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Abstract. Fully relativistic multielectron method based on the numerical solution of the Dirac equation
was used to calculate the L2 3-edge X-ray absorption near edge structure (XANES) spectra of VO2, V2Os,
and V205 crystals. The key-points of the method are: i) usage of the molecular orbitals (MO); ii) absence
of any fitting parameters; iii) wide area of application: to any ion in any symmetry; iv) possibility of
numerical analysis of the MO composition. The calculated spectra are in a satisfactory agreement with
experimental data available in the literature, including the absolute values of the transitions energy, the
shape of the absorption bands, and polarization dependence. The assignment of the absorption bands in
terms of the electronic configurations was done. The structure of the absorption bands is attributed to the
splitting of the vanadium p- and d-orbitals; the magnitude of this splitting is estimated from the spectra.
Covalency effects were considered for all hosts; it was shown that the contribution of the oxygen wave
functions increases with increasing the vanadium oxidation state. Dependence of the relative positions of
the vanadium 3d and oxygen 2p levels and energies of the “ligand—metal” charge transfer transitions on
the vanadium oxidation state was analysed.

PACS. 78.70.Dm X-ray absorption spectra — 78.20.Bh Theory, models, and numerical simulation — 71.15.Rf

Relativistic effects

1 Introduction

During last several decades, 3d transitional elements have
been subjected to many thorough investigations due to
their numerous applications. Among other experimental
methods, X-ray absorption near edge structure (XANES)
spectroscopy is a very powerful and versatile method of
gaining knowledge about the electronic structure of the
transitional metal ion. L3 XANES spectra mainly cor-
respond to the electric dipole transitions between the
fully occupied 2p-core levels and partially filled 3d elec-
tron shell. Coulomb and exchange interaction between 2p
and 3d electrons give rise to structured XANES bands,
detailed analysis of which can give information about
the occupied and unoccupied states, energy levels split-
ting (caused by the spin-orbit interaction and crystal
field), configuration interaction etc. Consistent theoretical
modeling, in addition to the experimental studies, gives
deeper insight into the X-ray absorption processes. First-
principles (ab initio) calculations are of special importance
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since they help in revealing common and different features
of the XANES spectra for various compounds.

First-principles calculations (in one-electron approx-
imation) were proved successful in interpreting K-edge
spectra [1-5]. Nevertheless, Lo 3 spectra can not be re-
produced by these methods. An essential feature of the
Ly 3 XANES spectra is that the correlation between 3d
electrons together with 2p electrons and a hole within
2p states produces multiplet structure, which is impos-
sible to obtain by one-electron calculations. Techniques to
include the correlation between the 2p hole and excited
electron were reported recently [6-9], but it should me
emphasized that the multiplet structures were not com-
puted at all. Another important aspect strongly affecting
the shape of the Ly 3 XANES spectra is related to the
interaction of the surrounding ions with 3d ion. Crystal-
field atomic multiplet program based on the group theory
formalism [10,11] incorporates the crystal (ligand) field
effects. In spite of successful applications of this approach
to transition-metal compounds, a number of adjustable
parameters used in this method makes it impossible to
apply it for an a priori analysis of the multiplet struc-
tures. Finally, both spin-orbit interaction (especially for 2p
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Fig. 1. Schematic representation of one-electron transitions corresponding to the Lo and Lg absorption bands in the XANES
spectra; (a) — one-elecron picture; (b) — many-electron picture.

electrons) and covalent effects should be taken into ac- VOa, V2Os, respectively. In all these oxides vanadium ions
count properly. occupy distorted octahedral positions, and it is interest-

