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The structural, electrokinetic, energetic, and magnetic properties of the semiconductor solid solution
Zr1xAL:NiSn, obtained by doping the half-Heusler phase #-ZrNiSn with Al atoms by substituting Zr atoms in the
4a position, were investigated. It was established that Al atoms can occupy different crystallographic positions,
causing complex transformations of the crystal and electronic structures. It was shown that in Zri.Al:NiSn,
x =0-0.02, the increase in the unit cell parameter a(x) is due to the preferential substitution of the Ni atoms present
(r~i=0.125 nm) in the 4a position by Al atoms (ra1= 0.143 nm) generating defects and energy states of an acceptor
nature. The decrease in the parameter a(x) for Zr1.xAl:NiSn, 0.02 <x < 0.04, is caused by the replacement of larger
Zr atoms (rz=0.160 nm, 4d%5s?) with smaller Al atoms, which also generates defects and energy states of an
acceptor nature. At concentrations of Zri-Al:NiSn, x > 0.04, Al atoms are mainly localized in tetrahedral voids of
the structure, generating defects and energy states of a donor nature. The ratio of the concentrations of the generated
energy states of Zr1.xALNiSn determines the position of the Fermi level er. The performed studies allowed us to
identify the mechanisms of electrical conductivity to determine the conditions for the synthesis of thermoelectric

materials Zr»Al:NiSn with the maximum efficiency of converting thermal energy into electrical energy.
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Introduction

The research results proposed for consideration
continue the program of searching for new thermoelectric
materials with maximum efficiency of converting thermal
energy into electrical energy, in particular, the conditions
for optimizing the electrokinetic properties of
semiconductors based on half-Heusler phases n-MNiSn
(M — Ti, Zr, Hf) (structure type MgAgAs, space group
F43m [1]) [2-4]. To obtain maximum values of the
thermoelectric figure of merit Z (Z=o’-0/x) by heavy
doping the basic n-MNiSn semiconductors with donor
and/or acceptor impurities, it is necessary to optimize the
values of the thermopower coefficients a, the electrical
conductivity o, and the thermal conductivity coefficient x
[5].

In this context, it is interesting to study the
semiconductor solid solution Zr; AlNiSn, obtained by
heavy doping of n-ZrNiSn with Al atoms (3s°3p'),
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introduced into the structure by replacing Zr atoms
(4d*5s?) in the crystallographic position 4a. In this case, it
is important to understand the entry mechanisms of Al
atoms in the semiconductor matrix, in particular, the
nature of the generated structural defects and the
corresponding energy states. Such an understanding will
allow for the building of a strategy for optimizing the
electrokinetic properties of the thermoelectric material
Zri<AlLNiSn to obtain maximum values for the
thermoelectric figure of merit Z [5]. Considering that the
Zr atom contains more valence electrons than the Al atom,
only structural defects of acceptor nature and the
corresponding energy states were expected to be generated
in the band gap &, of Zr.ALLNiSn. At the same time,
doping the semiconductor n-ZrNiSn of the electronic
conductivity type with an acceptor impurity Al will lead
to an increase in the compensation degree due to the
appearance and growth of the concentration of holes, as
well as changes in the mechanisms of electrical
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conductivity and even the type of main current carriers [6].
When studying the doping conditions with Al atoms of the
half-Heusler phase n-TiNiSn, it was found that the
impurity atoms occupy different crystallographic
positions, simultaneously generating structural defects of
donor and acceptor nature in different ratios [7].

Previous studies of the ZrNiSn compound have
established peculiarities of its crystal and electronic
structures [8]. It turned out that the structure of the ZrNiSn
compound is disordered, and the crystallographic position
4qa of Zr atoms is occupied by Ni atoms (3d*4s?) to ~0.5%,
which generates structural defects of a donor nature in the
crystal (Ni has more d-electrons) and donor states in the
band gap &;. Such a substitution of Zr atoms by Ni atoms
implements the mechanism of “a priori doping” of the
semiconductor with donors [9], and the formula of the
ZrNiSn compound, taking into account the formed
defects, can be expressed as (Zri,Ni,)NiSn, y <0,01.
Another feature of the structure of the ZrNiSn compound
is the presence of tetrahedral voids, which constitute
~24% of the total volume of the unit cell and can be traps
for both impurity and self-atoms of the compound,
generating structural defects and corresponding energy
states [8]. We deliberately focus on the features of the
crystal structure of the ZrNiSn compound, since it is this
knowledge that is the basis for understanding structural
and energy transformations in the semiconductor solid
solution Zr; Al:NiSn. The results of the study of the
structural, electrokinetic, energy, and magnetic properties
of the half-Heusler phase n-ZrNiSn doped with Al atoms
presented below will allow us to identify the mechanisms
of electrical conductivity to determine the conditions for
the synthesis of thermoelectric materials with the
maximum efficiency of converting thermal energy into
electrical energy [5].

