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Geometric and electronic structure effects in polarized VK-edge absorption near-edge structure
spectra of V2O5
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Experimental and theoretical polarized VK-edge spectra of V2O5 are presented. By analyzing experimental
spectra, we find that quadrupole transitions are significant, although not dominant at the pre-edge region.
Real-space multiple-scattering calculation, relying on a non-self-consistent muffin-tin potential, can account for
the basic polarizations trends and for peak heights and positions of the experimental spectra. However, impor-
tant differences between theory and experiment occur for low-photoelectron energies. Lack of selfconsistency,
muffin-tin form of the potential, and complex core-hole effects are identified as possible sources of this
discrepancy. We argue that this deficiency of the theory would not get revealed if unpolarized spectra were
investigated only. Cluster-size convergence of the calculated spectra is not uniform and it depends on the
polarization. By performing model calculations we find, that deviations of the V2O5 structure from a perfect
horizontal symmetry are much less significant for the shape of the spectrum than deviations from the vertical
symmetry. For generating the distinct prepeak in the spectrum, which is polarized along the vertical axis, both
short V-O bond length and deviations from inversion symmetry are crucial. The high-energy tail of the
spectrum~photoelectron energies more that 30 eV! seems to be generated by scattering from more distant
atoms.@S0163-1829~99!10843-9#
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I. INTRODUCTION

X-ray absorption near-edge structure~XANES! spectros-
copy has become a useful tool for investigating both el
tronic and geometric structure of condensed materials. G
erally, most experimental spectra can be reprodu
reasonably well by one-electron theory relying on one of f
‘‘established’’ calculating techniques — such as real-sp
multiple-scattering ~RS-MS! method,1,2 band-structure
calculation,3 or molecular-orbital formalism.4,5 Challenges in
XANES theory persist mainly in a proper description of t
core hole and adjoining many-electron effects,6–9 a well-
founded ab initio treatment of the energy-depende
selfenergy,10,11 an inclusion of non-muffin-tin
contributions,12–15 a tractable accounting for intra-atom
electron-electron interaction,16 as well as in construction of a
self-consistent scattering potential without the need to p
form a full-scale band-structure calculation.17–19 However,
even a larger obstacle in a broader use of XANES spect
copy in structural studies probably poses the lack of an
tuitive interpretation of XANES spectra. That’s the reas
why a lot of effort was devoted recently to finding a conne
tion between particular geometric and spectral patterns.20–23

Most of the attention has been concentrated on the pre-e
structure so far.24–26

Vanadium pentoxide V2O5 is an example of a compoun
where problems with ‘‘standard’’ XANES calculations cou
be anticipated: It has quite a distorted losely packed cry
structure, hence the self-consistency in potential as wel
non-muffin-tin effects may be important. It offers a varie
of symmetry distortions — a feature that appears to be cr
PRB 600163-1829/99/60~20!/14115~13!/$15.00
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cial in the pre-edge region.27,28 Apart from that, V2O5 itself
is a member of the highly interesting vanadium oxides fa
ily. Unlike its more famous relatives, such as VO2 or V2O3,
it does not exhibit the metal-insulator transition. Howev
V2O5 still hosts a number of interesting physical propert
useful for many scientific and technological applicatio
~such as catalysis, solid-state batteries, solar cells, electro
and optical switches!.29

Quite a large number of publications dealing wi
XANES spectra of V2O5 ~as well as of other vanadium ox
ides! was published in the past. An extensive comparison
unpolarized vanadiumK-edge spectra of various vanadiu
compounds was presented by Wonget al.27 They pay par-
ticular attention to the trends in the dependence of the p
edge fine structure on the local vanadium coordination. T
conclude that the distinct pre-peak in the XANES spectr
of V2O5 originates from 1s→3d transitions, which are made
dipole allowed if the full local octahedralOh symmetry is
decreased. Also they present convincing semiquantitative
guments in support of the idea that the pre-edge struc
originates from states generated by a cage formed by ce
vanadium and few nearest-neighbor oxygens. They did
present any comparison with theoretical spectra, howeve

Stizza et al.30,31 performed the first VK-edge XANES
calculations for V2O5. As they relied just on the very neare
neighborhood of vanadium, they were not able to reprod
finer XANES details. Nevertheless, their calculations c
rectly accounted for overall polarization dependence of
K-edge spectra of V2O5 gel.

Polarized near-edge structure of V2O5 crystal at the V
K-edge was published by Cherkashenkoet al.,32 who com-
14 115 ©1999 The American Physical Society
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14 116 PRB 60ŠIPR, ŠIMŮNEK, BOCHAROV, KIRCHNER, AND DRÄGER
pared their measurements with calculated total density
states~DOS! available that time from the literature. Anothe
RS-MS calculation of polarized VK spectra of V2O5 in the
pre-edge region for cluster sizes up to 19 atoms was
sented by Kraizman et al.33 and by Kraizman and
Novakovich.34 Although their calculation reproduces the b
sic polarization trends fairly well, they cannot reproduce
detailed fine pre-edge structure for«ix and«iy polarizations
accurately (« is the polarization vector of the incoming ra
diation!. Authors attribute this failure to core-hole and/
non-muffin-tin effects. The anomalously short V-O bond a
large deviations from the perfectOh symmetry are suggeste
to be key elements in formation of the sharp«iz prepeak.