Schematically the processes leading to the formation 8 to see how the vanad}um ox.@amon state 1nﬂu§nces
of the Ly 3 XANES spectra are shown in Figure 1. In the XANES spectra and relative posmon's and properties of
octahedral crystal field the 3d orbitals split into t2, and the vanadmm 3d and oxygen 2p orbltals.. The str'ucture
eq orbitals with the former being the lower state and the of the.z paper 1s as follows: in th.e next section we give the
latter being the higher with the energy separation of 10Dgq deS(.:rlptlc')n of the method' used in the present study. After
(where Dy is referred to as the crystal field strength [12)). having discussed the ba§1c features of the compgtatlonal
The 2p level is split by spin-orbit interaction into 2p; 5 p.rocedl-lre7 we proceed with results of the calculations, and
and 2ps /5 (or Lo and L3, respectively) with the subscripts discussion.
representing the quantum number of the total angular mo-
mentum. After absorbing an X-ray quantum, an electron
from the 2p level is excited into ta4 or ey states from 3d
orbital. One-electron transitions between 2p and 3d states
are shown in Figure 1 by vertical arrows. The energy sep-
aration between the Ly and L3 bands is mainly due to the
spin-orbit splitting of 2p-orbitals, whereas the structure
of both Ly and L3 bands is caused by the crystal field
splitting of 3d orbitals. Taking into account the degener-
acy of all states involved into the transitions it is easy to
show that the relative intensities for the L3 absorption . .
should be 6 and 4, and 3 and 2 for the L, absorption. If lows: 1) absence of any fitting parameters; 2) very wide

this were true, the XANES spectra for all elements would ztxreaf of app}lica.tloln :: tg afn y atom or on 1,? an}{ Eymnﬁz
be the same, but this is, obviously, far from the real sit- Iy from spherical to L 1o any energy interval rom

uation. It was demonstrated [13] that such one-electron to X—}r ay; 3) p'ossibility t.o take into accoupt a'll effect?, of
consideration is insufficient to produce good agreement chemical ]?ondlng formation a.nd conﬁguratlon 1n.teractlon;
of the calculated spectra with experimental results, and 4) Potentlal to calcul-a.te a wide v.a.rl.ety of physical prop-
more elaborated approach taking into account the inter- grtles (s'u(':h as tra'ns1t10n probabl!ltles, for exarpple) s
action between the multiplets arising from all the possi- 8 explicitly obtalned wave functlons.. All relatlwstlg of-
ble electron configuration was proposed. It also was shown fefc‘ﬁl are t?ff eg {nt;)haictg}tlmt aultomlatlcalg.t Tl‘he l\lj[eg idea
that the proper consideration of the multiplets interaction © d Ehme 1: tlsth a 1 le tI.nO ecutalulr Oihl a St( . ) are
leads to the significant changes in the intensities ratio and =~ =>° roughout Lhe calculations rather than atomic wave

significantly improves agreement between theory and ex- functions. This allows to perform the population analy-
periment sis of the MO and assignment of the absorption bands in

the calculated spectra in a straightforward way. Relativis-

An approach which overcomes the above mentioned j¢ many-electron Hamiltonian is expressed as (in atomic
difficulties and combines the advantages of the fully rel- units)

ativistic first-principles methods with multiplet structure

2 Method of calculations

The discrete-variational multi-electron (DVME) met-
hod [14] is a configuration-interaction (CI) calculation
program in which the four-component fully-relativistic
molecular spinors obtained by the discrete-variational
Dirac-Slater (DV-DS) cluster calculations [15] are used.
The DVME method is based on the numerical solution of
the Dirac equation, and its main advantages are as fol-

calculations and crystal field effect modeling has been re- n ) Z,

cently developed by Ogasawara et al. [14]. In the present H = Z cap; + B — Z r-R,| + Vo(ri)
paper, this method is applied to the calculations and de- i=1 v v

tailed analysis of the Ls 3-edge XANES spectra for VO, LA 1 Zﬁf f

V203, V205 crystals. The chosen crystals form a series in + Z Z r: — 1y + Z it —R,| (1)

which vanadium oxidation state changes as 3, 4, 5 in V503, i=1 5>i
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where «, (§ are the Dirac matrices, ¢ the velocity of light,
r;, p; the position and the momentum operator of the ith
electron, Z, and R, the charge and position of the vth
nucleus, Z ﬁﬁ and R, the effective charge and position of
the pth ion outside the model cluster, n the number of
explicitly treated electrons. Vy(r;) is the potential from
the other (core and valence) electrons [16]:

G (/)
pO (r)dr/

K vy
n § PG (r) Vie {pG (r)} - p(C); (r) Vae {p(c): (r)}
4 p§ (r)

