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The structural, kinetic, energetic, and magnetic properties of the new thermoelectric material Hf;xNbNiSn,
obtained by doping the n-HfNiSn semiconductor with Nb atoms introduced into the structure by substituting Hf
atoms in the crystallographic position 4a, have been investigated. It has been established that at concentrations of
x=0.02 inclusive, there is a solid solution of Hfi..NbNiSn substitution of Hf atoms (54%6s?) for Nb atoms (4d*5s").
In this case, defects of donor nature are generated in the Hf1.xNb.NiSn structure (Nb contains more d-electrons than
the Hf atom), and impurity donor states ep appear in the band gap ¢,. At concentrations of 0.02<x<0.05, substitution
probably occurs by displacing Ni atoms from position 4a, which in the original HfNiSn compound was occupied
by a statistical mixture of Hf and Ni atoms. In this case, defects of an acceptor nature are generated in the
Hf1..Nb:NiSn structure (Nb contains fewer d-electrons than the Ni atom), and impurity acceptor states a appear in
the band gap ¢;. The ratio of donor and acceptor states determines the type of conductivity of Hf1..NbxNiSn. It is
shown that the semiconductive solid solution Hfi«NbNiSn is highly efficient in converting thermal energy into

electrical energy.
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Introduction

Thermoelectric materials based on half-Heusler
semiconductor phases MNiSn (M — Ti, Zr, Hf) (MgAgAs
structure type, space group F43m [1]) have high
efficiency of converting thermal energy into electrical
energy [2]. To achieve maximum values of thermoelectric
figure of merit Z (Z=a*-0/x), doping of basic MNiSn
semiconductors with donor and/or acceptor impurities is
carried out, which allows to purposefully change the
values of electrical conductivity o, thermopower
coefficients a and thermal conductivity x [3, 4].

The authors of Ref. [5] studied the structural, kinetic,
energy, and magnetic properties of the »n-HfNiSn
semiconductor and established regularities in the change
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of its fundamental parameters. X-ray structural studies of
alloys in the HfNi;+,Sn region revealed the existence of a
homogeneity range for the HfNiSn compound.
Clarification of the occupancy of positions in HfNiSn
showed the presence of a statistical mixture of Hf and Ni
atoms in the Hf (4a) position. In turn, the replacement of
Hf atoms (54%6s®) by Ni atoms (3d®4s?) leads to the
appearance of defects of donor nature in the HfNiSn
structure (Ni has more d-electrons) and impurity donor
states ep in the band gap &,, which will force the Fermi
level er to drift to the conduction band &c. In this case, the
width of the band gap &; of the semiconductor also
changes.

Modeling of the electronic structure by the KKR-
CPA-LDA method [6] and electrokinetic studies of the
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half-Heusler HfNiSn phase confirmed the conclusions of
structural studies. Calculation of DOS assuming an
ordered variant of the structure of the HfNiSn compound
shows that it is an n-type semiconductor, and the Fermi
level er is located in the conduction band ec. However, this
variant of the DOS calculation does not agree with the
results of kinetic studies, which show the location of the
Fermi level ¢r in the band gap ;.

The DOS calculation for the disordered variant of the
structure (Hf;«Ni,)NiSn allowed us to choose a model of
the structure as close as possible to the real one based on
the nature of the change in the density of electronic states
at the Fermi level g(er). Such a characteristic point is the
minimum in the g(er)(x) dependence, which exists for the
disordered model described by the formula
(Hfo,09Nio01)NiSn. The resulting semiconductor has a band
gap =282 meV, and the Fermi level ¢r is located in the
band gap ¢, near the conduction band &c, which indicates
an electronic type of conduction and implies the activation
of electrons from the Fermi level &r into the conduction
band ec.