Poumellecet al.28 compared experimental polarized
K-edge spectra of a V2O5 crystal and gel and of a
VOPO4•2H2O gel. In these compounds, the nearest coo
nation of vanadium is quite similar, while the long-ran
order differs. As the gross features of the three spectra l
quite similar ~especially close to the edge!, it can be con-
cluded that the most distinct structures in the XANES spe
of V2O5 are determined predominantly by multiple scatt
ing within the first neighboring shell. It is suggested, that
weak prepeak appearing in case of a polarization vector ly
inside the V-O layer~i.e., «ix,y) is partially formed by a
quadrupole transition. The role of symmetry distortions fro
the perfectOh square bipyramid for the intensity of pre-edg
peaks is stressed.28 In a recent publication,35 polarized V
K-edge XANES of VOPO4•2H2O gel was measured an
calculated and quadrupole contributions at the pre-edge
gion were identified.

Polarized VL3-edge and OK-edge XANES spectra wer
measured and compared with DOS obtained from lin
combination of atomic orbitals~LCAO! calculation.36 The
theory accounts correctly for the basic trends in polarizat
dependence, however, the detailed spectral features ar
produced not very accurately. Unoccupied states of V2O5
reaching up to 6 eV above the edge were investigated
band-structure technique~augmented spherical wav
method! by Eyert and Ho¨ck.37 They concentrated on the e
fect of symmetry distortions on both occupied and unoc
pied electron states. Partial V 3d DOS they obtain compare
with V L3-edge XANES spectra considerably better than
LCAO results.36 It seems thus probable that deviations b
tween theory and experiment apparent in Ref. 36 are ra
caused by deficiencies of the LCAO method itself than, e
by neglect of intra-atomic electron-electron interactions.16

The purpose of our paper is to elucidate further the in
play between the real and the electronic structure in the
mation of XANES spectra. By investigating polarized spe
tra of a loosely packed semilayered V2O5, the calculations
are especially sensitive to the details of scattering poten
construction. The local coordination of V atom~distorted
octahedron! provides an opportunity to study the much d
bated effects of symmetry distortion on the pre-edge fi
structure in a systematic way — by comparing theoreti
spectra for various model compounds. Also we intend to
attention to the whole XANES region~i.e., not only pre-
peak!, as in such a case more features are offered for c
parison between experiment and theory, providing thus p
sibility to set accountable limits on the reliability of th
conclusions. Effects of clusters larger than studied so far31,33
of
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should also be investigated. The question of significance
quadrupole transitions at the pre-edge seems ought to
studied, too.

The plan of our paper is as follows: First, we describe
structure of V2O5 with particular emphasis on the vanadiu
neighborhood. Then, we describe the experimental sett
and the procedure used to obtain individual polarizat
components. Specific aspects of our calculation method
outlined in Sec. III. In the discussion~Sec. IV! we compare
the theory with experiment, investigate effect of changi
some parameters that determine the muffin-tin potential
the resulting spectra, and estimate the role of quadrup
transitions. The substantial part of the discussion is devo
to the effects of changing the symmetry of the whole crys
and to the role of particular atoms in vanadium neighborho
for the XANES spectra.

II. EXPERIMENT

A. V2O5 crystal structure

Vanadium pentoxide V2O5 crystallizes in the space grou
Pmmn(D2h

13 , No. 59!. Orthorhombic lattice constants area
511.512,b53.564, andc54.368 Å . Positions of the va-
nadium atoms and of the three types of oxygens — vana
(Ovan), chain (Och) and bridge (Obri) — are given in frac-
tional units in Table I. The nearest neighborhood of the
nadium atom forms a highly distorted bipyramid~see Fig. 1!.
In the ‘‘horizontal’’ ab plane, the chains formed by the oxy
gen atoms Och are distorted from the straight line~Fig. 2!.
There is also a ‘‘vertical’’ symmetry distortion: Apart from

TABLE I. Positions of the vanadium atoms and of the thr
types of oxygens in the V2O5 crystal.

Original V2O5 structure

Atom Wyckoff positions x y z

V ~4f! 0.10118 0.25 0.8917
Ovan ~4f! 0.1043 0.25 0.531
Och ~4f! 20.0689 0.25 0.003
Obri ~2a! 0.25 0.25 0.001

FIG. 1. Local coordination of a vanadium atom in V2O5. Indi-
cated are also crystal axes and nearest-neighbor distances. Th
nadium atom is in the center.
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PRB 60 14 117GEOMETRIC AND ELECTRONIC STRUCTURE EFFECTS . . .
the obvious asymmetry of the vanadyl oxygens Ovan, the
atoms forming the pyramidal basis are not all in the sa
plane~Fig. 3!.

B. Samples and measurements

The absorption sample was prepared by splitting a p
of some 10-mm thickness from a V2O5 single crystal. The
plate was placed on a standard lead holder with the effec
diaphragm diameter of 2 mm.