~Vae{p¥ (0} ], (2)

where p&, p¢, pOG represent the charge density of all elec-
trons, that of explicitly treated electrons and that of the
remaining electrons, respectively, and V. is the Slater’s
X, potential. The superscript G indicates the ground
state values. Diagonalization of the Hamiltonian (1) pro-
vides a complete electron energy level scheme (starting
from the core electrons and ending up with open elec-
tron shells). Since the eigenfunctions are also obtained,
the absorption spectra (for the electric dipole, electric
quadrupole, magnetic dipole transitions) can be obtained
in a straightforward manner after calculating appropriate
matrix elements. For example, in the case of electric dipole
transitions the oscillator strength (averaged over all pos-
sible polarizations) is calculated as follows:

il

¥; and ¥y are the initial and final states with energies of
E; and Ey, respectively. In the case of the XANES spec-
tra only those electrons occupying the molecular orbitals
mainly composed of 2p and 3d states in the ground state
are treated explicitly, since they are involved into the ab-
sorption transitions.

2

Iy = g (Ef — E;) ) (3)

3

n
D me
k=1

To emphasize the wide applicability of the method em-
ployed in the present paper and ensure the validity of
the obtained results, we mention that it has been success-
fully applied to the analysis of the Cr* absorption spec-
trum in Y3AlsOq2 [17] and silicate crystals [18], 4f—4f
absorption spectrum of LiYF4:Dy3* [19], 4f-5d absorp-
tion spectra of various trivalent lanthanides in LiYFy [20,
21], high lying energy 4f and 5d states of free triva-
lent lanthanides [22,23], calculations of the X-ray absorp-
tion near edge structure (XANES) spectra of transition
metal ions [24-27], analysis of Cr3" absorption spectra
in ZnAl,S, and ZnGayOy4 [28], covalence effects for Cr3t,
Mn*t, Fe®t in SrTiOz [29], analysis of the Eu®* energy
levels in LaF3 [30].
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Table 1. Distribution of electrons through the V4* 2p and 3d
orbitals in VO2 (3d" open shell).

2p1/2  2psje tag  eg  Number of Slater
determinants

Ground state configurations
2 4 1 0 6
2 4 0 1 4

Excited configurations

2 3 2 0 60
2 3 1 96
2 3 0 2 24
1 4 2 0 30
1 4 1 1 48
1 4 0 2 12

Table 2. Composition of 3d MO (in %) in VOs,.

V4t 3d-orbitals O?~ 2p-orbitals 0%~ 2s-orbitals

96.9 3.1 0.00
tag levels 90.6 9.4 0.00
90.2 9.8 0.00
83.1 14.2 2.6
e levels 80.1 17.8 2.2
Averaged 88.2 10.8 1.0

3 Results of calculations and discussion

3.1 V0,

Vanadium oxide VO3 crystallizes in a monoclinic crystal
structure (space group P121/cl and lattice constants a =
5.7517 A, b = 4.5378 A, and ¢ = 5.3825 A [31]). There
are four formula units per unit cell, and each V4% ion is
surrounded by six O?~ ions forming deformed octahedron.
Among 7 electrons involved into the Lo 3-edge transitions,
six occupy 2p states and 1 belongs to the 3d orbital. All
possible electron configurations are listed below in Table 1.
The Hamiltonian (1) was diagonalized in the space
spanned by 280 Slater determinants of the above config-
urations. The atomic orbitals used to form the MO were
from 1s to 4p for vanadium and from 1s to 2p for oxy-
gen (these orbitals were also used for other two oxides).
[VOg]®~ cluster with the V4*—0%~ bond lengths equal to
1.9022 A (four bonds) and 1.95395 A (two bonds) was
used for the calculations; an influence of further crystal
lattice ions was modeled by effective Madelung potential
formed by point charges placed at the crystal lattice sites.
To prove the necessity of using the MO, the Mulliken anal-
ysis [32] of the V4 3d orbitals was performed. The results
of this analysis show that the contributions of the 0%~
2p states into the 3d MO can not be neglected (Tab. 2).
Experimental studies of the vanadium XANES spec-
tra were reported recently in references [33,34]. The cal-
culated XANES spectrum for VO in comparison with
experimental results [33] is shown in Figure 2 (oscillator
strengths obtained by applying equation (3) were broad-
ened by a Gaussian function for easier comparison with
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Fig. 2. VO2 XANES spectra. (a) — experimental results [33];
(b) — calculated spectrum (this work).