1. Research methods

Z11-AlLNiSn samples, x=0.01-0.10, were
synthesized by arc-melting of the initial components in a
purified argon atmosphere. To give the alloys an
equilibrium state, homogenizing annealing was performed
at a temperature of 1073 K for 700 h with subsequent
quenching in cold water without prior breaking of the
ampoules. X-ray phase and X-ray structural analyses were
performed using diffraction data obtained on DRON-2.0m
(Fe Kq-radiation) and STOE STADI P (Cu Kai -
radiation) diffractometers. The chemical composition of
the samples was controlled by energy dispersive X-ray
spectroscopy (Tescan Vega 3 LMU electron microscope).
The structural parameters of Zr;..ALNiSn samples were
calculated using the Fullprof Suite program package [10].
For the ordered variant of the Zr ALNiSn crystal
structure by the KKR method in the approximation of the
coherent potential CPA and the local density LDA for the
exchange-correlation potential with the Moruzzi-Janak-
Williams (MJW) parameterization [ 11], the distribution of
the density of electronic states DOS [12] was calculated.
The accuracy of the calculation of the Fermi level position
is er =4 meV. Samples of the correct geometric shape were
used to study the electrical transport properties. The
temperature and concentration dependences of the
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electrical resistivity p(7) and the thermopower coefficient
o(T) of ZriAlNiSn solid solution samples were
measured in the ranges: 7= 80-400 K, Naj= 1.9-10% cm
(x=0.01) — 1.1-10* cm® (x=0.06), and the specific
magnetic susceptibility y(x) (Faraday method) — at room
temperature. The thermopower coefficient a(7) was
measured by the potentiometric method (pure copper as a
reference material). The voltage drop on the samples was
determined for different directions of electric current to
avoid the influence of a possible p-n junction at the contact
points.

I1. Study of crystal and electronic
structure features of Zr;.xAlxNiSn

According to X-ray phase analysis, the powder
patterns of the Zr;..ALNiSn samples with Al content
x = 0-0.06 were indexed in the structure type MgAgAs [1]
and did not contain additional phases. In the ordered
version of the crystal structure Zr..ALNiSn, Zr(Al) atoms
occupy the crystallographic position 4a (0, 0, 0), Ni — 4d
(Ya, Ya, Va), Sn—4c (Y4, 2, 2). Crystal structure refinements
of the Zrog97Alo3NiSn sample by the Rietveld method
confirmed that it belongs to the structure type MgAgAs
(a=10.61069(1) nm, Ri=0.0475, R,=0.0833,
Ryp=0.111, 2*=1.43). The observed, calculated, and
difference X-ray patterns of the Zroo7Alp03NiSn sample
are shown in Fig. la.

At higher concentrations of Al atoms in the
Zr1-ALNiSn samples, x > 0.06, insignificant reflections
appeared in the powder patterns, which were identified as
reflections belonging to the binary compounds ZrSn, and
NiAl For this reason, the study of the electrokinetic and
magnetic properties of Zr;Al/NiSn was carried out on
samples with compositions x=0-0.06, the powder
patterns of which do not contain traces of additional
phases.

