MECHANISM OF DEFECT FORMATION

MECHANISM OF DEFECT FORMATION

IN HEAVILY Y-DOPED n-ZrNiSn.
I. CRYSTAL AND ELECTRONIC

STRUCTURES

V.V. ROMAKA,! E.K. HLIL,2 O0.V. BOVGYRA,! L.P. ROMAKA,!
V.M. DAVYDOV,! R.V. KRAYOVSKYY?

1lvan Franko Lviv National University
(6, Kyrylo and Mefodii Str., Lviv 79005, Ukraine; e-mail: Tomakav@yahoo. com)

2Laboratoire de Néel, CNRS

(BP 166, 38042 Grenoble Cedex 9, France)

PACS 71.20.Nr;72.20.Pa
©2009

3National University “Lvivska Politekhnika”
(12, Bandera Str., Lviv 79013, Ukraine)

Crystal and electronic structures of an intermetallic semiconduc-
tor ZrNiSn heavily doped with an Y impurity (NX ~ 3.8%x1020 =
4.8 x 102! cm~3) have been studied. It is shown that the doping
of n-ZrNiSn is accompanied by the ordering of a crystal struc-
ture. Impurity atoms occupy the positions of Zr atoms only,
generating acceptor-type defects. By detecting the conductivity
transition "dielectric-metal," the existence range of a solid solu-
tion Zri— ;Y NiSn and the dependences between the solid solution
concentration, on the one hand, and the direction and the rate of
Fermi level drift, on the other hand, have been established.

1. Introduction

Intermetallic semiconductors MNiSn (M = Ti, Zr, Hf),
p-TiCoSb, and RNiSb (R is a rare-earth metal) belong
to thermoelectric substances that are intensively stud-
ied in the world research centers. The topic of those
researches is the transformation of thermal energy into
electric one, and the application of semiconductors men-
tioned above should make this process economically jus-
tified [1], which is evidenced, in particular, by high values
of the thermoelectric figure of merit Z. In particular, in
work [2], the value ZT > 1.7 was obtained for n-ZrNiSn
at T'= 700 K.

Previous researches have shown that the process of
intermetallic semiconductor doping is not always pre-
dictable. It depends on both the kind of a dopant and
the features of a crystal structure in the undoped semi-
conductor. It turned out that only 90.0% of the Zr
atom positions and 91.6% of the Ni atom positions in
n-ZrNiSn are occupied by corresponding atoms. That
is, the situation of the so-called local amorphization of
semiconductor is realized [3]. As a consequence, in the
course of intermetallic semiconductor doping, impurity
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atoms have an opportunity to occupy different vacant
crystallographic positions simultaneously. For instance,
when doping n-ZrNiSn, e.g., with Mn (3d°4s?) or Fe
(3d%4s?) impurity atoms [4], the dopant atoms simulta-
neously and in different ratios occupy both the vacant
positions of Ni (3d®4s?) atoms, generating acceptor-type
defects in the crystal, and the vacant positions of Zr
(4d%55?) atoms, generating donor-type defects. At the
same time, if n-ZrNiSn is doped with Dy (5d"6s?) impu-
rity atoms, the latter occupy only the crystallographic
positions of Zr atoms, generating acceptor-type defects
[5]. In this case, the substitution process is accompa-
nied, besides the defect generation, by a considerable
deformation of the crystal lattice. At certain impurity
concentrations, which were coined the threshold of solid
solution existence [6], the crystal lattice is destroyed ow-
ing to stress-induced deformations.

Taking the local amorphization of intermetallic semi-
conductors into account—in particular, the occupation
degree of crystallographic positions—is also important
for the calculations of the electron density of states
(DOS) and the spectral bands, which should provide the
adequacy of such theoretical results to those of experi-
mental studies.

In this context, the results concerning doping n-
ZrNiSn with Y atoms, the radius of which, rv =
0.1801 nm, exceeds the radii of all impurities that were
studied by us earlier, are of interest. In this paper, which
is the first part of the work, we report the results of
both X-ray diffraction researches and the calculations
of the electronic structure of a semiconductor solid so-
lution Zry_,Y,NiSn. The results of electro-transport
researches will be the subject of another paper. The
techniques of specimen fabrication, the regimes of ho-
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Fig. 1. Evolution of the MgAgAs-type structure in a Zri—_5;YNiSn solid solution: (a) evolution of an elementary cell, (b) evolution of

the electron concentration

mogenizing annealing, the procedure of calculation of
the crystal structure [7] and the electronic structure in
the framework of the relativistic method of linear com-
bination of MT-orbitals (LMTO) [8], making use of the
“LMTART 6.20” software package, are presented in work
[3].