A feature of doping of n-HfNiSn with rare-earth metal
atoms, as well as d- and p-metals, is the ordering of the
crystal structure of the semiconductor, which redistributes
the density of electronic states at the Fermi level g(er) [2].
If structural defects of donor nature exist in HfNiSn as a
result of displacement of up to ~1% of Hf atoms by Ni
atoms, then ordering of the structure, for example, in Hf.
+Y;NiSn leads to a decrease in the number of donors, since
Ni atoms leave the position of Hf atoms (4a) (“healing” of
defects of donor nature) [7]. In this context, it is interesting
to study the intermetallic semiconductor n-HfNiSn,
heavily doped with Nb impurity (4d*5s'), introduced into
the structure by substituting Hf atoms (54%6s%) in the
crystallographic position 4a. Since the Nb atom contains
more d-clectrons than the Hf atom, we expected the
appearance of structural defects of donor nature and
impurity donor states ¢p in the band gap ¢,. By changing
the concentration of such states, we can change the
compensation degree of the Hf|.,Nb,NiSn semiconductor
and the mechanisms of electrical conductivity. This allows
us to optimize the kinetic properties of the thermoelectric
material to increase the efficiency of converting thermal
energy into electrical energy [2, 3].

The results of the study of the structural, kinetic,
energy, and magnetic properties of the intermetallic
semiconductor n-HfNiSn doped with an Nb impurity, as
well as their comparison with the results of electronic
structure modeling, 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, are presented below.

I. Research methods

Samples Hf;.xNb,NiSn, x= 0.01-0.10, were produced
by the arc-melting of the charge of the starting
components (the content of the main component is not
lower than 99.9 wt. %) in an atmosphere of purified argon
(sponge titanium was used as a getter). To give the alloys
an equilibrium state, homogenizing annealing was
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performed at 1073 K for 700 h with subsequent quenching
in cold water without breaking the ampoules. X-ray phase
and X-ray structural analyses were performed using
diffraction data obtained on DRON-2.0m (Fe K,
radiation) and STOE STADI P (Cu K, radiation)
diffractometers. The chemical composition of the samples
was controlled by the energy-dispersive X-ray
spectroscopy (Tescan Vega 3 LMU electron microscope).
The structural parameters of the
HfiNb,NiSn solid solution samples were calculated
using the Fullprof Suite program [8]. For the ordered
variant of the Hf\.,Nb\NiSn crystal structure, the
electronic structure was simulated by the KKR method
(Corringa-Kohn-Rostocker method) in the coherent
potential CPA and the local density LDA approximations
[6]. For the KKR calculations, the licensed AkaiKKR and
SPR-KKR software in the LDA approximation for the
exchange-correlation potential with the Moruzzi-Janak-
Williams (MJW) parameterization [9] were used. The
Brillouin zone was divided into 1000 k-points, which were
used to simulate the energy wave properties by calculating
the DOS. The energy window width was 22 eV and was
chosen to capture all semi-core states of p-elements. The
accuracy of calculating the Fermi level position ¢r is
+4 meV. To investigate the electrical transport properties,
the samples of regular geometric shapes were
manufactured using electric spark-cutting techniques. The
temperature dependences of the electrical resistivity p(7)
were measured by the two-probe method, the
thermopower coefficients a(7) relative to copper in the
temperature range 80-400 K. The voltage drop was
measured in different current directions to reduce the
influence of “parasitic” effects at the contact areas. The
specific magnetic susceptibility of the Hfj.,NbNiSn
samples y(x) was measured by the Faraday method at
room temperature.

II. Study of the structural properties of
Hfl.bexNiSIl

X-ray phase and structural analyses, as well as energy-
dispersive X-ray spectroscopy of Hf;.Nb,NiSn samples,
showed that they crystallize in the MgAgAs structure type
[1] and the X-ray diffraction patterns do not show
reflections of other phases. Fig. 1, as an example, shows a
microphotograph of the surface and a diffraction pattern
of the Hf(9gNbg2NiSn sample.

The unit cell parameter a(x) of the Hfi..Nb.NiSn
samples, calculated from the diffraction data, x = 0-0.10,
revealed a complex behavior with a change in the
concentration of Nb atoms (Fig. 2, curve 2). At Nb
concentrations x = 0-0.02, the value of the unit cell
parameter a(x) of Hfi Nb.NiSn predictably decreases
since the atomic radius of Nb (»np=0.146 nm) is smaller
than the atomic radius of Hf (ru=0.158 nm). Since the Nb
atom (4d*5s') contains more d-electrons than the Hf atom
(5d%6s%), in a semiconductor of the electronic conduction
type, structural defects of a donor nature will be generated
in the range of impurity atom concentrations 0 < x < 0.02,
and in the band gap &g, the concentration of donor states ep
will increase, which in the experiment should cause a rapid
decrease in the resistivity values.
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Fig. 1. Microphotograph (a) and X-ray powder pattern (b) of the Hfy9sNbg 0oNiSn sample.