Since the atomic radius of Al (ra=0.143 nm) is
smaller than the atomic radius of Zr (rz:= 0.160 nm), the
modeling of the behavior of the unit cell parameter a(x) of
the ZriAliNiSn samples showed as expected, a linear
decrease in its values. At the same time, the calculation of
the unit cell parameter a(x) based on the obtained
diffraction data showed that the entry of Al atoms into the
crystal structure of the semiconductor is accompanied by
complex structural transformations and not the expected
linear change when replacing Zr atoms in the
crystallographic position 4a (Fig. 1b). As seen from
Fig. 1b, the introduction of the lowest concentration of Al
atoms in the experiment, x =0.01, is accompanied by an
unexpected rapid increase in the unit cell parameter a(x)
of ZriAL:NiSn. At the concentration of Al atoms,
x=0.02, the parameter a(x) of the Zr.,ALNiSn cell
reaches maximum values, and at even higher
concentrations, x > 0.02, the values a(x) decrease.

In the Introduction, we focused on the features of the
crystal structure of the ZrNiSn compound, which is
disordered due to the substitution of some Zr atoms by Ni
atoms in the crystallographic position 4a [8]. Since the
atomic radius of Ni (7ni = 0.125 nm) is much smaller than
the atomic radius of Al (rai= 0.143 nm), the increase in
the unit cell parameter a(x) of ZriAlNiSn at
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Fig. 1. X-ray patterns of Zro97Alp03NiSn sample (@) and variation of unit cell parameter a(x) of semiconductor solid
solution Zr;xAlkNiSn (b).

concentrations 0 <x<0.02 (Fig. 1b) is due to the
substitution of Ni atoms (3d%4s?) present there in the
crystallographic position 4a by impurity Al atoms
(3s?3p"). Such a substitution is accompanied by generating
structural defects of an acceptor nature in the Zr;..Al,NiSn
crystal (the Al atom has fewer valence electrons than the
Ni atom). In the band gap & of the
Zr1-Al,NiSn semiconductor, impurity acceptor states g’
will appear. At the same time, the same number of donor
states ep that existed in #-ZrNiSn will disappear as a result
of the substitution of Zr atoms (4d?5s?) in position 4a by
Ni atoms (“a priori doping” by donors [9]). The
Zr1xAlNiSn semiconductor becomes heavily doped and
highly compensated [6].

As seen from Fig. 1b, the decrease in the unit cell
parameter a(x) of the Zr;Al:NiSn in the concentration
range 0.02 <x<0.06 is not linear, as it could be if the
larger Zr atoms (rz=0.160 nm) were substituted by
smaller Al atoms (7a1= 0.143 nm) in the crystallographic
position 4a. At the indicated concentrations, two parts can
be conditionally distinguished in the a(x) dependence: a
rapid, practically linear decrease in the parameter in the
range 0.02 <x < 0.04 and a gentle change in the parameter
reaching quasi-saturation at concentrations x > 0.05. We
associate the rapid change in the parameter a(x) of the
Zr1ALNiSn at the concentration range 0.02 <x <0.04
with the substitution of Zr atoms by Al atoms in the 4a
position.

At the same time, the a(x) behavior of Zr;.cAlNiSn at
concentrations 0.04<x is not obvious and cannot be
explained by a simple substitution of some atoms by
others. After all, in the Zr;..AlLNiSn structure, there is a
linear increase in the concentration of Al atoms, and the
rate of change of the parameter a(x) decreases much more
slowly and reaches quasi-saturation at x > 0.05. Below,
based on the results of the electrokinetic and energetic
properties of Zr;Al\NiSn, the mechanism of these
structural changes, as well as changes in the electronic
structure of the semiconductor, will be established.

The decrease in the unit cell parameter a(x) of the
Zr1xAlNiSn solid solution in the concentration range
x>0.02 is understandable, and this is caused by the
substitution in the crystallographic position 4a of larger Zr
atoms (rz=0.160 nm) by smaller Al atoms
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(rar=0.143 nm). In this case, such a substitution will
generate defects of an acceptor nature in the crystal
structure of Zr;.AlNiSn since the Al atom (3s°3p') has
fewer valence electrons than the Zr atom (4d?5s%). At the
same time, impurity acceptor states e’ of a different
nature and depth of location also appear in the band gap &,
of the semiconductor, which will increase the
compensation degree. Since two different channels for
generating acceptor states appear in an n-type
semiconductor, at a certain concentration of Al atoms, a
change in the type of main current carriers is possible.