2. Researches of the Zr;_,Y,NiSn Crystal
Structure

To detect the presence of individual phases, to de-
termine the crystal structure, and to calculate impor-
tant crystallographic parameters, we used x-ray diffrac-
tion methods of researches. For the precise refine-
ment of the elementary cell constants and the deter-
mination of crystallographic parameters — atomic co-
ordinates, thermal parameters, occupancies of crystal-
lographic positions — we used data arrays obtained on
an HZG-4a automatic diffractometer with a source of
CuKa-radiation and a step-by-step registration of reflec-
tion intensities. The diffractometer scanning was car-
ried out following the Bragg-Brentano geometry. All
calculations dealing with the deciphering of data ob-
tained with the use of the powder method [7] and
the refinement of a crystal structure were carried
out on the personal computer; the Rietveld method
and the CSD program [9] were applied. The x-
ray phase and structural analyses showed that the
studied Zrq_,Y,NiSn specimens were single-phase (the
MgAgAs-type structure, the F'43m spatial group): the
x-ray diffraction patterns of Bragg reflections did not
include reflections that could be identified with un-
controllable phases. The Bragg factor Rp, of a mis-
match between the results given by the crystal struc-
ture model and the experimental x-ray reflections from
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Zri_; Y NiSn crystallographic planes did not exceed
4%, and, in the case of Zrg.92Yg.0sNiSn, R, = 2.2%.
In addition, the refinement of the crystal structure
showed that the doping of n-ZrNiSn with the Y im-
purity is accompanied by the ordering of the semi-
conductor crystal structure, the 100%-occupation of
the right system of points (RSP) of Zr(Y) and Ni
atoms (see Table).  The results obtained allowed
us to construct a model of atomic arrangement over
the lattice sites of the Zr;_,Y,NiSn elementary cell
(Fig. 1,a). An analogy with the cases of the doping of
n-ZrNiSn with Dy acceptor impurities [5], which also
resulted in the structural defect “healing”, suggests it-
self.

Figure 2,a illustrates how the constants of the
Zri_, Y, NiSn elementary cell monotonously grow with
increase of the concentration of atoms (Y) with larger di-
mensions. The calculations of the crystal structure also
testified that the interatomic distances Ni-Zr(Y), Sn—Ni,
and Sn—Zr(Y) are shorter than the sum of correspond-
ing atomic radii (rn; = 0.1246 nm, rs, = 0.1623 nm, and
rzr = 0.1602 nm), which evidences for the presence of
the covalent component in chemical bonds and explains
the semiconducting properties of Zr;_, Y NiSn.

The analysis of the electron density maps of ZrNiSn
compound (Fig. 1,b) revealed some extra maxima be-
tween Ni and Sn atoms which indicate a partial cova-
lence of the bond between Ni and Sn atoms. One can
also see that Zr atoms are additionally bound with Sn
ones, though much more weakly than in the case of the
Ni-Sn bond. It is worth noting that no similar max-
ima were revealed between Ni and Zr atoms. The base
compound also demonstrated a strong reduction of the
Ni—Zr distance. It can be explained by the fact that Zr
atoms are attracted to Sn ones more strongly, and the
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latter, in their turn, form a hard tetrahedral framework
around Ni atoms.

As follows from Fig. 2,b, the growth of the Y atom
content in the Zr;_, Y, NiSn structure is accompanied by
an increase of the relative diminishing ¢ of the distance
in the Ni-Zr(Y) and Sn—Zr(Y) atomic pairs, whereas
this parameter decreases for the Sn—Ni pair. In other
words, interatomic distances between different atoms in
the Zr;_, Y, NiSn structure change differently. For in-
stance, the Sn—Ni interatomic distance changes in such
a way that it approaches that between isolated atoms,
which is a straightforward proof of a reduction of the
covalent component fraction in Zr;_,Y,NiSn. The re-
duction of the covalent bond fraction is accompanied by
an increase of the Sn—Ni interatomic distances, which
induces an increase of the elementary cell constants, as
is illustrated in Fig. 2,b. At the same time, the tendency
for the Ni-Zr(Y) and Sn—Zr(Y) interatomic distances to
change (Fig. 2,b; curves 1 and 3) evidences for an en-
hancement of the covalent bond fraction between those
atoms, which should bring about a reduction of the el-
ementary cell constants for Zr;_,Y,NiSn. However, as
follows from Fig. 2,a, the value of lattice spacing a(x)
only grows.