Our experimental setting is shown schematically in Fig
In the starting position, the crystal axisc was parallel to the
beam directionk, and the axisa was parallel to the polariza
tion vector«. Any orientation of the sample with respect
the vectors« andk could be set through rotations in a PC
controlled goniometer around three perpendicular axes~de-
notedc, u andf in Fig. 4!.

For the polarization dependent XANES measureme
the facilities of the synchrotron beamline E4 at HASYLA
~DESY! were used. Its performance in the energy region
V K-edge reaches 1.031010 photons/sec/mm2 for the pho-
ton flux at the sample, and about 1.8 eV for the energy re
lution. Ionic chambers were applied for detection of x-r
intensities.

C. Symmetry decomposition

For the polarization analysis we used a technique
scribed in Refs. 38 and 39. Here, we only remind, that for

FIG. 2. Schematic depiction of the crystal structure of V2O5. A
horizontal distortion of V–O chains in they direction is demon-
strated by projecting the V2O5 structure on itsab plane. Small balls
stand for vanadiums and large balls for oxygens.

FIG. 3. Schematic depiction of the crystal structure of V2O5. A
vertical distortion of the V-O planes is demonstrated by project
the V2O5 structure on theac plane. Small balls stand for vanadium
and large balls for oxygens.
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K-edge the total absorptionm can be described as a linea
combination of partial symmetry resolved spectral comp
nents, viz.px , py , pz for dipole transitions anddxy , dyz ,
dxz , dx22y2, dz2 for quadrupole transitions:

m5mD1mQ ,

mD}px«x
21py«y

21pz«z
2 , ~1!

mQ}dxy~«xky1«ykx!
21dxz~«xkz1«zkx!

2

1dyz~«ykz1«zky!21dx22y2~«xkx1«yky!2

1A3dz2~«zkz!
2. ~2!

The symmetry resolved components originate from el
tron transitions between an inner 1s state and outer states o
definite angular symmetry. The weight of each of the sy
metry resolved components depends only on the position
the polarization and wave vectors« and k of the absorbed
x-ray quantum with respect to the symmetry axes of the
bitals. These geometrical orientations, and consequently
spectral weights of the components, are defined by the c
dinates of the vectors« and k in the coordinate system o
those electron orbitals, which are involved in theK absorp-
tion process@Eqs.~1!–~2!#.

Although the dipole approximation has been generally
cepted as well founded in XANES calculations, the quest
of quadrupole transitions is frequently raised when discu
ing the prepeak region. A convincing demonstration of pr
ence of quadrupole transitions based on their ang
dependence40 was presented for a complex crystal containi
a CuCl4

22 planar unit.41 Another compound, for which quad
rupole transitions were reported, is TiO2 rutile crystal.14,42

Detectable contributions of quadrupole components w
clearly established also for FeCO3 ~Ref. 43! and for NiO and
FeO ~Ref. 44!. Recently quadrupole transitions were iden
fied in V K-edge XANES of VOPO4•2H2O gel.35 As this
compound is both structurally and chemically similar
V2O5, it is reasonable to expect that quadrupole transitio
might be nonnegligible for the latter compound as well.

On general grounds, quadrupole transitions in the
K-edge absorption spectra of V2O5 can be expected to hav
intensities at least by an order weaker than the dipole o

g

FIG. 4. The experimental apparatus scheme. The polariza
vector« and the wave vectork of the incoming radiation as well a
the orientation of the V2O5 crystal with respect to this beam ar
shown. See Sec. II C for further description.
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14 118 PRB 60ŠIPR, ŠIMŮNEK, BOCHAROV, KIRCHNER, AND DRÄGER
One way of identifying them is to calculate dipole part
spectral componentspx , py , andpz from Eq.~1!, neglecting
all the d components. If quadrupole transitions were abse
the p spectral components calculated from different sets
measured spectra would be the same. Hence, if approprip
components do not coincide in a particular energy region
non-negligible quadrupole contribution can be assumed.

Another way to visualize and estimate the quadrup
contribution is to exploit different polarization dependen
of dipole and quadrupole spectral components.39,41 Relying
on Eqs.~1!–~2!, one can select a group of such sample o
entations, where all thep components have identical spectr
weights, while the weights of thed components differ. The
spread between the curves belonging to the same group
can arise from different quadrupole contributions only.

Both ways of identifying quadrupole transitions we
used in our study~Sec. IV C!.

III. THEORY

A. Construction of scattering potential

Polarized VK-edge XANES spectra of V2O5 were calcu-
lated employing the real-space multiple-scattering~RS-MS!
formalism using the extensively revisedICXANES computer
code of Vvedenskyet al.45 The largest angular momentum
included in the single-site scattering wasl max54 ~this limit
was checked for convergence!. Coordinations of atoms in
finite clusters of V2O5 atoms were generated with help of th
CRYSTIN crystallographic database46 and thePICTUR code of
M. Dušek.47