Thus, X-ray structural studies of the semiconductor
solid solution Zr; AlNiSn show that at different
concentrations, Al atoms can displace Ni and Zr atoms
from the crystallographic position 4a, generating
structural defects of acceptor nature and the corresponding
energy states. The ratio of donor and acceptor states of
Zr1-AlNiSn will determine the type of -electrical
conductivity (whether semiconductor or metallic), as well
as the type of main current carriers. A similar effect was
observed for the semiconductor solid solution
Ti1ALNiSn [7].

To establish the Fermi level ¢r position relative to the
continuous energy bands and the band gap width &g, the
distribution of the density of electronic states (DOS) was
calculated for the ordered variant of the crystal structure
of the Zr;.ALl,NiSn solid solution (Fig. 2). Since the

(=

o<}

DOS (States/eV)

o

3

Fig. 2. Calculation of distribution of density of electronic
states DOS for ordered variant of structure of
semiconductor solid solution Zr; xAlxNiSn.
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substitution of Zr atoms by Al atoms in the
crystallographic position 4a generates structural defects of
an acceptor nature, even at the lowest concentration of Al
atoms in the experiment, x =0.01, the Fermi level &
(dashed line) begins to move away from the conduction
band ec. At a concentration x = 0.02, the Fermi level ¢
will be located near the middle of the band gap &, of the
semiconductor (full compensation state), which will cause
the maximum values of the resistivity p in the experiment.
At even higher concentrations, when the Fermi level e
crosses the middle of the band gap ¢, and approaches the
valence band ev, the type of the main current carriers of
the semiconductor will change. In the experiment, this will
be reflected in positive values of the thermopower
coefficients «, and holes will be the main current carriers
of Zr1.xALLNiSn. Calculations show that the Fermi level ef
crossing of the valence band edge e¢v will occur at a
concentration x =~ 0.04, which will change the type of
electrical conductivity of Zr; Al:NiSn from activation to
metallic [6]. At the same time, activation parts will
disappear in the temperature dependences of the resistivity
In(p(1/7)) of ZriAlLNiSn, and the increase in the
electrical resistivity p(7) with temperature will be caused
by the mechanisms of scattering of current carriers.
Electrokinetic studies of the Zri Al:NiSn solid solution
will show the degree of adequacy of the results of
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modeling its electronic structure, as well as the
conclusions of structural studies regarding the generation
of only acceptor states in the semiconductor.

I1I. Study of electrokinetic, energetic and
magnetic properties of Zri.AlxNiSn

Fig. 3 and 4 show the temperature and concentration
dependences of the resistivity p and the thermopower
coefficients a of the semiconductor solid solution
Zr1-ALNiSn, x=0-0.06. The presence of high- and low-
temperature activation parts on the In(p(1/7,x)) and
o(1/T,x) dependences (Fig. 3) indicates that the studied
samples are doped and compensated semiconductors, in
which there are several activation mechanisms of
electrical conductivity [6]. The temperature dependences
In(p(1/T,x)) of Zr;«Al,\NiSn can be described by formula

(1) [6]:
pHT) = pr exp (- ,%) +psexp (- %) ey

where the first high-temperature term describes the
activation of current carriers ¢/’(x) from the Fermi level er
to the conduction band &c, and the second, low-
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Fig. 3. Temperature dependences of resistivity In(p(1/7,x)) (1) and thermopower coefficient a(1/7,x) (2) of
semiconductor solid solution Zr..Al:NiSn.
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temperature term describes the jump conductivity &3P(x)
with energies close to the Fermi level er. The values of the
activation energies ¢/’(x) from the Fermi level &r to the
conduction band &c calculated by formula (1) are shown in
Fig. 5a, curve 1.

The change in the thermopower coefficient a(1/7,x)
Zr1<Al\NiSn (Fig. 3) with temperature is described by
formula (2) [6]:

az%(}:‘TT—y+1), 2)
where y is a parameter that depends on the nature of the
scattering mechanisms. Based on formula (2), the
activation energies ¢1%(x) and &3%(x) were calculated from
the high- and low-temperature activation parts of the
o(1/T,x) dependence. The authors [3, 4] showed that the
energies &1%(x) and &3%(x) are proportional to the amplitude
of the large-scale fluctuation of the continuous energy
bands and the small-scale fluctuation of the doped and
compensated semiconductor. The higher the degree of
compensation of the semiconductor, the greater the
amplitude of the band modulation [6]. The calculated
values of the activation energy &;“(x) of the semiconductor
solid solution Zr;.1Al,NiSn are displayed in Fig. 5a (curve
2).