experimental spectrum). As seen from Figure 2, there ex-
ists a good quantitative and qualitative agreement be-
tween both spectra (we note here that the oxygen K-edge
has not been calculated in the present paper); the struc-
ture and shape of the Lo and L3 shapes are reproduced
fairly well. Figure 3 shows the partial contribution from all
six excited configurations listed in Table 1 to the theoret-
ical spectrum in Figure 2. The (2p1/2)?(2ps2)* (t2g)?(eg)°
and (2p1/2)?(2p3/2)* (t29)" (eg)" configurations give the
dominant contribution to the peaks labeled as “a” and
“b” in both calculated and experimental spectra. The
peaks labeled as “c” and “d” arise from transitions from
the ground state to the (2p1/2)'(2ps/2)*(t2g)?(ey)" and
(2p1/2)" (2p3/2)* (t2g)" (eg)" electron configurations. It is
interesting to note that the highest excited configuration
(2p1/2) (2p3/2)* (t24)° (eg)? almost does not contribute to
the spectrum. From both calculated and observed spectra

The European Physical Journal B

one can estimate the spin-orbit splitting of the 2p state
as the energy separation between the Lo and L3 bands to
be about 8 eV and the crystal field strength 10Dq as the
splitting of the Lo and L3 bands to be about 2 eV.

3.2 V,0;

V203 has a trigonal structure (space group R-3cH and
lattice constants a = 4.9537 A, b = 4.9537 A, and ¢ =
14.0111 A [35]). There are six formula units per unit cell.
8 electrons involved into the L 3-edge transitions are dis-
tributed through the 2p states (six electrons) and 3d or-
bitals (2 electrons). All possible electron configurations are
listed below in Table 3. 780 Slater determinants were used
to construct the MO in the [VOg]°~ cluster with two dif-
ferent types of the V3t—02~ bond lengths: 1.9026 A (three
bonds) and 2.1685 A (three bonds). Again, the Madelung
potential effectively represents the influence of crystal lat-
tice ions. Compositions of the 3d MO are shown in Ta-
ble 4. The results of the XANES spectra calculations are
shown in Figure 4. The number of electrons (and, there-
fore, the number of the multiplets) is greater in this case
than in the previous; therefore, additional peaks appear
in the spectrum. The shape of the spectrum is reproduced
well, though there is a relatively small (1-2 eV) shift of the
calculated spectrum with respect to the experimental to-
wards higher energies. Such overestimation of the energy
levels positions in the DVME calculations was reported
earlier [22,23] and is an intrinsic feature of the method
itself. In principle, this overestimation could be overcome
by including high-lying states into the basis sets, but this
would lead to a significant increase of the computational
time. If the relative positions of the energy levels are more
important (as in the case of the absorption spectrum cal-
culations, when the differences between the pairs of the
energy levels are of main interest), this overestimation can
be left out of consideration [21].

Analysis of the partial contributions of the ex-
cited electron configurations to the calculated spectrum
(Fig. 5) shows that the small peak “a” is due to
the transition to the (2p1/2)2(2p3/2)3 (tag)® (e4)° con-
figuration; peak “b” arises from the superposition of
the (2p1/2)*(2p3/2)° (t29)® (eg)? and (2p12)*(2p3/2)
(tag)? (ey)' configurations. The most intensive peak
“c” and a small peak “d” are mainly a superposition
of two configurations: (2p1/2)2(2p3/2)3 (t2g)? (e4)! and
(2p1/2)%(2p3/2)? (t2g)" (eg)*. Finally, four configurations
(2P1/2)%(2p3/2)%(t2)"(eg)?, (21/2)" (2P3/2)" (t2g)” (eg)°,
(2p1/2)" (2p3/2)* (t29)? (e9)", and (2p1/2)"(2pssa)* (t2g)'
(eg)? being mixed together produce two peaks “d” and
“e”. Again, like as in the previous case, the highest ex-
cited configuration (2p12)"(2p3/2)* (t24)"(eg)® practically
does not contribute to the calculated spectrum.