The results of the calculation by the KKR method
(AkaiKKR program package [6]) of changes in the values
of the unit cell parameter a(x) of Hf|..Nb.NiSn, x =0—
0.10, assuming that Hf atoms are substituted by Nb atoms
in the crystallographic position 4a, show a linear decrease
in the unit cell parameter (Fig. 2, curve 1). Such a decrease
in the a(x) values is predictable since the atomic radius of
Nb is smaller than that of Hf. At the same time, as can be
seen from Fig. 2, in the concentration range x = 0-0.02,
the rate of decrease in unit cell parameter of the the Hf.
«NbNiSn is practically the same for both the case of
simulation and experiment (the angles of inclination of the
dependencies a(x) are close).

0.6088 - ,
0.6086 Hf,_Nb NiSb
0.6084
= 06082+
(=]
506080+ i 5 :
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Fig. 2. Variation of the unit cell parameter a(x) of
Hf;..Nb,NiSn:1 — simulation; 2 — experiment.

In this context, we draw attention to the significant
difference in the values of the unit cell parameter a of the
HfNiSn compound obtained from X-ray structural studies
and modeling data (Fig. 2). The unit cell parameter a of
the HfNiSn compound calculated from the diffraction data
1S aexp=0.60767 nm. The one obtained by modeling is
larger and equal to am,¢=0.608731 nm. Such a significant
difference is evidence of the existence of a homogeneity
range for the HfNiSn compound and the disorder of its
crystal structure due to the substitution of up to ~1% of Hf
atoms by Ni atoms [5]. Since the atomic radius of Ni
(mi=0.125 nm) is much smaller than the atomic radius of
Hf (ru=0.158 nm), the substitution of up to ~1% of Hf
atoms from the crystallographic position 4a by Ni atoms
will lead to a decrease in the integral value of the unit cell
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parameter of the HfNiSn compound. This is the reason for
the difference in the values of the unit cell parameter of
the HfNiSn compound obtained from the experiment and
simulation data.

At higher concentrations of Nb impurity (x > 0.02),
the values of the unit cell parameter a(x) of Hf;..Nb,NiSn
samples rapidly increase, and this growth in the
concentration range x = 0.02—0.05 occurs at different rates
(different slope of the dependence a(x)). At even higher
concentrations of Nb atoms, x> 0.05, the samples, in
addition to the main cubic phase, contain insignificant
inclusions of the impurity phase. Therefore, the study of
the electrokinetic and magnetic properties of
HfiNb,NiSn was carried out only for samples with a
concentration of Nb atoms x = 0-0.05.

To establish the nature of such unexpected behavior
of the experimentally determined values of the unit cell
parameter a(x) of Hf;,Nb,NiSn, x = 0-0.10, the chemical
composition of the samples was determined by X-ray
spectral analysis (Fig. 3). The presented results of the
chemical composition of the Hf,.\Nb,NiSn samples allow
us to assume that the increase in the unit cell parameter
a(x) at concentrations of 0.02<x<0.05 may be
associated with the substitution of Ni atoms ((3d*4s?) from
position 4a, which in the HENiSn compound they occupied
up to ~1% of the positions of Hf atoms [5]. Therefore, at
concentrations of Hf; ,Nb,NiSn, 0.02<x<0.05, a
substitutional solid solution may also exist, but now the
Nb atoms displace Ni atoms from position 4a, which
return to their crystallographic position 4¢. Such structural
changes in Hf;.Nb,NiSn should lead to the ordering of the
crystal structure of the semiconductor. On the other hand,
if the ordering of the crystal structure of Hfi..Nb.NiSn
occurs and Ni atoms (rn=0.125 nm) from position 4a
return to their crystallographic position 4c, then their
places in position 4a (virtual vacancies) are occupied by
Nb atoms (rn,=0.146 nm), which have a larger atomic
radius. This is what causes, in our opinion, an increase in
the values of the unit cell parameter a(x) of Hf;..Nb.NiSn
at concentrations x=0.02-0.05. At even higher
concentrations of Nb atoms, x>0.05, a decrease in the
values of a(x) of Hfi.,Nb,NiSn is observed (Fig. 2, curve
2).