The high-temperature activation observed in the
In(p(1/7,x)) dependences of Zr;..ALNiSn suggests that the
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Fermi level ¢r is located within the band gap ¢, of the
semiconductor, close to the conduction band &c, indicating
that electrons are the primary carriers of current. This is
confirmed by the negative values of the thermopower
coefficients a(1/T,x) at all concentrations and
temperatures (Fig. 3, 4). While the experimental results of
the change in the resistivity p and the thermopower
coefficients o of Zr,ALNiSn with temperature at
concentrations x = 0-0.02 are consistent with the results
of modeling the electronic structure (Fig. 2), in the
samples with an Al content of 0.02<x<0.06 there are
discrepancies. The first such discrepancy is the negative
values of the thermopower coefficients o for the
Zr1xALNiSn samples, 0.02<x<0.06. This means that the
Fermi level ¢r at all investigated concentrations of Al
atoms remains in the band gap &; and lies closer to the
conduction band ec than to the valence band ev. Even
though the above-considered transformations of the
crystal and electronic structures of Zr..Al:NiSn predicted
the appearance of only acceptor states and their growth
with increasing concentration of Al atoms, the experiment
also suggests the process of generating donor states by an
unestablished mechanism that compensates for the
acceptor states.

Analysis of the temperature dependences In(p(1/7,x))
for Zri<AlLNiSn (Fig. 3) shows that in the samples
ZrNiSn, Zro99AlpoiNiSn and ZroosAloo2NiSn at low
temperatures, the electrical conductivity is determined by
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Fig. 4. Change in resistivity p(x, 7) (a) and thermopower coefficient a(1/7,x) (b) of Zr; Al\NiSn at different
temperatures: 1 — 7=80 K; 2 — 7=160 K; 3 — 7=250 K; 4 — T=300 K; 5 — T=380 K.
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carrier jumps in localized states in the vicinity of the Fermi
energy er. The existence of jump e3°-conductivity in n-type
semiconductors at relatively small concentrations of
acceptors is understandable. The absence of jump e&3°-
conductivity at higher concentrations of acceptors
ZrixAlNiSn, x=0.03-0.06, when the sign of the
thermopower coefficient a is negative, is not
understandable. In these samples at low temperatures, the
electrical resistivity values increase with rising
temperature, indicating metallic conductivity. The
metallization of low-temperature conductivity for
Zr1ALNiSn samples, x=0.03—0.06, indicates the presence
near the edge of the conduction band ¢c of a significant
number of small donor states of unknown origin, the wave
functions of which crossing the states of the conduction
band ec and forming a “tail”. Such energy proximity
facilitates the ionization of donors and the appearance of
a significant number of free electrons in the conduction
band &c.

Thus, the experimental results indicate that in
Zr1xAl\NiSn samples, x=0.03—-0.06, at low temperatures,
there is a significant number of donor states, the
concentration of which exceeds the concentration of
generated acceptor states. This is shown by negative
values of the thermopower coefficient a(x, 7) and metallic
conductivity at low temperatures. In this case, the Fermi
level ¢r is located in the band gap &, at a significant
distance from the edge of the conduction band &c.

Doping n-ZrNiSn with the lowest concentration of Al
atoms in the experiment at concentrations x = 0-0.02 is
accompanied by an increase in the resistivity p(x, 7) for all
studied temperatures, for example, at 7=80K from
p=0=129.1 pQm to p002=3450.3 pQm and
Pr=003=2663.4 nQ-m-(Fig. 4a). At the same time, the
values of the thermopower coefficient a(x,7) at these
concentrations and studied temperatures remain negative,
indicating the location of the Fermi level ¢ in the band
gap &, near the conduction band ec (Fig. 4b). The change
in the resistivity p(x,7) and thermopower coefficient
o(x,T) for Zri-AlNiSn at concentrations x = 0-0.02 is
consistent with the conclusions of structural studies. Thus,
when analyzing the structural transformations of
Zr . ALNiSn, it was found that the increase in the unit cell
parameter a(x) at concentrations x=0—0.02 is due to the
substitution of Al atoms in the crystallographic position 4a
for the Ni and Zr atoms present there, which generates
acceptor states in the band gap &g.

