Functional Materials 13, No.4 (2006)

© 2006 — Institute for Single Crystals

Valence electron distribution
in zirconium dodecaboride

V.B.Filippov, | Yu.B.Padeg‘no |, M .A‘.“Belogolovskii*,

A.A.Gusevh, I.Felner“

I.Frantsevich Institute for Problems of Materials Science,

_ National Academy of Sciences of Ukraine,03680 Kyiv, Ukraine
“Scientific and Industrial Concern "Nauka", 04116 Kyiv, Ukraine,
Donetsk Physical and Technical Institute, National Academy of Sciences of

N Ukraine, 83114 Donetsk, Ukraine
““The Racah Institute of Physics, The Hebrew University of Jerusalem,
91904 Jerusalem, Israel

Received January 5, 2006

First-principles calculations of the valence electron distribution in ZrB,, have been
performed by the modified Thomas-Fermi statistical method. The charge density maps for
some planes across Zr and B atoms are presented and discussed. Directional bonding intro-
duced by boron atoms in the crystal lattice explains the superhardness of the material.

C moMoIbi0 MOAUMPUIIMPOBAHHOTO cTaTUCTUUYecKoro meroma Tomaca-@PepMu BBIMOJHEHBI
pacueTsl W3 IIEePBBIX NPUHIUIIOB PacCIpejeeHnus BaJeHTHBIX dJIeKTPOHOB B ZrB,,. IIpusexe-
HBI U OOCY’KJAaI0TCSA KApThl 3apPsLOBOM IJIOTHOCTH HEKOTOPBIX IJIOCKOCTEM, B KOTOPBLIX PACIIO-
noxkeHsl arombl Zr u B. CBepxTBepmocTs mMarepuasa O0BSCHAETCS OPHMEHTHPOBAHHBIMHU CBS-
35IMH, CO3JAaBAeMbIMHU B KPHUCTAJJINYECKOI pelieTke aromMamu Gopa.

The search for new superhard materials
is traditionally concentrated on compounds
with short bond lengths, i.e., those consist-
ing of light elements B, C, O, and N and
having high cohesive energies [1]. An alter-
native approach is to look for compounds
that include heavier elements but have a
high coordination number as it was shown,
for example, for transition metal nitrides
[2]. Besides, recent experimental efforts are
partly refocused on those materials that are
not extremely hard but are thermally and
chemically resistant. This is true, in par-
ticular, for intermetallic compounds with
high boron content characterized by high
abrasion and chemical resistance [3]. Among
them, zirconium dodecaboride has recently
received much attention since large high-
quality single crystals of metallic ZrBy,
were grown by Paderno et al. [4]. It was
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found that bulk superconducting properties
of the compound are similar to those of
simple traditional materials but, in contrast
to them, the energy gap is enhanced rather
than degraded at the surface, as it would
generally be in the case of conventional su-
perconductors [5]. This first direct observa-
tion of a enhanced surface superconducting
order parameter was explained by Tsin-
dlekht et al. [5] as an effect of unique ma-
terial characteristics of dodecaborides ex-
ceeding conventional superconductors due
to their outstanding resistance to external
mechanical and chemical factors. Direct me-
chanical experiments [6] on ZrB;, single
crystals have shown that it is really a su-
perhard (nearly 40 GPa) compound with
various potential applications. The aim of
this work is to give more insight into the
nature of chemical bonding in zirconium do-
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Fig. 1. Electron-density map of the (001)
plane through five Zr and eight B atoms.
Here and below, the distances are given in
atomic units and the charge density values
p(r) are given in e/cell.

decaboride (and thus its hardness) by calcu-
lating the spatial valence electron density
distribution using a modified Thomas-Fermi
statistical method proposed by I.M.Reznik [7].