The RS-MS approach relies on the so-called muffin-
approximation, which considers the crystal potential to
spherically symmetric inside nonintersecting spheres aro
individual atoms and constant in the interstitial region.
non-self-consistent muffin-tin potential was generated via
so-called Mattheiss prescription:48 Electron densities calcu
lated for free atoms are put in appropriate positions of
crystal lattice, and coulombic and exchange parts of the c
tal potential are calculated as superpositions of partial c
tributions from individual atoms. Electron densities for fr
atoms were calculated selfconsistently within the local d
sity approximation by theLDAT code of J. Vacka´ř.49 The
exchange-correlation potential of Ceperley and Adler50 was
used for atomic calculations of the occupied states. In c
structing the Mattheiss potential appropriate for unoccup
states, the energy-independentXa potential with the Kohn-
Sham value ofa50.66 was used.51 We do not employ
energy-dependent exchange-correlation potential here a
universal recipe how to select its optimal form for a partic
lar case has been known so far.10,11

Employing muffin-tin approximation invokes the need
set a fewad hocparameters, which further specify the mod
— viz. the muffin-tin radii and the way of constructing th
muffin-tin zero. As the muffin-tin approximation is an artifi
cial concept, the final results ought not to depend ‘‘t
much’’ on how these parameters are chosen. The oppo
case would signal the breakdown of the muffin-tin appro
mation itself for the problem under study.
t,
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1. Parameters of muffin-tin potential

In the case of V2O5, insufficiency of muffin-tin approxi-
mation could be anticipated. Hence, we chose to test th
modes of the muffin-tin potential:~1! Nonoverlapping
muffin-tin radii were set so that the ‘‘matching potential co
dition’’ is satisfied and muffin-tin zero was identified wit
the proper average of the interstitial potential,4 ~2! muffin-tin
radii were kept at the same values as in the previous case
the muffin-tin zero was identified with the inner-sphere p
tential at the muffin-tin radius of the Och atom, so that the
overall discontinuity at muffin-tin boundaries is decreased52

and finally, ~3! overlapping muffin-tin radii were taken th
same as in the augmented spherical wave method stud
V2O5 of Eyert and Ho¨ck37 and the muffin-tin zero was con
structed by interstitial averaging as in case~1!. Thus, it turns
out that the potentials corresponding to the parameter s
and set 2 are identical, except that the inner-sphere pa
latter one is uniformly shifted by 7 eV upwards. Table
summarizes the muffin-tin radii for all three parameter se

2. Core-hole treatment

Proper incorporation of the core-hole left behind by t
excited photoelectron poses quite a difficult—still not ful
solved—task. To assess the importance of the core-hole
fect, we calculated the XANES spectra both with and wi
out the 1s core hole. We took the core hole into accou
while calculating atomic charge densities, by removing o
electron from the V 1s level and putting it into its lowest
unoccupied atomic level~‘‘relaxed and screened’’ model
practically equivalent to the frequently use
Z11approximation!. Thus, the electronic configurations o
the V atoms were 1s2 . . . 3d34s2 for the ground state, and
1s1 . . . 3d44s2 if the core hole was included. As plausib
results obtained for a partially screened core-hole poten
were reported for similar compounds as V2O5 ~Refs. 35 and
53!, we tested it as well~putting only a fractional chargeQ
into the lowest unoccupied vanadium orbital —‘‘relaxed a
partially screened’’ model!. The central V atom has a con
figuration 1s1 . . . 3d31Q4s2 in such a case.

B. Quadrupole transitions

Quadrupole transtions~i.e., transitions to thed states!
were included in our XANES calculation, too. Only ‘‘tech
nical’’ modifications of the method with respect to th
dipole-only case have to be considered. All the necess

TABLE II. Muffin-tin radii Rmft in angstroms for each atomi
type used in XANES calculations. The first parameter set co
sponds to matching potential radii and interstitially averag
muffin-tin zero, the second set to matching potential radii and
tential discontinuity minimizing muffin-tin zero and the third one
muffin-tin radii of Ref. 37 and interstitially averaged muffin-ti
zero.

V Ovan Och Obri

Set 1, 2 0.893 0.683 0.807 0.751
Set 3 1.040 0.805 1.100 0.889
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PRB 60 14 119GEOMETRIC AND ELECTRONIC STRUCTURE EFFECTS . . .
equations can be found, e.g., in Ref. 40. The results obta
by taking quadrupole contributions into account are p
sented in Sec. IV C.

Unless specified otherwise, all the theoretical curves p
sented here were calculated for a cluster of 119 atoms,
muffin-tin radii found by satisfying the matching potenti
condition and muffin-tin zero calculated as proper averag
the potential in the interstitial region~parameter set 1 in
Table II!, employing the fully screened and relaxed core-h
potential, and involving dipole transitions only. Furthermo
unless explicitly stated otherwise, all theoretical results p
sented here include the convolution with a Lorentzian fu
tion, to take into account the lifetime of the 1s core hole of
vanadium~full width at half maximum taken 1.01 eV, ac
cording to the compilation of Al Shammaet al.54!.

IV. RESULTS AND DISCUSSION

A. Comparing theory and experiment

We summarize our basic experimental and theoret
spectra in Fig. 5. The partial spectral components of the
perimental spectrum were obtained by procedure outline
Sec. II C, neglecting possible quadrupole contributions~they
will be handled separately when discussing the prepea
Sec. IV C!. Unpolarized experimental curve was obtained
averaging the three polarized components.