At a concentration x~0.02 and a temperature
T =80 K, an extremum appears on the dependences of the
resistivity p(x, T) of Zri«Al\NiSn, which shifts to the range
of higher concentrations of Al atoms with increasing
temperature. The appearance of the extremum on the
dependence p(x, T) is the result of a change in the ratio of
ionized acceptor and donor states available in the
semiconductor. In  the »n-type  semiconductor
Zr1-ALNiSn, a decrease in the resistivity p(x,7) at
concentrations of 0.2<x<0.06 when doping, as
expected, with an acceptor impurity is possible only in the
case of the appearance and increase in the concentration
of electrons of unknown origin.

In this context, a logical question arises regarding the
mechanisms of donor generation in the Zr.,AlNiSn
semiconductor. The answer is related to the change of the
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electronic  structure of Zr ALNiSn due to of
transformations in the crystal structure upon introducing
Al atoms into the semiconductor matrix.

In the Introduction, it was noted that a feature of the
structure of the ZrNiSn compound is the presence of
tetrahedral voids, which constitute ~24% of the total
volume of the unit cell. The authors [8] showed that for
substitutional solid solutions based on the ZrNiSn
compound, it is energetically expedient to occupy the
tetrahedral voids of the structure with impurity atoms, as
well as Ni atoms displaced from the crystallographic
position 4a. In this case, structural defects of a donor
nature and the corresponding energy states are generated
in the semiconductor. We can assume that in the case of
Zr1xAl,NiSn solid solution at concentrations of x > 0.04,
Al atoms can also occupy the tetrahedral voids of the
structure, generating donor states. What is important, such
localization of impurity atoms must have practically no
effect on the change in the unit cell parameter.

The assumption made regarding the occupation of
tetrahedral voids of the Zr;.Al\NiSn structure by Al atoms
and the generation of donor states is confirmed by the
behavior of the unit cell parameter a(x) at concentrations
x > 0.04 (Fig. 1b). Since in the Zr;.Al,NiSn structure there
is a linear increase in the concentration of Al atoms and
the rate of decrease in the cell parameter is much slower,
it is logical to conclude that some of the Al atoms are
localized in the tetrahedral voids of the semiconductor
structure. At the same time, as shown by the change in a(x)
for Zr,..ALNiSn at x>0.04, increasing the concentration of
Al atoms leads to a greater share of these atoms occupying
the tetrahedral voids. This is indicated by the dependence
of a(x) on quasi-saturation at x > 0.05 (Fig. 10).

The evidence of the generation of donor states when
doping n-ZrNiSn with Al atoms is the behavior of the
Fermi energy er for Zri.,ALNiSn at concentrations
x =0-0.06. Fig. 5a shows the change in the activation
energy of electrons & from the Fermi level er to the
conduction band ec (negative values of the thermopower
coefficient a(x, T) (Fig. 3, 4b)). Doping n-ZrNiSn with Al
atoms leads to a drift of the Fermi level ¢r from the
conduction band &c to the middle of the band gap ¢, of
Zr AlLNiSn. Thus, if in n-ZrNiSn, the Fermi level g was
at a distance of 28.9 meV from the edge of the conduction
band &c, then in the semiconductor Zrgg9AlpoiNiSn it is
already at a distance of 91.6 meV, and in Zrg9sAlp02NiSn
— 118.2 meV. The drift of the Fermi level ¢ from the
conduction band &c in an n-type semiconductor is possible
only if the number of acceptor states increases, which
corresponds to the results of structural studies and
calculations of the electronic structure of Zri.Al:NiSn
(Fig. 2). However, at higher concentrations of Al atoms,
the Fermi level er, contrary to calculations, begins to move
in the opposite direction to the conduction band ec, as
evidenced by the negative values of the thermopower
coefficient a(x,7) (Fig. 3, 4b). In particular, in the
semiconductor Zrog7Alp03NiSn, the Fermi level & is
located at a distance of 110.1 meV from the conduction
band &c, in Zro96Alo04NiSn at a distance of 91.2 meV, and
in Zro.4Alo0sNiSn — 61.4 meV. The reverse movement of
the Fermi level ¢r of Zr;.xAl\NiSn at Al concentrations,
x> 0.02, clearly indicates that a powerful source of donor
states has appeared in the semiconductor, the generation
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rate of which exceeds the generation rate of acceptor
states.