Considering that the Nb atom (4d*5s') has fewer d-
electrons than the Ni atom (3d®4s?), the substitution of Ni
atoms by Nb atoms at position 4a generates structural
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Fig. 3. Change in the concentration of Hf (a), Nb (b) and Ni (c¢) atoms in Hf;..NbNiSn samples according to EPMA

data.

defects of acceptor nature in the semiconductor and the
corresponding acceptor states ea in its band gap .. The
generation of acceptor states in the Hf;..NbNiSn
semiconductor of n-type conductivity at concentrations
x =0.02—0.05 will lead to an increase in the compensation
degree and a decrease in the concentration of free
electrons due to their capture by acceptors. In this case, the
reduction in the resistivity values will slow down in the
experiment.

Thus, the results of X-ray structural and X-ray spectral
studies of the n-HfNiSn semiconductor doped with Nb
atoms showed that in the concentration range
Hf1.,Nb.NiSn, 0 <x <0.02, Nb atoms largely displace Hf
atoms from position 4a, generating impurity donor states
in the band gap & of the semiconductor, and in the
concentration range x = 0.02—0.05 they displace Ni atoms
from the same position 4a, which is accompanied by
ordering of the crystal structure and generation of impurity
acceptor states. The ratio of donor and acceptor states will
determine the type of electrical conductivity
(semiconductor or metallic), as well as the main current
carriers.

I11. Modeling the properties of
Hf].bexNiSIl

Calculation of the density of electronic states
distribution (DOS) for the ordered variant of the
Hfi\Nb,NiSn crystal structure allows us to establish the
dynamics of changes in the location of the Fermi level e,
the band gap width ¢,, and the kinetic properties of the
semiconductor (Fig. 4).

As seen from Fig. 4, in n-HfNiSn the Fermi level &
(dashed line) is located in the band gap ¢, near the edge of
the conduction band &c, and electrons are the main current
carriers. Since the substitution of Hf atoms by Nb atoms
generates structural defects of donor nature, then at the
impurity concentration x =0.005 in the semiconductor
Hf0.995Nbg .00sNiSn the Fermi level er will cross the edge of
the conduction band ec: an insulator-metal transition of
conductivity will occur, which is the Anderson transition
[10]. In the experiment, we should observe the
metallization of the electrical conductivity of
Hf,.Nb,NiSn: activation parts will disappear on the
temperature dependences of the resistivity In(p(1/7)), and
the electrical resistivity values will increase with
temperature due to the action of scattering mechanisms. In
this case, the band gap &g is preserved in Hf;_.NbNiSn.
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Hf, N b NiSn

Fig. 4. Modeling of the distribution of the density of
electronic states DOS for an ordered variant of the
semiconductor structure Hf}..Nb,NiSn.

IV.Investigation of kinetic and magnetic
properties of Hfi.x\Nb,NiSn

The study of the behavior of the resistivity p (Fig. 5)
and the thermopower coefficients a (Fig. 6) of
Hfi.Nb,NiSn samples showed complete consistency with
the conclusions drawn both on the basis of structural
studies of the semiconductor and modeling of its
electronic structure. As can be seen from Fig. 5a, the
resistivity values enlarge almost linearly with increasing
temperature for each composition of Hf;..Nb,NiSn.

This nature of the change in the values of p(7,x)
indicates that even at the lowest concentrations of the Nb
impurity in the experiment, which corresponds to the
composition of the solid solution Hf;.Nb,NiSn, x =0.01,
the Fermi level er crossed the edge of the conduction band
&c — an insulator-metal transition of conductivity occurred,
and free electrons fully determine the -electrical
conductivity of the semiconductor. The results of the
change in the values of the electrical resistivity p(x,7) of
Hf;\Nb,NiSn at different temperatures (Fig. 5b) show that
several characteristic regions can be distinguished in the
dependences p(x,7): 0.01 <x<0.03 and 0.03 <x<0.05.
In the first region of Nb impurity concentrations, there is
a rapid decrease in the resistivity values p(x, T), associated
with an increase in the concentration of free electrons
when the Fermi level er crosses the conduction band edge
ec, when Nb atoms largely displace Hf atoms from
position 4a, generating impurity donor states in the band
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gap &g of the semiconductor.

