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Complex researches of the electron structure and magnetic prop-
erties of NdVO3 and HoVO3 oxides have been carried out with
the use of the X-ray electron spectroscopy and ab initio numerical
calculations. Data have been obtained concerning the distribu-
tions of total and partial electron densities of states in the valence
and conduction bands, the charge and spin states of atoms, the
mechanism of chemical bond formation, and the band gap in the
energy spectra of the oxides under consideration.

1. Introduction

Materials on the basis of complex oxides of elements with
unfilled d- and f-electron shells find the wide applica-
tion in various branches of science and technology, be-
cause they are characterized by a unique combination of
electric, magnetic, optical, ferroelectric, and other use-
ful properties. Their specificity depends to a large extent
on the degree of filling of unoccupied electron shells, the
corresponding orbital lengths, and the character of elec-
tron participation in interatomic chemical bonds. The
variation of those parameters leads to a transformation
of the conductivity type in oxides. As a result, this fam-
ily of compounds includes such members, which can be
characterized not only as insulators and semiconductors,
but also as conducting materials. That is why vanadium
oxides with a unique semiconductor—metal phase transi-
tion have acquired the great popularity. Very interest-
ing among them are oxides with the common formula
LnVO;3 (Ln = La =+ Lu), as well as their derivatives
which are lanthanum-substituted solid solutions.

The mentioned vanadites demonstrate a
semiconductor-like dependence of their electric re-
sistance with rather low activation energy in a wide
temperature interval. As a rule, this conductivity has
an impurity-induced character, which can be explained
[1] by the formation of vacancies in the cation sublat-
tice of LnVOs oxides. Among possible mechanisms
governing the main properties of such vanadites, the
intrinsic conductivity is mentioned [1], but no relevant
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accurate data — neither experimental, nor theoretical
ones — for stoichiometric oxides have been presented.
Note also that the electron structure, as a whole, of
vanadites LnVO3 (Ln = La + Lu) has not been studied
enough yet. In particular, there are still contradictions
concerning a unique picture describing the distributions
of total and partial electron states in the valence and
conduction bands, the charge and spin states of atoms in
rare-earth element (REE) compounds with 3d-metals,
the mechanism of chemical bond formation, and the
distribution of magnetic moments [2-6]. Therefore,
researches of the electron structure in the mentioned
vanadites could throw daylight upon the mechanisms of
formation of many their properties.

In this work, the oxides LnVO3 (Ln = Nd, Ho) are
studied with the use of X-ray electron spectroscopy and
quantum-mechanical calculations of their electron struc-
ture. The main attention is concentrated on the struc-
ture of subvalence, valence, and vacant states of vana-
dites, the character of their hybridization, the charge
and spin characteristics of atoms, and the mechanisms
of formation of chemical interatomic bonds.

2. Experimental Technique

Crystal lattices of vanadites LnVO3 (Ln = Nd, Ho) are
classified to the orthorhombic system and characterized
by space group Pnma (No. 62). Their fragment is ex-
hibited in Fig. 1.

To study the electron structure in the oxides con-
cerned, we used a complex approach based on the analy-
sis of X-ray electron spectra and the results of band cal-
culations. The latter were carried out in the framework
of the linearized augmented plane wave (LAPW) method
[7] with the generalized gradient approximation (GGA)
for the electron density of states [8] and taking advantage
of the Wien2k computer code [9]. For the calculation
of total and partial state densities and the dispersion
dependences E(k) of oxides, we used the spin-polarized
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Fig. 1. Fragment of crystal lattices of the LnVOs (Ln = Nd, Ho)
compound. Letters a, b, and ¢ designate crystallographic axes, and
vectors X, Y, and Z point to the orientation of the global (rep-
resented in the figure) and local (atomic) rectangular coordinate
systems. Vanadium atoms are in oxygen octahedra

variant of the LAPW method [9], which makes allowance
for spin-orbit interactions for all vanadite atoms and the
correlation of Ln4 f- and V3d-electrons in the framework
of LDA+ U formalism [10].

As the initial structural data necessary for calcula-
tions, we used the constants of an orthorhombic cell and
the coordinates of nonequivalent atoms in the sections
of corresponding cell edges. Namely,

— for HoVO3: a = 5.614 A, b = 7.626 A, ¢ =
5.303 A, Ho (0.574,0.25,0.021), V (0.0,0.0,0.0), Oy
(—0.03,0.25,—0.104), O2 (0.302,0.051,0.182) [11];

~ for NdVOs: a = 5461 A, b = 5580 A , ¢ =
7.762 A, Nd (0.987,0.052,0.25), V (0.5,0.0,0.0), O,
(0.085,0.479,0.25), O (0.702,0.296,0.048) [12].