Analysis of the behavior of the activation energy
e’(x) of Zr;AlLNiSn shows that in the concentration
range x = 0-0.02, the dependence is practically linear (Fig.
Sa, curve 1). This allows us to estimate the motion rate of
the Fermi level er from the edge of the conduction band &c
into the depth of the band gap &,, which is equal to
Aer/Ax=59.1 meV/%Al. The reverse motion of the Fermi
level er in the concentration range x = 0.03—0.05 occurs
with a rate ~3 times lower Agr/Ax=19.5 meV/%Al. The
fact that in the two concentration ranges, the directions and
the motion rates of the Fermi level ¢r are different
indicates changes in the crystal and electronic structures
of Zr;.+ALiNiSn, which are accompanied by different rates
of generation of structural defects of acceptor and donor
nature and their corresponding energy states. The results
obtained do not allow us to derive numerical values of the
generation rates of acceptor and donor states separately.
This can only be done by comparing the results of
experimental measurements of structural and energy
properties with modeling these properties for various
variants of atomic distribution in the cell nodes. However,
this is beyond the scope of this work.

The presented results of changes in the structural
(Fig. 1b), electrokinetic (Fig. 3, 4), and energy properties
(Fig. 5a) of the Zr;«AL:NiSn solid solution are consistent
with the results of experimental measurements of the
magnetic susceptibility y(x) (Fig. 5b). Measurements of
the magnetic susceptibility y(x) of Zr;_.ALNiSn confirmed
the previous results for the n-ZrNiSn semiconductor [3, 4,
8], which is a weak diamagnet. This is indicated by the
negative values of the magnetic susceptibility
x=-0.07-10-6 cm®/g as seen from Fig. 5b. At the lowest
concentration of Al atoms in the experiment, x = 0.01, the
magnetic state of the Zri+ALNiSn semiconductor
changes, which becomes a Pauli paramagnet. Since the
specific magnetic susceptibility of a Pauli paramagnet is
determined exclusively by the electron gas and is
proportional to the density of states at the Fermi level
g(ep)(x), the increase in the values of y(x) at concentrations
of Al atoms, 0.02<x, is the result of an increase in the
concentration of free electrons according to the
mechanism described above.

Thus, studies of the electrokinetic, energetic, and
magnetic properties of the semiconductor solid solution
ZriAlNiSn, x=0-0.06, not only confirmed the
conclusions of structural studies regarding the substitution
of Al atoms, depending on their concentration, of Zr and
Ni atoms at position 4a, but also revealed the mechanism
generating of donor states when Al atoms are localized in
tetrahedral voids of the structure. This allowed us to
identify the mechanisms of electrical conductivity to
determine the conditions for synthesizing the

thermoelectric material Zr;../ALNiSn with the maximum
efficiency of converting thermal energy into electrical

energy.
Conclusions
The results of the study of the structural,

electrokinetic, energetic, and magnetic properties of the
new semiconductor solid solution Zr; ,Al,NiSn, obtained
by doping n-ZrNiSn with Al atoms by substituting Zr
atoms in the 4a position, revealed a complex nature of
was
can occupy different
crystallographic positions, causing changes in the crystal