The zero of the energy scale was chosen by convenie
The experimental and theoretical spectra were aligned in
horizontal axis, so that the energy positions of the«iz peaks
at ;35 eV coincide. After such an alignment, the zero of o

FIG. 5. Comparison of experimental and theoretical VK-edge
XANES spectra of V2O5, both polarized and unpolarized. The p
larized experimental components were obtained from several se
measured polarized spectra, by procedure described in Sec.
The unpolarized experiment was obtained by averaging the po
ized spectra. Theoretical curves correspond to the ‘‘standard
ting’’ of potential parameters, as specified in the end of part III
ed
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energy scale corresponds to the incident x-ray beam en
of 5462 eV for the experimental spectra.

Our transmission-mode measured polarized spectra a
a very good agreement with the spectra presented
Poumellecet al.,28 which were obtained by total electro
yield detection. An interesting difference can be observed
the double peak around 19–23 eV in«iz spectra: While the
first subpeak~at 19 eV! is higher than the second one~at 23
eV! in Fig. 5, Poumellecet al.28 observed an inverted ratio o
these intensities~cf. Fig. 4 of their paper!. It is not clear
whether this is caused by different detection techniques o
something else. Note also that, in the preedge region, a g
overall agreement with results of Cherkashenkoet al.32 oc-
curs as well~their spectra do not exhibit sufficient resolutio
for higher energies!. However, neither our spectra nor th
spectra of Poumellecet al.28 show the distinct kink on the
high-energy side of the pre-peak in«iz observed in Ref. 32
— this feature is probably not a real effect.

VanadiumK spectra of V2O5 display a much larger po
larization effect than theL3 spectra: Goeringet al.36 did not
find any difference between the«ix and«iy components and
also the difference between any of the in-plane polarizati
and the«iz component is much less pronounced at theL3
edge. This can be understood intuitively realizing thatL3
spectra reflect mainly the density of thed states around va
nadium, which bear more atomic character than thep states.
Successful calculations ofL3-edge spectra of some transitio
metal compounds based on crystal-field split atom
multiplets16 indicates that intra-atomic effects may inde
dominate in such a case. On the other hand,K spectra are
more prone to solid-state effects~energy band dispersion!.

As can be inferred from Fig. 5, our calculation describ
well basic trends of the polarized spectra. Note that the
sition of the last peak in our«iz theoretical spectrum, which
reaches beyond the range of our experiment, agrees we
position with the appropriate experimental peak of Ref. 2

The energy separation between the prepeak and the m
peak is smaller in theory than in experiment for any pol
ization. This is almost surely caused by the neglect of
energy-dependence of the selfenergy in our calculation.

The shoulders predicted by theory for the«ix component
at 24 eV and for«iy at 21 eV do not have experimenta
counterparts. This may be due to effective smearing cau
by inelastic losses of the photoelectron. Such processes
beyond the scope of our paper~our theoretical curves include
just the core hole smearing!.

The theory is not quite accurate for the«iz polarization at
;20 eV — the theoretical peak is too wide: It stretches fro
17 eV to 25 eV while the experimental structure stretch
from 19 eV to 23 eV~Fig. 5!. Furthermore, the theory als
fails to reproduce correctly the polarization dependence
the«ix and«iy experimental peaks around;25 eV: Calcu-
lations predicts that the«ix maximum is lower in energy
than the«iy maximum~at 25 eV and at 26 eV, respectively!,
while in experiment the«iy peak occurs for lower energy~at
23 eV! than the«ix peak~at 25 eV!. One possible explana
tion at hand for this disagreement may be many-elect
effects: Shakedown phenomena as the cause of the sho
at the low-energy tail of the main peak were suggested
Ref. 27 for vanadium oxides or by Ref. 55 for copper co
plexes. Similarly, Curelaruet al.56 argue on the basis o
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comparing appearance potential, x-ray photoemission, x
emission, and x-ray absorption spectra, and diagram of
lecular orbitals that the one-particle model of V2O5 spectra
breaks down close to the edges. Although we cannot rule
many-electron option out, we would rather attribute the
accuracies of our theory to the lack of selfconsistency an
to the muffin-tin form of our scattering potential~cf. Sec.
IV B 1!.

The calculation does not reproduce correctly the pre-e
structure for«ix and«iy polarizations~similarly as Refs. 33
and 34!. As demonstrated in Sec. IV C, this disagreem
cannot be removed by merely including quadrupole con
butions. The cluster size we used is fully sufficient, too~Sec.
IV D !. Again, the deficiency of our non-self-consistent p
tential can be the main source of this disagreement. H
ever, the pre-edge structure is also quite sensitive to c
hole effects~Sec. IV B 2!. Hence the inadequacy of our stat
‘‘ Z11’’-like treatment of the core hole may contribute
well.

An interesting feature to note is that the comparison
tween the theory and the experiment looks significantly b
ter for unpolarized spectra~lower curves in Fig. 5!. This
demonstrates that unpolarized spectra are ‘‘more forgivin
to deficiencies of the theory than polarized ones. Polari
spectra pose much more stringent test for any theory.