The radii of non-overlapping muffin-tin (MT) spheres
for each compound were selected, provided that the di-
mensions of the region beyond a sphere is minimal. In
particular, the radius of MT spheres was 2.2 A for Ln,
1.87 A for V, and 1.75 A for oxygen atoms O; and Os.
While calculating the density of states, 75 points in the
irreducible part of the Brillouin zone of LnVO3 com-
pounds were used. We used the APW-+lo basis sets
to approximate the wave functions of Ln4f-, V3d-, and
O1 22p-electrons, and the LAPW basis sets for the wave
functions of other valence electrons. The product of the
radius of minimal MT-spheres, Ry, and the maximum
value of the plane-wave wave vector, K,.x, was selected
to equal six. While calculating non-MT matrix elements,
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we selected [ = 10 and 4 as the maximal values of quan-
tum numbers for partial waves in the middle of spheres.
The best correspondence of the results of quantum-
mechanical calculations to the experimental ones (see
below) was achieved for the choice Usg = 0.580 Ry for
the holmium atom and Ue.g = 0.2212 Ry for the vana-
dium one in the HoVOj3 oxide. Here, Ueg. = U — J, and
U and J are the Coulomb and exchange parameters, re-
spectively. For the NdVOg3 compound, U, = 0.085 Ry
for the neodymium atom and U.g. = 0.3075 Ry for the
vanadium one.

The X-ray electron spectra of valence electrons in
LnVO3 vanadites (Ln = Nd, Ho) were obtained on a
“Kratos” spectrometer with an aluminum anode. The re-
producibility of measurement results for electron binding
energies in atoms was about 0.2 eV.

3. Discussion of Results Obtained

In Fig. 2, the X-ray electron spectra of valence electrons
in vanadites LnVO3 (Ln = Nd, Ho) and the calculated
curves for their densities of states are depicted. The
coincidence of the latter with experimentally obtained
spectra is observed with respect to components A and
A’ in the case of holmium oxide, and components p and
p’ for the compound with neodymium. The X-ray elec-
tron spectra turned out shifted by 2.90 and 3.38 eV to-
ward lower electron binding energies for holmium and
neodymium, respectively, oxides. The overestimated val-
ues of binding energies for valence electrons in compari-
son with calculated values are evidently associated with
electron vacancies in final (excited) states of correspond-
ing XES’s.

In general, a strict correspondence between the main-
peak positions in the spectra and the total electron den-
sities of states is observed. The exceptions are some
low intensive components in the XES’s; the correspond-
ing features are absent from the total electron density
of states. Their origin may probably be connected with
surface contaminations of researched oxides or stem from
multielectron effects, which were not taken into account
in full at calculations.

This circumstance, first, allows the major features in
the X-ray electron spectra to be interpreted with a high
reliability and, second, testifies to quite a good quality
of our calculations.

One can see that the deepest components in the total
density of states, with energies close to 38 eV, correspond
to the states of vanadium atoms. Peaks that correspond
to the states of neodymium atoms are also located here.
In the X-ray electron spectrum of neodymium-including
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Fig. 2. X-ray electron spectrum (XES), the total electron densities of states (the upper panel), and the total atomic electron densities
of states in holmium and neodymium vanadites. Solid (dotted) curve corresponds to the density of states for spin-up (spin-down)
electrons. The zero at the energy scale corresponds to the calculated position of chemical potential
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oxide, they form peak p. The features, which represent
almost “pure” states of holmium atoms, correspond to
components A (—28.06 eV) and B (—22.04 €V) in the
X-ray electron spectrum of the HoVO3 oxide. The same
states give the main contribution to the formation of
components with maximal intensity, D (—7.16 eV) and
E (—4.06 €V). In its turn, feature C' (—18.80 €V) in the
experimental spectrum is substantially associated with
the states of oxygen atoms. These states, but already
hybridized with the states of vanadium atoms, mani-
fest themselves in the spectrum concerned as peak F
(—1.10 eV) with insignificant intensity. Changing over to
the oxide with neodymium, the X-ray electron spectrum
of valence electrons considerably changes: the three-peak
structure (A, B, C) transforms into a two-peak one (a
(—18.82¢V), b (—15.72 €V)). Figure 2 demonstrates that
this transformation is associated with the hybridization
of states of neodymium and oxygen atoms. The oxygen
atom makes a considerable contribution to the formation
of the intensities of component d (—6.22 eV) and strongly
pronounced adjacent peak e (—2.02 €V), the latter being
connected with the states of neodymium atoms. The
origin of the low-energy shoulder f (—1.02 eV) in the
NdVO3; spectrum actually remains the same as in the
holmium-including compound.