Polarized vanadium Lg 3 spectra in (V¢.988Cro.012)203
(Fig. 6a) were reported in reference [36]. Figure 6b shows
the calculated vanadium Lg 3 spectra for o and m polar-
izations. All the trends in the experimental spectrum are
confirmed by the theoretical calculations: the peak “d” at
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Fig. 3. Partial contributions of all excited configurations (Tab. 1) to the calculated VO XANES spectrum.

around 520 eV is more intensive in 7 polarization then in
o; the peak “e” is more intensive than the peak “f” in 7
polarization, and less intensive then the peak “f” in o po-
larization. The spin-orbit splitting of the 2p state as the
energy separation between the Lo and L3 bands is about
8 eV and the crystal field strength 10Dq as the splitting
of each Ly and L3 bands is about 2 eV.

3.3 V2,05

V205 crystallizes in the orthorhombic structure (space
group Pmmn and lattice parameters a 3.564 A,
b = 11.519 A, and ¢ = 4.373 A [37]. There are two
formula units per unit cell. Since the oxidation state of
vanadium ions is 5, there are no electrons in the 3d shell.
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Table 3. Distribution of electrons through the V3* 2p and 3d
orbitals in V2Os3 (3d2 open shell).

2p1/2  2p3j2  tag ey Number of Slater
determinants

Ground state configurations

2 4 2 0 30

2 4 1 1 24

2 4 0 2 6

Excited configurations

2 3 3 0 80

2 3 2 1 240

2 3 1 2 144

2 3 0 3 16

1 4 3 0 40

1 4 2 1 120

1 4 1 2 72

1 4 0 3 8

Table 4. Composition of 3d MO (in %) in V203 (contribution
from V3% 4p orbitals is not shown).

V3 3d-orbitals O?~ 2p-orbitals 02~ 2s-orbitals

94.7 5.1 0.00
tag levels 95.7 4.2 0.00
95.6 4.3 0.00
85.6 11.6 1.5
¢ levels 85.6 11.6 1.5
Averaged 91.4 7.4 0.6

There is only one ground state electron configuration and
all excited configurations have only one electron which was
promoted from one of the 2p orbitals. All possible elec-
tron configurations relevant to the XANES spectra in this
case are listed in Table 5. The V®*-02~ bond lengths in
the [VOg]™™ cluster are (all in A) 1.5849, 1.7798, 1.8777,
2.0206 (two bonds), and 2.7845 A. Variety of the bond
lengths shows that the symmetry of this cluster is the
lowest among all considered in the present paper. The
contribution of the oxygen 2p and 2s orbitals to the 3d
MO is shown in Table 6.

Diagonalization of the Hamiltonian (1) was performed
n the space spanned by 61 Slater determinants composed
of one-electron wave functions. Figure 7 shows the cal-
culated XANES spectrum of V305 (lower part) in com-
parison with experimental spectrum [33] (upper part).
Though agreement between both spectra in this case is
worse than in previous ones (possibly, due to the low
symmetry effects), we keep this example for the sake
of completeness of this study. Besides, in the next sec-
tion dependence of 3d orbital properties on the vana-
dium oxidation state will be considered for all three ox-
ides studied in the present paper. Figure 8 shows the
partial contributions of all excited configurations to the
calculated spectrum. Additional peaks (to the left from
the “a” peak in the calculated spectrum), which are not
seen in the experiment, arise from the transitions from
the ground state to the (2p1/2)2(2p3/2)3 (tag)t (eg)° and

The European Physical Journal B
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Energy, eV
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Fig. 4. V203 XANES spectra. (a) — experimental results [34];
(b) — calculated spectrum (this work).