Hence, it follows from the aforesaid that the substi-
tution of Zr atoms by Y ones in n-ZrNiSn is accompa-
nied by elementary cell distortions: a compressive defor-
mation takes place in the directions Ni-Zr(Y) and Sn—
Zr(Y), and a tensile one in the direction Sn—Ni. Fig-
ure 2,b also exhibits the result of approximation (the
dashed line) of the relative distance reduction in the
range * = 0 + 0.38, which was made according to the
method of work [8]. We can predict that the substitution
of Zr atoms by Y ones in the Zr;_, Y, NiSn structure will
not invoke the change of the crystal lattice type, while
x < 0.38. At the other content end of the Zr;_, Y, NiSn
solid solution, when Zr atoms are completely replaces
by Y ones, the compound YNiSn (the structural type
TiNiSi, the Pnma spatial group ) is realized.

This tendency can also be clearly seen on the elec-
tron density map for a specimen with the composition

Table 1. Distribution and thermal vibration parame-
ters of atoms in the crystal structure of Zrg.92Y0.08 NiSn
(a = 0.612220 nm, Rp, = 2.2 %)

Atoms ‘ RSP ‘ z/a ‘ y/b ‘ z/c ‘ Biso x 102, nm?

Zr* 4b 0 0 0 0.68(5)
Ni** 4c /4  1/4  1/4 0.37(4)
Sn da /2 1/2  1)2 0.65(4)

N o t e: Occupation degree of atomic positions:
*Zr(Y)=0.92 Zr(Y); **Ni= 0.1 Ni

ISSN 2071-019/. Ukr. J. Phys. 2009. Vol. 5/, No. 11

0.616-
1 m
0.615+ -
o
e
0.614- /
v
Z 06131 e a
g e
S 0.612 "
m
] L
06114 /
| |
0.610 +— ; : ; . :
000 005 010 0I5 020 025
A ]
7.50- /.//
A-/r‘/
6.75 b
~ 6.001 L N
¥ 2 -
4.50- 3
et
>v
3.7515 . : . ; . :
00 01 02 03 04 05 06
x(Y)

Fig. 2. Variations of the lattice spacing (a) and the relative re-
duction of interatomic distances (b) in the Zri_,Y;NiSn crystal
structure: (1) Ni—Zr(Y), (2) Sn—Ni, (3) Sn—Zr(Y)

x = 0.1 (Fig. 1,b), where the number of maxima de-
creases between Ni and Sn atoms and increases between
Zr(Y) and Sn ones. This means that the covalent bond
becomes weaker between Ni and Sn atoms and stronger
between Zr(Y) and Sn ones. Such a variation can make
semiconducting properties of Zr;_,Y,NiSn worse, when
the Y concentration increases. A reduction of the Ni—
Zr(Y) distance is caused by a stronger attraction of Y
atoms to the strong tetrahedral framework built by Sn
atoms, inside which a strongly bound Ni atom is located.
At a certain concentration of Y atoms (z = 0.38), when
the relative reductions of Zr(Y)-Sn and Ni-Sn distances
become identical (Fig. 2,b, the point of intersection be-
tween dependences 2 and 3), the structural type MgA-
gAs ceases to exist and transforms into a more stable
one of the TiNiSi type.

Hence, the doping of the intermetallic semiconductor
n-ZrNiSn with an acceptor Y impurity is accompanied
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Fig. 3. Electron densities of states (DOS) in Zrg.98Y0.02NiSn and
YNiSn

by the ordering of the crystal structure. Y atoms sub-
stitute only the crystallographic positions of Zr atoms
and generate acceptor-type defects. It makes possible to
predict the concentration and the type of impurities in
Zri_,Y,NiSn in the range x = 0+0.38. The last circum-
stance should allow the control over the basic physical
regularities of the transformation functions of n-ZrNiSn-
based thermoelectric substances.

3. Calculation of the Zr;_,Y_,.NiSn Electron
Structure

To predict the behavior of the Fermi level (er), the elec-
troconductivity, and the thermopower coefficient at the
doping of the intermetallic semiconductor n-ZrNiSn with
an Y impurity, we calculated the electron density of
states (Fig. 3) and the band spectrum (Fig. 4) in the
I' — K symmetry directions of the Brillouin zone of this
compound (Fig. 5). The result obtained for ZrNiSn co-
incides with that of work [10]. Namely, it follows that
ZrNiSn is a narrow-gap semiconductor, the electron den-
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Fig. 4. Band structures in Zrg.98Y0.02NiSn and YNiSn

sity of states above the Fermi level is mainly determined
by d-states of Zr atoms, whereas the valence band is
determined by d-states of Ni ones, which overlap with
d-states of Zr and p-states of Sn atoms. The Fermi level
is located in the energy gap near the bottom of the con-
duction band. Hence, electrons are the majority charge
carriers in such a semiconductor, and the sign of the
thermopower coefficient is negative. In the temperature
dependences of the resistivity and the thermopower co-
efficient, there should be activation sections associated
with both the hopping conductivity between localized
states in the conduction band and the activation of elec-
trons from the Fermi level onto a percolation level in the
conduction band.

