 K and compensate for the acceptor states,
reducing the concentration of free holes. It is what causes the increase in the resistivity p(x, 7)
at concentrations 0 <x <0.01 (Fig. 8 a). At the same time, for x > 0.01, the concentration of
generated acceptor states significantly exceeds the concentration of donor states, and an
increase in the concentration of free holes causes a decrease in the resistivity of Hf1.xScxNiSn.
It is important to note that the experimental studies of the electrokinetic properties of
Hf1+ScxNiSn are align with the modeling results obtained using the FLAPW method. As
evidence, the inset of Fig. 8 b shows the calculated change in the thermopower coefficient
a(x, 7) of Hf1-xScxNiSn.

Experimental measurements of the specific magnetic susceptibility y(x) of Hfi»ScxNiSn
samples at room temperature showed that n-HfNiSn is a diamagnet, which is reflected by the
negative values of the magnetic susceptibility (x = —0.07-10"° emu/g) (Fig. 9). At the lowest Sc
concentration in the experiment, the Hfi«ScxNiSn semiconductor changes both the type of
conductivity from electronic to hole and the magnetic state, becoming a Pauli paramagnet.
Since in a Pauli paramagnet the magnetic susceptibility is determined by free carriers and is
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proportional to the density of electronic states at the Fermi level g(er), the plateau in the
dependence y(x) at concentrations 0.01 <x < 0.02 indicates the invariance of the concentration
of free holes with an increase in the content of acceptor states. It is possible if the holes capture
the free electrons still present in the semiconductor, which rapidly reduces their concentration.
It is the decrease in the concentration of free electrons when generating acceptor states in the
Hf1+ScxNiSn semiconductor that causes an increase in the resistivity p(x) (Fig. 9).

0.4 . . 300
Hf, Sc NiSn
03 L250
0 200
S02 =
qE) 150 3
° =4
=0.1 =
= 100 X
=
L diamagnet F50
0.1 0

0.00 002 004 006 0.8
x (Sc)

Fig. 9. Change in specific magnetic susceptibility y(x)
and electrical resistivity p(x) Hf1..ScxNiSn at T = 300 K

Thus, as a result of a comprehensive study of the electrokinetic, energetic, and magnetic
properties of the Hf1.xScxNiSn solid solution, the features of the rearrangement of the crystal
and electronic structures, as well as the nature of the generated energy states and mechanisms
of electrical conductivity, have been established. It has been shown that structural defects of an
acceptor nature and their corresponding energy states that determine the electrical conductivity
of the semiconductor are generated in Hf1»ScxNiSn.

Conclusions

The structural, thermodynamic, energetic, electrokinetic, and magnetic properties of the
new semiconductor thermoelectric material HfixScxNiSn, x = 0-0.07, obtained by introducing
Sc atoms (5d'4s?) into the structure of the HNiSn compound by replacing Hf atoms (54%6s?)
in position 4a, were investigated. The features of the transformation of the crystal and electronic
structures, as well as the nature of the generated energy states and mechanisms of electrical
conductivity, were established. Analysis of the electron density function based on the quantum
theory of R. Bader for the compounds HfNiSn and Hfo.75Sc0.25sNiSn confirmed the experimental
conclusions that only structural defects of acceptor nature and the corresponding energy states
are generated in Hf1xScxNiSn. At the same time, the high values of the electrical conductivity
and thermoelectric power coefficient of Hfi.SciNiSn meet the condition of maximum
efficiency of converting thermal energy into electrical energy, which makes the semiconductor
a promising thermoelectric material.
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Oco00,1MBOCTI MeXaHI3MIB €JIEKTPONPOBIAHOCTI HOBOIO
HANMIBNPOBITHMKOBOr0 TepMoesiekTpuuHoro marepiany Hfi..Sc.NiSn

Hocnioosiceno  cmpykmypui, mepMOOUHAMIYHI, eHepeemuyHi, eleKmMpPOKIHemuyHi ma
MACHIMHI  81ACMUBOCMI HOB020 HANIBNPOGIOHUKOBO20 MEPMOEIEKMPUYHO20 MAMEPIay
Hf1:ScNiSn, x = 0—0.07, ompumanoeo ysedennsm y cmpykmypy cnoayku HfNiSn amomie Sc
wLisaxom samiugenus amomie Hf. Bemarnosneno ocobausocmi mpaucgopmayii kpucmaniunoi
ma eneKmpoHHOI CIMPYKMYP, d MAKONC HPUPOOY 2eHEPOBAHUX eHePIeMmUYHUX CMAHI8 ma
MeXaHizmie enekmponpogioHocmi. Awuaniz QYHKYii enekmpoHHOi 2yCmuHu HA OCHOSI
keanmosoi meopii P. Betioepa onst cnonyk HfNiSn ma Hfy.758¢0.2sNiSn niomeepous éuchosku
excnepumenmy wooo cenepysannss 8 Hf1Sc:NiSn nuwe cmpykmypuux Oegexmie
aKyenmopHoi npupoou ma 6i0N0GIOHUX iM eHepeemuyHux cmarie. Bucoki snauenns numomor
eIeKMPONPOBIOHOCME Ma Koe@hiyicHma mepmo-epc 8i0nosioaoms YMO6i MAKCUMATbHOL
epexmusHocmi nepemeoperts meniosoi enepeii 6 erexkmpuuny, wo pooums HfScNiSn
NEPCHEKMUBHUM MEPMOENEKMPULHUM MAMEPIATIOM.

Kiro4ogi ciioBa: TepMoeIeKTpUYHAN MaTepiall, HAiBIPOBITHUK, EIIEKTPOHHA CTPYKTYPA,
EJIEKTPOOIIIpP, KOSHIIIEHT TEPMO-EpC.
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