(2p1/2)2(2p3/2)3 (t24)° (ey)'configurations; they can be
explained by the low-symmetry splitting of the multiplets
corresponding to the above configurations. Peaks “a” and
“b” at about 523 eV and 527 eV in the calculated spec-
trum are superpositions of contributions from two configu-
rations: (2p1/2)%(2p32)? (t2g)' (eg)? and (2py/2)* (2ps/2)*
(t29)! (e4)°. The most intensive peak “c” at about 528 eV
is due to the transitions from the ground electron configu-
ration (2p1/2)2(2p3/2)4 (t2g)0 (eg)o to the (2])1/2)2(2])3/2)3
(t29)° (eg)* and (2p1/2)1(2p3/2)4 (t2g)° (eg)* excited con-
figurations. Finally, the peaks “d” and “e” at around 533
and 536 eV in the calculated spectrum arise from the
(2p1/2)" (2p3/2)* (t2g)" (eg)® and (2p1/2)"(2psj2)* (t2g)"
(eg)! configurations. It is also interesting to note that all
excited configurations in this case give rise to two clearly
seen groups of lines, whereas in the above studied oxides
each excited configuration gave one absorption band only.
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Fig. 5. Partial contributions of all excited configurations (Tab. 3) to the calculated V203

XANES spectrum.
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Fig. 6. Polarization-dependent V Ly 3 XANES spectra: (a)
— experimental results [36]; (b) — calculated spectrum (this
work).

The possible reason for that may lie in the electronic struc-
ture of the considered vanadium oxides. In VO3 and V503
there are electrons in the 3d shell even in the ground con-
figuration, whereas in Vo035 3d shell is unoccupied. In the
first two oxides the Coulomb interaction between electrons
within 3d orbital dominates the Coulomb interaction be-
tween 3d electrons and a hole in the 2p orbital, whereas
in the last oxide V505 the Coulomb interaction between
one electron in the 3d shell after the excitation and a hole
in the 2p orbital is dominating.

One additional important issue is related to the struc-
tural peculiarities of V505 and choice of the cluster
for calculations. A compound closely related to V,Os5 is
NaV50s5; the structure of both materials and the V-O
distances are very similar. The formal valence states of
vanadium and oxygen in NaV2O5 are “+4.5” and “-27,
respectively; the structure of this crystal was reported in
references [38,39]. It consists of the quasi-two-dimensional
layers of VOs5 square pyramids separated by Na ions.
The V-O-V rung unit is the basic unit of the electronic
structure of this material [40]. It was shown in refer-
ences [41,42] that very strong electron hybridization takes

The European Physical Journal B

Table 5. Distribution of electrons through the V°* 2p and
3dorbitals in V205 (3d° open shell).

2p1/2  2pss2  tag ey Number of Slater
determinants
Ground state configuration
2 4 0 0 1
Excited configurations
2 3 1 0 24
2 3 0 1 16
1 4 1 0 12
1 4 0 1 8

Table 6. Composition of 3d MO (in %) in V205 (small con-
tribution from V5% 3p, 4p orbitals is not shown).

V5T 3d-orbitals O?~ 2p-orbitals O?~ 2s-orbitals

91.6 8.2 0.1

tag levels 74.8 24.6 0.5
73.8 25.8 0.3

81.4 15.4 2.8

€g levels 67.6 24.9 1.0
Averaged 77.8 19.8 1.0

(a)
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510 515 520 525 530 535

Energy, eV

Intensity (arb. units)
w

515 520 525 530 540

Energy, eV

Fig. 7. VoO5 XANES spectra. (a) — experimental results [33];
(b) — calculated spectrum (this work).
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Fig. 8. Partial contributions of all excited configurations (Tab. 5) to the calculated VoOs XANES spectrum.

place within this unit. Moreover, it leads to the formation
of the V-O-V MO [41]. Results of the ab initio embedded-
cluster calculations performed for a [VoOg] by-pyramidal
cluster [40] lead to the conclusion that the bridging oxy-
gen ion in the V-0O—-V unit has the valence state “~1”, but
not “—2”, as expected. In view of these remarks, it seems
that a similar situation may take place in V5Os. If so, then
the octahedral [VOg] cluster should be replaced by a larger
one, to incorporate the V-O-V unit. Such calculations are
in progress now.