The results of our calculations showed that the com-
pounds under consideration are characterized by in-
significant hybridization between the valency states of
REE atoms and the states of other atoms. This cir-
cumstance may testify to a weakening of the covalent
interaction between REE and environmental atoms and,
as a consequence, to a possibility of the vacancy forma-
tion in the cation holmium and neodymium sublattices
in the examined vanadites [1]. An enhanced polarization
of metal atom states is observed at that.

The results exhibited in Figs. 3 and 4 specify the inter-
pretation of the data given above. One can see that the
deepest components are nothing else but a manifestation
of Vp-states genetically coupled with quasi-core V3p, 2,
V3ps/2, and (in case of the compound with neodymium)
Ndb5s atomic levels. Similarly, these two groups of peaks
in the electron density of states, which are located in
the localization range of components A and B, can be
associated with quasi-core states Hobp; /2 and Hobps /s
in the XES of HoVOs3;, which are extremely weakly hy-
bridized with O2s states. The latters form a peak, which
corresponds to component C' in the X-ray electron spec-
trum. Concerning the oxide with neodymium, compo-
nents a and b in the XES reflect hybridized Nd5p, /5 ,
Ndbp3/2, and O2s states. The growth of hybridization
degree for the indicated states, when the holmium atom
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is substituted by the neodymium one, is evidently con-
nected with the energy convergence of quasi-core levels
Lnbpy 2, Lnbps e, and O2s [13]. In the range of X-ray
electron spectra, where the major maxima D, E, and
e are localized, the core states 4f5/5 and 4f7/5 of lan-
thanide atoms dominate. A considerable density and
rather large ionization cross-sections [14| provide a high
intensity of components in experimentally obtained spec-
tra. As is seen from the figures discussed, a substantial
contribution to this energy interval is also made by va-
lence O2p states, whereas the contribution by s and d
states of metal atoms turns out insignificant in whole.

A detailed consideration of the state distributions for
vanadium and oxygen atoms, which make the largest
contributions to the states of valence band top, is of
interest. In Fig. 5, the curves describing the electron
density distributions for separate harmonics of V3d and
O2p states are depicted. Omne can see that the spec-
trum of valence states includes two groups of compo-
nents separated by an energy gap: one group is cen-
tered at about —5.0 eV, the other at about —1.0 eV.
The latter is separated from the states in the conduc-
tion band by a forbidden gap. Attention is drawn by the
energy separation of atomic state contributions between
the mentioned subbands. The main contribution to the
first subband is made by O2p states, with the V3d charge
density amounting to only about 26.0% of this quantity.
Approximately 55.0% of the total V3d-shell charge is
located at chemical bonds described by the harmonics
forming the second subband. Here, the relative contri-
bution of O2p electron density with respect to the total
charge of O2p shell is small (of about 2.8%), being equal,
on the average, to 8.7% of the charge in V3d shell.

Hence, the contribution of V3d states dominates in the
valence subband neighboring to the conduction one. If
changing over to HoVOg, the picture modifies insignifi-
cantly: the above-mentioned two-band structure is also
present in the valence band, and the separation of atomic
state contributions is preserved at a qualitative level.

Figure 6 specifies the picture of the distribution of
oxygen and vanadium atomic states near the zero val-
ues of chemical potential p. One can see that the va-
lence states of vanadium atoms, as usual, and the va-
lence states of oxygen atoms are strongly polarized and
include the component of the electron density of states
with the spin up.