Zirconium dodecaboride belongs to the
UB,, structure type that can be formally
represented as a rock-salt structure with
cubo-octahedral By, clusters occupying chlo-
rine sites and metal atoms positioned at so-
dium sites [8, 9]. Its electronic band spectra
were calculated by Shein and Ivanovskii [10]
within the framework of the self-consistent
full-potential linearized muffin-tin orbital
method. Those authors have shown that su-
perconducting properties of the compound
should be stable against changes in the
chemical composition of the system that
does correspond to our experience [5]. In
what follows, we shall present first-princi-
ples self-consistent simulations of the va-
lence electron density in ZrBy, that were
carried out using a simple and effective the-
ory [7]. The method [7] is based on the
concepts of the local density approximation
and generalizes the well-known Thomas-
Fermi (TF) statistical approach by taking
into account small arbitrary additions to a
smoothly varying potential in a crystal. The
electron density is represented as a series of
corrections to the TF result that can be par-
tially summarized. For some compounds in-
vestigated before by other authors, it was
shown [7] that the data obtained by this
method agree well with more refined theo-
retical calculations and thus it can be re-
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Fig. 2. Electron-density map of a parallel
(001) plane through sixteen B atoms.

garded as an effective tool to study chemi-
cal bonding effects, especially in compounds
with a large number of atoms in unit cell.
The initial characteristics required to obtain
the valence electron distribution are ionic
pseudo-potentials well known in literature
and a particular form of the exchange-cor-
relation potential that was approximated ac-
cording to [11]. The values of the crystal
lattice parameters for zirconium dode-
caboride with the unit cell containing 52
atoms were taken from the recent study of
its crystal structure [12] at T = 140 K.

The charge density maps for two (001)
planes in ZrBy, are presented in Figs. 1 and 2.
The first one includes five zirconium and
eight boron atoms whereas the second plane
(parallel and shifted along the z-axis) incor-
porates only boron atoms. The profiles re-
veal that the B-B covalent bond between
nearest intra- and intercluster boron atoms
holds a considerable amount of charge,
while at the center of the boron cluster and
in the vicinity of zirconium atoms, the
charge drops to quite a low value. The ef-
fective charges of Zr and B calculated
within Wigner-Seitz cells around the ions
the boron atoms. The different character of
chemical bonding within boron and zirco-
nium subsystems and between them sup-
ports the idea about two totally different
contributions to the phonon spectrum: a
quasi-Debye background from the boron one
and an independent Einstein-like contribu-
tion associated with oscillations of Zr atoms
[13]. At the same time, an assumption
about the nature of a low-lying phonon
mode forming a superconducting state in
ZrB,, (attributed in [13] to vibrations of
zirconium ions) should be viewed with cau-
tion as it disagrees with our data indicating
that the main electron transport in the com-
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pound studied should occur within the
boron subsystem.

Resuming, using first-principles calcula-
tions based on a modified Thomas-Fermi
statistical method [7], we have studied the
valence electron density distribution in zir-
conium dodecaboride and shown that elec-
trons are partly drown away from Zr atoms
and injected into the boron subsystem
where the main part of the valence charge
is confined to a great extent between near-
est B atoms, making the bonding covalent.
Such a covalent subsystem with short bond
lengths, in contrast to ionic compounds
with omnidirectional electrostatic interac-
tions, is characterized by high bond-bending
force constants. Our calculations show that,
according to the classification [14], zirco-
nium dodecaboride belongs to a third class
of superhard materials, namely, to partially
covalent compounds of transition metals
with light elements where the presence of a
three-dimensional directional covalent-bond-
ing boron network is responsible for ad-
vanced material properties. We hope that
our results will stimulate a search of harder
conducting materials among other hexa-
and dodecaborides.
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Po3moain BaJIeHTHHX eJIeKTPOHIB
y doaexKadopini MUPKOHIIO

B.B.®ininnose, | 10.B.Iladepno|, M.A.Binozonoscoxuii,

A.A.I'yces, 1.Penvnep

3a mgomomoroi mMogudikoBaHOTro craTtucTudHOro merony Tomaca-Pepmi BUKOHAHO pospa-
XYHKHN 3 IIePIIMX OPUHIUIIB POSIONIiTYy BaJeHTHUX eJeKTpoHiB y ZrB,,. HaBegeno Ta obro-
BOPEHO MAIIX 3apPAJ0BOI I'YCTMHU AedKHX IIJIOCKOCTel, y AKuX poaramoBaHi aromu Zr ta B.
HaxgrsepgicTs MaTepiany IIOSCHIOETHCA OPI€HTOBAHMMM 3B’SIBKAMH, IO IX CTBOPIOIOTH Y

KpucraaiuHiii rparmi aromu 6opy.
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