4 Dependence of the vanadium 3d MO
composition, their energies and the lowest
“ligand-metal” charge transfer energies
on the vanadium oxidation state

Comparison of data presented in Tables 2, 4, and 6 show
that, first of all, the contributions of the oxygen atomic
orbitals into the e, MO is greater than into the tog MO.
This is readily explained by the geometric properties of

the considered clusters. In the octahedral cluster the ty4
orbitals are directed from the central ion into the space
between the ligands, whereas the e, orbitals are directed
toward ligands. Therefore, the contribution of the ligands’
wave functions should be greater in the latter case, as
confirmed by the results of the Mulliken analyses.

Another interesting point is the contribution of the
oxygen atomic orbitals as the function of the vanadium
oxidation state. The valence of vanadium changes from
“+3” in V503 to “4+4” in VO3 and “+5” in V5035, and, at
the same time, the averaged separation between vanadium
and oxygen ions decreases in the same direction. The aver-
aged contribution of the oxygen 2p orbitals into the 3d MO
changes from 7.4% in V503 to 10.8% in VO3 and 19.8% in
V50s5. Therefore, an increase of the vanadium oxidation
state together with decrease of the interionic separation
is accompanied by an increase of the contributions of the
ligands’s wave function into the MO.

Figure 9 shows the energies of the 3d MO in all con-
sidered vanadium oxides. It is seen that as the oxidation
state increases, the energies of the 3d MO monotonically
decrease and low-symmetry splitting of the to4 and e, MO
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Fig. 9. Relative positions of the vanadium 3d levels in V2Os,
VOa2, V203. Position of the highest oxygen 2p state is taken as
zero in all compounds. Averaged energies for the group of the
tog and eg4 levels are also shown to the right from the corre-
sponding levels (separation between these levels approximately
corresponds to 10Dgq). “Oxygen—vanadium” charge transfer
transitions with lowest energies are shown by vertical arrows.

monotonically increase. It is also instructive to note that
the energies of the lowest “ligand-metal” charge transfer
energies (when an electron is excited from the highest oc-
cupied oxygen 2p state into the lowest unoccupied vana-
dium 3d state forming a new vanadium state with elec-
trical charge decreased by unity and maximum spin) also
decrease when vanadium oxidation state increases. Esti-
mation of these energies from our calculations yields the
values 6.36 eV for V203 (in this case the oxygen 2p elec-
tron is excited into the highest t24 orbital, since two low-
est to4 states are occupied by two d electrons of V37 ion),
4.33 eV for VO4 (in this case the oxygen 2p electron is ex-
cited into the second t,, orbital, since the lowest t5, state
is occupied by one d electron of V4* ion), and 3.14 eV for
V205 (in this case the oxygen 2p electron is excited into
the lowest t, orbital, since V3 jon has no d electrons
at all).

5 Conclusion

In the present paper the fully relativistic calculations of
the vanadium Lp 3 XANES spectra in VO3, V203, and
V205 have been performed using recently developed first
principles multi-electron method. Since the method is
based on the solving the Dirac equation, all relativistic
effects are considered automatically. Agreement between
calculated and measured Ly 3 XANES spectra is good for
VO3 and V503 and worse for VoOs5. The calculations not
only reproduce the shape and relative intensities in the ex-
perimental spectra but give an unambiguous assignment
of the absorption peaks in terms of the electronic config-
urations involved into the X-ray absorption. The partial

The European Physical Journal B

contributions of all excited electron configurations to the
calculated XANES spectra were determined and repre-
sented in a graphical way.

Introducing the MO concept allows to account for the
covalence effects. The contribution of the oxygen 2p or-
bitals to the vanadium 3d orbitals increases with increas-
ing the vanadium oxidation state. Significant contribu-
tions of the oxygen wave functions into the MO serve as a
firm justification for using the MO scheme to get a reason-
able description of the vanadium XANES spectra. From
the calculations, the crystal field splitting of the vana-
dium 3d orbitals was found to be about 2-2.5 eV, and
the spin-orbit splitting of the vanadium 2p orbitals was
estimated as about 8-10 eV. Separation between vana-
dium 3d and oxygen 2p orbitals (and, as a consequence,
oxygen-vanadium charge transfer energies) decreases with
increasing vanadium oxidation state.
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