B. Choice of scattering potential

1. Different ways of constructing muffin-tin potential

As outlined in Sec. III A and summarized in Table II, w
tested three ways of setting the ‘‘defining parameters’’ of
scattering potential. The results are displayed in Fig. 6. It
be seen, that although the gross features of the theore
spectra do not depend on the particular choice of the mu
tin parameters, the same is not true for some distinct det
Especially this is true in the pre-edge region. Neither cho
of muffin-tin parameters leads to an essentially better rep
duction of the experiment than the other two sets over
whole energy range. Interestingly, the frequently used w
of constructing muffin-tin zero by minimizing the potenti
discontinuities at muffin-tin boundaries~parameter set 2!
leads to the worst agreement between the theoretical and
experimental distance between the prepeak and main pe
the «iz component. This may of course change if energ
dependent selfenergy is employed. Note also that muffin
radii are usually set otherwise than by the matching poten
method in case that a ‘‘step-minimizing’’ muffin-tin zero
used.52 Hence, our study cannot strictly be taken as a tes
which of the commonly used potential constructions is
best one.

The conclusion to be drawn from Fig. 6 is that certa
details of V2O5 spectra are quite sensitive to the way
muffin-tin potential construction, and therefore their corre
reproduction may require inclusion of non-muffin-tin effec

2. Core-hole effect

We investigated the core-hole effect as well. We fou
hardly any difference between theoretical spectra calcula
with a fully screened relaxed core hole and without it forE
.15 eV. The separation between the prepeak and the m
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peaks atE'25 eV in the theoretical spectrum changes alb
not too much: It is by 1 eV smaller if the core hole is om
ted.

On the contrary, remarkable changes due to the core
occur in thepreedge region, as demonstrated in Fig. 7. Th
core hole effect depends quite a lot on the polarizati
While it is very strong for the«ix and«iy polarizations, the
«iz pre-peak is only mildly effected. A careful analysis
the raw — nonsmeared — theoretical data~depicted by bro-
ken curves in Fig. 7, cf. also bottom of Sec. III A! shows that
the«iz pre-edge structure is in fact sensitive to the core-h
presence, too. However, the pre-edge structure obtained
smearing the raw«iz curve is dominated just by a singl
huge resonance at 10 eV, which itself does not depend on
presence or absence of the core hole. This resonance e
tively overrides any other—core-hole-dependent—fine str
ture.

A plausible reason why this dominating resonance is
sensitive to the core-hole potential, is that this resonanc
connected rather with the real than with the electronic str
ture of V2O5: As it will be explained below~Sec. IV F!, this
feature arises due to a very short and ‘‘unilateral’’~i.e., not
centrosymmetrical! V–Ovan bond. The rest of the pre-edg
fine structure depends, on the other hand, quite a lot on
electronic structure due to the low-photoelectron energy,
hence, is quite prone to changes induced by the core h

FIG. 6. Comparison of theoretical VK-edge spectra of V2O5

calculated for different sets of muffin-tin parameters, as specifie
Table II: Matching-potential muffin-tin radii and interstitial ave
aged muffin-tin zero~lowest set of curves!, matching-potential
muffin-tin radii and potential step minimizing muffin-tin zer
~middle set! and Eyert and Ho¨ck ~Ref. 7! muffin-tin radii and inter-
stitial averaged muffin-tin zero~uppermost theoretical set!. Experi-
mental spectrum is added at the top for comparison.
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Thus, the apparent reason for the peculiar polarizati
dependence of the core-hole effect rests in different mec
nism of the pre-edge structure for the«ix,y, and«iz polar-
izations.

The agreement with the experiment is quite poor in
«ix and «iy pre-edge regions, no matter whether the c
hole is taken into account or not. Taking quadrupole tran
tions into account does not improve this agreement ei
~see Sec. IV C below!. Nevertheless, we consider our the
retical models relevant enough to conclude that the core-
effect might be quite significant at the«ix,y pre-edge. Un-
fortunately, it is not possible to attribute the failure of th
theory in this region unambiguously either to deficiency
non-self-consistent potential, or to non-muffin-tin effects,
to inadequate ‘‘Z11’’ treatment of the core hole. Let’s jus
note that problems with incorporating the core hole into
V2O5 XANES calculation were reported earlier as well.34

We tried also apartially screenedrelaxed core hole po
tential, which was assessed as the most suitable one in e
studies of VOPO4•2H2O ~Ref. 35! and of other materials
containing transition-metal atoms in distorted octahed
coordinations.53 The screening chargeQ varied in our tests
from 0.2 to 0.8 of electron charge~as opposed to 1.0 in th
case of a fully screened hole discussed above!. We found
that partial screening not only did not improve the agreem
between theory and experiment in the pre-edge region,
even worsened it in theE.15 eV region. A possible caus
of the apparent contradiction between our results and con
sions of Vedrinskiiet al.53 and Poumellecet al.35 might rest

FIG. 7. Comparing polarizedtheoreticalspectra in the pre-edg
region obtained for potentials either including~left panel! or ignor-
ing ~right panel! the core hole. Thin dashed lines represent r
theoretical results, thick solid lines stand for curves broadened
convolution with lorentzians to account for finite core hole lifetim
The vertical scale is not the same for all polarizations —«ix and
«iy component intensities were multiplied by 70 in order to
displayed together with the«iz component.
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in different ways of muffin-tin potential construction in the
works.