In the second region, when the Fermi level eF is
already in the conduction band &c, the relative change in
the resistivity values p(x,7) of Hfi NbNiSn is much
smaller than in the first region. We believe that at these
concentrations, the impurity Nb atoms now displace Ni
atoms to a greater extent from position 4a, which is
accompanied by the generation of acceptor states that
capture free electrons, reducing their concentration. Since
at all concentrations of Nb atoms the sign of the
thermopower coefficients a of Hf1..Nb:NiSn is negative
(Fig. 6), the generated acceptor states are not enough not
only to change the type of conductivity of the
semiconductor but also to exit the Fermi level er from the
conduction band &c back to the band gap &g, where it was
in n-HfNiSn.

On the dependences a(x,7) we can also distinguish
two similar concentration regions, as on the dependences
p(x,T), associated with the entry of the Fermi level er into
the conduction band &c and the generation at
concentrations of 0.03 <x<0.05 of impurity acceptor
states in the band gap & of the semiconductor
Hfl.bexNiSI’l.
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The presented results of changes in the values of
structural (Fig. 2), energy (Fig. 4) and kinetic properties
(Fig. 5, 6) are consistent with the results of experimental
measurements of the magnetic susceptibility y(x) of
Hf1.NbNiSn (Fig. 7a). Performed studies have shown
that the n-HfNiSn semiconductor is a weak diamagnet, as
evidenced by the negative values of the specific magnetic
susceptibility at room temperature. The doping of
n-HfNiSn with Nb atoms makes the Hf}.,Nb,NiSn
semiconductor a Pauli paramagnet, in which the magnetic
susceptibility is determined exclusively by the electron
gas. It is proportional to the density of electronic states at
the Fermi level g(er)(x). As can be seen from Fig. 7a, the
dependence y(x) increases rapidly in the concentration
range x = 0-0.02, which we associate with the generation
of donor states and an increase in the concentration of free
electrons when substituting Hf atoms with Nb atoms. At
higher Nb concentrations, the rate of change of the
magnetic susceptibility y(x) of Hfi..Nb.NiSn, as well as
p(x,T) and a(x,T), decreases, indicating the generation of
acceptor states that capture free electrons, reducing their
concentration.

The presented experimental results do not allow us to
obtain numerical values of the generation rates of acceptor
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Fig. 7. Change in the values of the specific magnetic susceptibility y(x) (a) and the thermoelectric power coefficient
Z*(x) (b) of Hf;xNb,NiSn at 7=300 K.

and donor states. This can only be accomplished by
comparing the results of experimental measurements of
structural and kinetic properties with modeling these
properties for different variants of atom distribution in the
unit cell. However, these results are beyond the scope of
this work.

In the semiconductive solid solution Hf}..Nb,NiSn,
the criterion of achieving maximum values of the
thermoelectric power factor Z* (Z*=a?/p, where a is the
thermopower coefficients, p is the resistivity) is realized
[3]. Fig. 7b shows the dependence Z*(x), from which we
can see that the values of the thermoelectric power factor
in the semiconductive solid solution Hf;Nb.NiSn are
higher than in the undoped semiconductor n-HfNiSn. It
follows from Fig. 7b that at the intersection of the Fermi
levels er and the conduction band &c when the values of
the thermopower coefficients o are still high and the
values of the resistivity p Hfi.,Nb,NiSn have rapidly
decreased, an extremum occurs on the dependences Z*(x).
It is observed at all studied temperatures. Based on the
above results, we can state that the obtained and studied
semiconductive solid solution Hf; ,NbNiSn is a
promising thermoelectric material.