Despite the mentioned weak hybridization of vana-
dium states and oxygen atoms, we can specify the
type of chemical bonds between them. One can
see (see the orientation of coordinate axes in Fig. 1)
that the matter concerns the formation of weak co-
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Fig. 3. Total and partial electron densities of states in holmium, neodymium, and vanadium atoms in the oxides. See notations in Fig. 2
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Table 1.

in HoVO3 oxide for spin-up (7T) and spin-down () electron states

Total charge of valence electrons, Q, and their partial charges (in terms of e -units) at atomic orbitals

Atom ‘ Spin ‘ Q ‘ s ‘ P ‘ d ‘ f ‘ px ‘ pY ‘ pz ‘ pz2 ‘ px? — gy ‘ dzy ‘ dxz ‘ dyz
Ho T 10.87 1.00 2.77 0.21 6.89 0.81 0.80 0.80 0.04 0.04 0.04 0.04 0.05
! 6.92 1.00 2.75 0.17 3.00 0.78 0.77 0.78 0.03 0.04 0.03 0.03 0.04

A% T 5.89 1.03 2.95 1.91 0.01 0.03 0.03 0.02 0.51 0.45 0.09 0.21 0.65

l 4.38 1.02 2.94 0.41 0.01 0.03 0.03 0.02 0.06 0.12 0.07 0.11 0.05

(o)1 T 2.83 0.84 1.98 0.01 0.00 0.68 0.65 0.65 0.00 0.00 0.00 0.00 0.00
l 2.80 0.84 1.95 0.01 0.00 0.65 0.65 0.65 0.00 0.00 0.00 0.00 0.00

O2 T 2.84 0.84 1.98 0.01 0.00 0.66 0.66 0.67 0.00 0.00 0.00 0.00 0.00
l 2.80 0.84 1.95 0.01 0.00 0.65 0.65 0.65 0.00 0.00 0.00 0.00 0.00

T able 2. Total charge of valence electrons, Q, and their partial charges (in terms of e~ -units) at atomic orbitals
in NdVOg3 oxide for spin-up (1) and spin-down (|) electron states

Atom ‘ Spin ‘ Q ‘

|

|

|

| vz | py | pz | pz

> |

pr? — y? ‘ dxy ‘ dxz ‘ dyz

s p d f
Nd T 6.60 0.95 2.53 0.17 2.95 0.50 0.50 0.50 0.03 0.04 0.03 0.03 0.04
l 3.68 0.94 2.51 0.14 0.09 0.43 0.43 0.43 0.02 0.03 0.03 0.03 0.03
A% T 5.88 1.03 2.94 1.90 0.01 0.03 0.03 0.03 0.37 0.37 0.24 0.26 0.67
l 4.39 1.02 2.94 0.42 0.01 0.03 0.03 0.02 0.07 0.11 0.06 0.12 0.05
01 T 2.84 0.84 1.99 0.01 0.00 0.68 0.65 0.66 0.00 0.00 0.00 0.00 0.00
! 2.79 0.84 1.94 0.01 0.00 0.65 0.64 0.65 0.00 0.00 0.00 0.00 0.00
O2 T 2.84 0.84 1.98 0.01 0.00 0.66 0.66 0.66 0.00 0.00 0.00 0.00 0.00
l 2.78 0.84 1.93 0.01 0.00 0.65 0.64 0.64 0.00 0.00 0.00 0.00 0.00

valent bonds of the o-type between oxygen atoms of
the first type and vanadium atoms through the com-
bination of O:2p, and V3d,>_,» orbitals. Concern-
ing oxygen atoms of the second type, they mainly
form m-bonds with vanadium atoms. These bonds
are organized by engaging the following orbital pairs:
O22p, and V3d,2_,2, O22p, and V3d,., O22p, and
V3d,,, O22p, and V3d,.. As the figure demon-
strates, the spectrum of states in the conduction
band includes the components with both spin direc-
tions.

It is easy to see that the forbidden gap, which sepa-
rates the electron states in the valence and conduction
bands, has predominately the V3d,2-V3dy, character in
case of holmium vanadite and the V3d,.-V3d,, one for
the compound with neodymium. The detailed analysis
of the results of our calculations shows that the forbid-
den gap emerges only if additional correlations of elec-
trons in Ho4 f and V3d shells are taken into account in
the LDA+U approximation. The minimal optical gap
is located in this case at point I' of Brillouin zone for
examined vanadites and amounts to 0.67 €V for HoVOj3
and 0.50 eV for NdVOs. According to experimental data
[1], the gap width is 0.66 eV for HoVO3 and 0.5 €V for
NdVO3. Hence, we practically have a coincidence be-
tween the experimental and calculated values of the for-
bidden gaps.