Finally, let us note that anunpolarized spectrumwould
not reveal any core-hole effect in the theory at all. The«iz
prepeak, which is stable against the presence or absence
core hole, presents namely by far the most dominant con
bution to the unpolarized pre-peak~Fig. 5!. Thus, any mani-
festation of significant changes in the«ix and«iy pre-edge
structure, which are apparent in Fig. 7, would be obscured
the robust«iz component in the unpolarized spectrum.

C. Quadrupole transitions

States at the bottom of the conduction band of transiti
metal compounds prevalently have ad character. Our
RS-MS cluster calculation showed that thed DOS is about
100 times higher than thep DOS in the pre-edge region~we
do not show the plots here for brevity!. This overwhelming
dominance of thed states makes another case for looking
quadrupole contributions.

First, let’s review the experimental evidence based
methods described in Sec. II C. In Fig. 8, we present
partial spectra componentspx , py , and pz extracted from
four different sets of experimental spectra along Eq.~1!, ne-
glecting the quadrupole contributions. A good coinciden
between the corresponding curves confirms the dipole c
acter of the polarization dependence for energies above;12
eV. At the same time, a quadrupole contribution is obser
in the pre-edge region, below 12 eV~inset of Fig. 8!. It
should not be confusing, that at higher energies~above 15
eV! the absolute differences between the curves of the s
polarization become even larger than in the pre-edge reg
This happens because of the background fit error~growing
with energy! and a possible imaginary decrease of absorpt
at its high values because of the so called thickness eff
The decisive factor here is, however, the relative spre
which anyway is much larger below 12 eV. The averag
experimental curves forpx , py , andpz are displayed in Fig.
5 at the top.

Another way of identificating quadrupole contributions
employed in Fig. 9: We display here experimental curv

y

FIG. 8. Symmetry-resolved partial spectral componentspx , py ,
andpz , extracted from four different sets of measured spectra. P
sible quadrupole contributions were ignored. The vertical scale
expanded five times in the inset.
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recorded at such sample-to-beam orientations that di
spectral weights are identical, while quadrupole spec
weights differ. The partial spectral weights for each gro
are indicated in the plot.

Again, one can establish that the region of effective qu
rupole contribution ends at 12 eV in our scale~note that our
zero corresponds to 5462 eV of photon energy, as state
Sec. IV A!. The magnitude of spread indicates the stren
of the quadrupole transition. Analyzing the weights ofp and
d components in each spectrum, one can see that in
middle group of spectra in Fig. 9, the componentdx22y2

seems to be responsible for the increased absorption. An
gously, in the upper group, the componentdxy increases the
absorption, while the componentdxz is evidently smaller~it
decreases the peak intensity!. Finally, from the lowest group
one can conclude that the componentdxy is larger thandyz .
Thus, from all three groups it follows that the compone
dxy and dx22y2 contribute to the pre-edge absorption, wh
dxz and dyz partial spectral components are comparativ
small.

This observation is somewhat surprising, as selfconsis
band-structure calculations37 show that the local density o
the dx22y2 states is significantly smaller than local densit
of eitherdxz or dyz states at the V site~see Fig. 6 of Ref. 37!.
Note however that x-ray absorption spectrum is not adirect
probe of partial DOS~matrix elements play a role as well!,
so our finding need not be at variance with Ref. 37.

We took the quadrupole transitions into account in o
theoretical calculations as well. Theoretical dipole and qu
rupole contributions in the pre-edge region are presen
separately in Fig. 10, together with the experimental curv
Note that the vertical axis is not in the same scale for
«ix,y and for the«iz components. Thek vector components
corresponding to the displayed curves are@0,0.383,0.924# for
the «ix polarization, @0,0,1# for the «iy polarization and
@0,1,0# for the «iz polarization. According to Eq.~2!, corre-
sponding partial spectral weights of quadrupole transiti
are 0.147dxy10.853dxz for the «ix polarization, while for
the«iy and«iz polarizations the quadrupole component is
puredyz .

FIG. 9. Experimental VK-edge XANES curves recorded at s
lected sample orientations such that partial spectra weights of tp
orbitals are identical while weights of thed orbitals vary. Partial
spectral weights of thep andd components are indicated for eac
curve in the plot.
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It can be seen from Fig. 10, that our calculation fails
reproduce the experiment in the pre-edge region for
«ix,y polarizations, even if quadrupole contributions are
cluded. The most likely source of this disagreement is in
equacy of our non-self-consistent muffin-tin scattering p
tential. We checked that including quadrupole contributio
in calculationswithout the core hole~cf. Sec. IV C and Fig.
7! does not improve the agreement with experiment either
hence, we do not display those results here.