The substitution of Zr by Y atoms does not change
the observed shape of the electron density distribution,
in accordance with a strong hybridization among all el-
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ements. The doping of n-ZrNiSn with an Y impurity
is accompanied by a drift of the Fermi level toward the
valence band, which should result in a change of the ma-
jority charge carriers—electrons instead of holes, so that
the experimental thermopower coefficient would change
its sign. Experiments would also testify to a reduction
of the energy of activation from the Fermi level onto the
valence band mobility edge, when the Fermi level ap-
proaches the valence band top. Our calculations of the
density of states at the Fermi level testify that, provided
the Y impurity concentration is low, the density of states
is determined by d-electrons of Zr atoms, with a contri-
bution made by d-states of Ni ones. If the concentration
of Y atoms increases, the contribution made by their
d-electrons becomes dominant.

The intersection between the Fermi level and the per-
colation level in the valence band of Zr;_, Y ,NiSn should
take place at x =~ 0.135 and should be accompanied
by the conductivity transition insulator-metal, which
is the Anderson transition, because the Fermi level en-
ters into the continuous energy band of the semicon-
ductor [11]. The Anderson transition is known to oc-
cur, when the composition of the Zr;_,Y,NiSn solid
solution changes in such a manner that the difference
Ae = ey —ep changes its sign. The comparison between
corresponding calculation results allows us to assert that
(i) in n-ZrNiSn, e is located in the energy gap, so that
ey —er < 0; and (11) in Zry_,Y.NiSn, ey —ep > 0, if
x > 0.135.

To obtain additional proofs that the impurity con-
centration affects the stability of the crystal struc-
ture of the intermetallic semiconductor Zri_,Y,NiSn,
we calculated the electron density distribution and the
band structure for the YNiSn compound, which imple-
ments the state of complete substitution of Zr atoms in
Zri_,Y.NiSn by Y ones (Figs. 3 and 4, respectively).
Calculations were carried out for the I' — R symme-
try directions of the Brillouin zone. From the given
results, it follows that there is no energy gap between
the bands, and the Fermi level is fixed at the density
peak of valence d-electrons. We may draw conclusion
that the YNiSn compound is a metal, and the charac-
ter of its electroconductivity is non-activation (metal-
lic).

Hence, the introduction of the acceptor Y impurity
into the crystal structure of n-ZrNiSn is accompanied by
a redistribution of the electron density, the monotonous
motion of the Fermi level from the conduction band edge
to the valence band, and its drift in the continuous en-
ergy band. At the Y impurity concentrations, when the
Fermi level is located below the percolation level in the
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Fig. 5. Brillouin zone of Zrgp.98Y0.02NiSn

conduction band or the valence band, the mechanism of
hopping conductivity takes place in Zr;_,Y,NiSn.

4. Conclusions

Thus, the doping of n-ZrNiSn with Y allows one to ob-
tain thermoelectric substances with preassigned proper-
ties and to control their thermometric characteristics,
which will make it possible to create thermoelements
with a maximal thermoelectric figure of merit.
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MEXAHI3M JE®EKTOYTBOPEHHS
Y CUJIBHOJIETOBAHOMY ATOMAMU
Y n-ZrNiSn. 1. JOCJIII>KEHHS
KPUCTAJIIYHOI TA EJIEKTPOHHOI
CTPYKTYPU

B.B. Pomaxa, E.K. Xain, O.B. Boseupa, JI.II. Pomaxa,
B.M. /lasudos, P.B. Kpatioscorudii

Peszowme

HocmiizkeHo KpucTasidyHy Ta eJIEKTPOHHY CTPYKTYDPH iHTepMeTalti-
9HOrO HamiBnpoBimauka n-ZrNiSn, CHIBHOJIErOBAHOIO JOMIIIKOIO
Y (NX ~ 3,8-1020-4,8-102 cm~3). Tlokazano, 10 JieryBaHHS -
ZrNiSn cynpoBOIKY€ETBHCS YIOPAAKYBAHHIM KPUCTAIIIHOI CTPY-
KTYPH, aTOMH JIOMIIIKHM 3afiMalOTh JIMIIE IO3MII aToMiB Zr, re-
Hepyioun AedekTr axkuenTopHol npuponu. Beranosieno obsractn
iCHyBaHHsI TBEPIOrO PO34nHYy Zr1 —z Yz NiSn, 3aexHOCTI Mi>K KOH-
LEHTPAII€I0 JIOMIIIKY Ta HAIPSIMOM 1 IIBUAKICTIO Apeiidy piBHS
®Pepwmi, IEPEXOOM IPOBITHOCTI JieIeKTPUK—MeTAaJI.
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