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 9

Let us discuss an issue concerning the formation of
magnetic moments and charge states of atoms in the ox-
ides under investigation. The calculations showed that
the total magnetic moment of the elementary cell in the
studied oxides, which includes 4 holmium atoms, 4 vana-
dium atoms, 4 oxygen atoms of the first type, and 8 oxy-
gen atoms of the second type, is 24.0up for HoVO3 and
19.2up for NdVOs; up being the Bohr magneton. The
distribution of magnetic moments in the atomic MT-
spheres turned out as follows: (i) Ho — 3.98up, V —
1.53ug, O1 — 0.002up, Oy — 0.02up for the holmium-
including oxide and (ii) Nd - 2.92up, V — 1.49ug, O —
0.05up, Oz — 0.05up for the neodimium-including oxide.
Some part of the magnetic moment is localized beyond
the spheres. The corresponding values are 1.80up and
1.63up for Ho and Nd, respectively.

The origin of moments in MT-spheres and the charge
densities at atoms can be understood by analyzing the
data quoted in Table 1. They testify that the prevail-
ing contribution to the formation of magnetic moment
in HoVOg3 at holmium atoms is expectedly made by
holmium 4f electrons. The role of Ho d-electrons is
very weak at that, and it is completely neglected for
its electrons with s- and p-symmetry. The magnetic mo-
ment at vanadium atoms is provided by their polarized d-
electrons. The roles of electrons at various orbitals turn
out nonequivalent in this case: the magnetic moment of
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vanadium atoms is mainly provided by the strong polar-
ization of 3d,, and 3d,2 states, to a less degree by the
polarization of 3d,2_,2 and 3d,. orbitals, whereas V3d,,
electrons remain almost inert with respect to the pro-
cess of magnetic moment formation. For oxygen atoms,
the occupation degrees for the electron states with dif-
ferently oriented spins are approximately equal, which
results in an almost zero magnetic moments for them.

As to NdVOg, the picture of the magnetic moment
distribution over individual atoms remains qualitatively
the same as that for HoVOj3, but a number of quan-
titative differences (see Table 2). In particular, the ta-
bles demonstrate that the charge states of vanadium and
oxygen atoms are practically the same in holmium and
neodymium vanadites. Some differences are observed
between the occupation numbers of certain d-harmonics
in vanadium atoms.

4. Conclusions

In vanadites LnVO3 (Ln = Nd, Ho), the valence elec-
tron states of metal atoms are polarized and weakly hy-
bridized, both with one another and with the states of
oxygen atoms. The top of the valence band is the re-
gion, where strongly polarized V3d and O2p states are
localized. These states mainly correspond to weak cova-
lent chemical m-bonds between the vanadium and oxygen
atoms located near the planes parallel to the crystal-
lographic plane (a,c). The minimal optical gap in the
studied oxides is located at point I of the Brillouin zone.
It has a correlation nature and a dominating V3d charac-
ter. The magnetic moments in MT-spheres of lanthanide
(Nd and Ho) and vanadium atoms are associated with
the polarization of electrons in their 4f and 3d shells,
respectively.
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JOCJIIPKEHHS EJJEKTPOHHOI BYIOBU OKCH/IIB
NdVOs3 I HoVO3: PEHTTEHOEJ/IEKTPOHHI CIIEKTPU
1 30HHUIT PO3PAXYHOK

B.M. Yeapos, M.B. Yeapos, M.II. Meavrux
PeszmowMme

3a IOIIOMOrOI0 METO/IB PEHTIEeHOEJEKTPOHHOI CIIEKTPOCKOIII Ta
3 BUKODHCTAHHSIM KBAaHTOBO-MEXAHIUYHUX PO3PaXyHKIB €JIE€KTPOH-
HOI CTPYKTYPH IIPOBEJEHO KOMIIJIEKCHE JOCJIi/IKEeHHsI eJIeKTPOH-
HOI CTPpYKTypu Ta MarHiTHux BiacruBocTeil okcmais NdVOgz rta
HoVOj3. OrpumaHo gaHI PO PO3MOIJI MOBHUX Ta HaPIiaJbHUX
€JICKTPOHHUX CTaHIB y BaJIeHTHINl 30HI Ta cMy3i mpoBimHOCTi, 3a-
PAJIOBUX Ta CHIHOBHUX CTaHIB aTOMiB, MexaHi3M (popMyBaHHS Ximi-
YHUX 3B’$I3KIB Ta 3a00POHEHOI IIJIMHU B €HEPreTHYHOMY CIIEKTPI

okennis LnVO3 (Ln = Nd, Ho).
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