Conclusions

According to the results of a comprehensive study of
the structural, kinetic, energy, and magnetic properties of
the new thermoelectric material Hf; ,Nb,NiSn, obtained
by doping of the n-HfNiSn semiconductor with Nb atoms
introduced into the structure by substituting Hf atoms in
the crystallographic position 4a, it was found that at
concentrations x = 0.02 inclusive, there is a solid solution
of substitution of Hf atoms (5426s) for Nb atoms (4d*5s").
In this case, defects of a donor nature are generated in the
Hf1.NbNiSn structure (Nb contains more d-electrons
than the Hf atom), and impurity donor states ep appear in

the band gap &,. It is assumed that at concentrations of
0.02 <x<0.05, there is also a substitutional solid
solution, but now Nb atoms displace Ni atoms (3d*4s?)
from position 4a, which were in position 4a of the HfNiSn
compound when substituting up to ~1% of Hf atoms.
Thus, in the Hf;..Nb,NiSn structure, defects of an acceptor
nature are generated (Nb contains fewer d-electrons than
the Ni atom), and impurity acceptor states ¢4 appear in the
band gap &, The ratio of donor and acceptor states
determines the type of conductivity of Hf1.,Nb,NiSn. It is
displayed that the semiconductive solid solution
HfiNb,NiSn is highly efficient in converting thermal
energy into electrical energy.
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JlocaailzKeHHsI HOBOT'0 TEPMOEJIEeKTPHYHOI0 MaTepianay, OTPUMAHOI0
JgeryBanuaM n-HfNiSn aromamu Nb

! Tvsigcokutl HayioHanbHutl yuieepcumem im. 1. @panka, Jlveis, Yrpaina, lyubov.romaka@gmail.com;
’Hayionanvnuii ynisepcumem “JIvgiscoka nonimexuixa”, JIveis, Yxpaina, volodymyr.romaka@gmail.com;
3Texniunuii Yuisepcumem m. [pesoen, kagedpa neopeaniunoi ximii II, Jpesoen, Himeuuuna
*Incmumym docnioscenns meepdozo mina im. Jleibniya, Jlpesoden, Hiveuuuna vitaliy.romaka@tu-dresden.de

JlocnmiKeHO CTPYKTypHi, KiHETHYHi, CHEPreTHYHi Ta MAarHiTHI BIAQCTUBOCTI HOBOTO TEPMOCJICKTPUYHOIO
martepianry Hfi..Nb,NiSn, orpumanoro neryBanHsM HamiBnpoBimHuka n-HfNiSn atomamu Nb, yBenenumu y
CTPYKTYpY IUIIXOM 3aMillleHHs y Kpuctanorpadiuniii nos3umii 4a aromis Hf. BcTaHoBNeHO, 110 32 KOHIIEHTpaIliit
x=0.02 BKIIFOYHO iCHYe TBepAMi po3unH 3amimenns Hf1.Nb,NiSn aromis Hf (54%6s?) na atomn Nb (4d*5s"). Tlpu
nsoMy y crpyktypi Hf1.NbiNiSn renepytorscst nedextn nonopaoi npupoau (Nb MicTuTs Oinble d-eIeKTpoHiB,
Hik arom Hf), a B 3a60poHEHi# 30HI &g 3’ IBIAIOTHCS JOMIIIKOBI IOHOPHI CTaHU &p. 3a KoHIeHTpartiit 0.02<x<0.05,
WMOBIpHO, 3aMileHHS BigOyBaeThCs NUIIXOM BHUTiCHeHHS aToMamu Nb atomiB Ni 3 mo3umii 4a, Ky y BUXiAHIH
cmomyni HfNiSn 3aiimana cratuctmuna cymim atomiB Hf ta Ni. Ilpu msomy y crpyxrypi HfiNbiNiSn
reHepyroTeest qedexTr akuentopHoi npupoau (Nb MicTuTh MeHIe d-enekTpoHiB, Hixk atoM Ni), a B 3a00poHeHii
30HI &g 3’SBIIIOTHCS JIOMIIIKOBI aKLIENTOpPHI CTaHU ¢A. CIIBBIIHOIIEHHS NOHOPHHUX Ta aKUENTOPHHUX CTaHIB
BusHauyae tun npoigHocTi Hf1.:Nb:NiSn. [Toka3aHno, 1mo HamiBOpoBiMHUKOBHI TBepauii po3unH Hf1.Nb.NiSn
BOJIOJII€ BUCOKOIO €(heKTHBHICTIO MIEPETBOPEHHS TEIJIOBOI CHEPTil B €IEKTPUYHY.

Konro4oBi ciioBa: HamiBIPOBITHNK, €JIEKTPONPOBIIHICTE, KOe(ilieHT TepMo-epc, piBeHb Depmi.
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