and It

that

structural
established

energetic transformations.
Al atoms

and electronic structures. It was shown that

Zr1-ALNiSn, x =0-0.02, the increase in the unit cell
parameter a(x) is due to the preferential substitution of Al
atoms (ra1=0.143 nm, 3s°3p') of the Ni atoms present
there (mni=0.125 nm, 3d84s?) in the 4a position,
generating defects and energy states of an acceptor nature.
The decrease in the parameter a(x) of Zri AlNiSn,
0.02 <x<0.04, is caused by the replacement of larger Zr
atoms (rz:=0.160 nm, 4d*5s?) with smaller Al atoms,
which also generates defects and energy states of an
acceptor nature. At concentrations x > 0.04, Al atoms are
mainly localized in tetrahedral voids of the structure,
generating defects and energy states of a donor nature. The
ratio of the concentrations of the generated energy states
of Zr.+Al;NiSn determines the position of the Fermi level
er. The carried-out studies allowed us to identify the
mechanisms of electrical conductivity for optimizing the
materials
Zr1-Al\NiSn with maximum efficiency of converting

synthesis parameters of thermoelectric

thermal energy into electrical energy.
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Oco0mBOCTI MeXaHI3MIB eJIEKTPONPOBITHOCTI HANIBIPOBITHNKOBOT 0
TBEPAOro po34uHy ZrixALNiSn

'Hayionanonuii yuieepcumem “Jlvsiscoka nonimexuixa”, JIv6is, Yxpaina, volodymyr.romaka@gmail.com;
2JTvgisCoKUL HAYIOHANLHULL yHieepcumem im. 1. @panka, Jlveie, Yrpaina, stadnykyu@gmail.com

JlocnmikeHo CTPyKTYpHi, KIHETHYHI, eHEPTeTHYHI Ta MAarHiTHI BIACTUBOCTI HAIliBIIPOBiJHUKOBOTO TBEPJIOTO
pozunny Zri»Al:NiSn, orpumanoro seryBanHsaM ¢a3u miB-I elicnepa n-ZrNiSn atomamu Al IUIIXOM 3aMiIeHHS Y
no3uwii 4a aromiB Zr. BcraHoBmeHo, mo aromMu Al MOXyTh 3aiiMaru pi3Hi KpuctanorpadivHi Mo3mmii,
CIIPUYMHSIIOYH CKJIAAHI TpaHcopMarlil KPUCTATIYHOI Ta eJIeKTPOHHOI cTpyKTyp. IlokaszaHo, 1o B ZriAlNiSn,
x=0-0.02, pict mepioxy erxeMeHTapHOI KOMIPKH a(X) 3yMOBIICHHH INEpeBaXXHUM 3aMIIlEeHHSIM y To3umii 4a
aromamu Al (ra1= 0.143 um, 3523p") npucyrnix Tam atomie Ni (rni= 0.125 um, 3d*4s?), renepyroun aedextu Ta
SHEPTeTHYHI CTaHM aKIEeNTOPHOI MpupoAr. 3MeHIIeHHs nepiony a(x) Zri»AlLNiSn, 0.02 <x < 0.04, BuknukaHe
3aMillleHHsIM aTtoMiB 6UtbIoro posmipy Zr (rz-=0.160 M, 44d25s?) Menmumu atomamu Al, 110 TakoX reHepye
nedexTH Ta eHepreTHYHi CTaHM aKUeNnTopHOI mpupoau. 3a koHueHtpauiil ZrixAlNiSn, x> 0.04, atomu Al
MIEPEBAXKHO JIOKAJI3YIOTHCS Y TETPACAPUYHUX MYCTOTaX CTPYKTYPH, TeHEpYIOUH Ne()eKTH Ta CHEPreTHYHI CTaHH
JoHOpHOT npupoan. CriBBiTHONIEHHS KOHIEHTpANill TeHEPOBaHUX €HEepreTHYHNX cTaHiB Zr1.xALNiSn Bu3Havae
nonoxeHHss  piBHg  Pepmi  er.  IIpoBeneHi  nocnmijukeHHs  JO3BOJMWIIM  ieHTHGIKYBaTH — MeXaHi3MH
CJIEKTPOIPOBIAHOCTI IS BU3HAYEHHS YMOB CHHTE3y TepMOEIeKTpUYHHMX MarepiamiB Zri-ALNiSn 3
MaKCHMAJbHOI e()eKTUBHICTIO IEPETBOPEHHS TEIIOBOT EHEPTil B €JICKTPUUHY .

Ku11040Bi ci10Ba: HamiBIPOBiTHUK, €IEKTPONPOBIHICTH, KOe(illieHT TepMO-epc, piBeHb Depmi.
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