Due to this failure, we did not try to verify by calculation
our assumptions based on analysis of Fig. 9, namely that
dominant quadrupole components aredxy anddx22y2. Nev-
ertheless, few hints still could be collected from Fig. 1
First, our calculation agrees with the common experien
that quadrupole contributions are likely to be most import
at the low-energy tail of the prepeak.14,35,42,53Second, the
middle panel of Fig. 10 supports the suggestion of Ref.
that the first peak in pre-edge structure in«iy spectrum con-
tains a non-negligible quadrupole contribution — althou
the dipole component is still a bit larger. Note also that s
nificant quadrupole nature of the low-energy side of the«iy
prepeak could be guessed from the inset of Fig. 8 as we

To conclude this section, we found a compelling eviden
that quadrupole transitions contribute significantly to the
tails of the pre-edge structure for the«ix and even more for
the «iy polarization. However, the precise ratio between

FIG. 10. Comparing calculated dipole and quadrupole contri
tions in the pre-edge region. The experiment is displayed for co
parison as well. Note that again the«ix and«iy component inten-
sities were multiplied by 70~similarly as in Fig. 7!. The k vector
components are@0,0.383,0.924# for the«ix polarization,@0,0,1# for
the «iy polarization, and@0,1,0# for the «iz polarization.
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pole and quadrupole contributions as well as the symm
type of the quadrupole transitions involved has yet to
quantified.

D. Cluster size effect

Theoretical VK-edge polarized XANES spectra for a fe
representative sizes of the clusters taken into account
displayed in Fig. 11. The first thing to notice is that the m
characteristic features of the polarized spectra appear fo
little as 7 atoms. This confirms in a systematic way ear
observations of Stizzaet al.31 and Kraizmanet al.,33 who
perform their simulations for clusters of up to 7 or 19 atom
respectively. Also the fact that spectra of V2O5 crystal, V2O5
xerogel, and VOPO4•2H2O gel are quite similar to eac
other in their general trends supports the conclusion that
the nearest neighborhood of V atom, which is responsible
the gross spectral features~especially close to the edge!.28

FIG. 11. Theoretical polarized XANES calculated for increas
cluster sizes. The numbers of atoms in respective clusters are
cated at each set of curves.
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Let us take note that the cluster size convergence is
uniform: Main peak splittings at«ix and«iy appear at first
for 23 atoms~peaks at 25 eV and 30 eV for«ix and at 25 eV
and 31 eV for«iy), then disappear at 38 atoms~only peaks
at 30 eV for«ix and 31 eV for«iy are left! and definitely
re-emerge at 63 atoms. This indicates that forming XAN
peaks is a complex process and the association between
ticular spectral and geometrical features is not a straight
ward one. Poumellecet al.28 remarked that the splitting in
question had not yet been explained by one-electron the
Figure 11 demonstrates that this was due to the fact that
cluster size used by Stizzaet al.31 was simply too small to
account for this. Use of more sophisticated exchan
correlation terms, as suggested in Ref. 28, is therefore,
necessary.

We found no significant changes between spectra
tained for clusters containing 63, 119, or even 255 atoms~the
last spectrum not shown in Fig. 11! — not even at the pre-
edge region. Hence, the failure of the theory to describe
pre-edge fine structure for«ix and «iy polarization cannot
be due to cluster size effects.

The last remarkable thing to note is that the theoreti
spectra converge more quickly with cluster size in the«iz
polarization than in the«ix,y polarizations. This seems to b
a consequence of a semilayered structure of V2O5: Due to
the very short V-Ovan bond length, the unoccupied state
have rather molecular than solid-state character in thez di-
rection.

E. Role of symmetry distortion

Departures of the arrangements of atoms around the
tral one from the perfect octahedral symmetry may ha
deep consequences for the shape of the absorp
spectrum.27 In order to study such effects in the case of
highly asymmetric V2O5 crystal, we calculate polarized
spectra for artificial model structures, where selected de
tions from the octahedral symmetry are relaxed.37

First, the V2O5 structure can be altered in such a way th
the horizontal symmetry is recovered, i.e., the zig-zagg
oxygen chains, which are approximately colinear with theb
axis, as indicated in Fig. 2, are made straight. Note that s
a model structure still is not isotropic in thexy plane. The
original V2O5 structure can also be altered in such a way t
the vertical symmetry is recovered, i.e. bipyramidal bas
perpendicular to thec axis are made flat~cf. projection of the
original V2O5 structure in Fig. 3!. Positions of atoms in the
model structures are summarized in Table III in fracti
units.

Theoretical V K-edge XANES spectra for these tw
model compounds are displayed in Fig. 12. The calculati
were performed for clusters containing 134 atoms~horizontal
symmetry restored! or 148 atoms~vertical symmetry re-
stored!. The ‘‘original V2O5’’ spectrum, displayed for com-
parison, corresponds to 119 atoms in cluster. These clu
sizes ought to be fully sufficient~see Sec. IV D!. Mattheiss
potentials for the model compounds were constructed al
directions appropriate for parameter set 1 of Sec. III A.

Due to a poor agreement of our theory with the expe
ment in the pre-edge region for«ix and «iy polarizations,
our analysis is relevant mainly for larger photoelectron en

di-



s
e

ta

g
po
ifi

tt
ke

he
the
-

etry

e of

lar
del
n
ed
g

gen

-
bor-
of
rest
the

fo
e

rge
v-

ing

ens

ee
na
m
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gies. Hence we cannot compare directly with the analysi
Eyert and Ho¨ck,37 as they cover just the lowest part of th
conduction band. Rather, our investigation is complemen
to theirs in this respect.

An interesting thing to notice in Fig. 12 is that recoverin
either vertical or horizontal symmetry changes the other
larization component as well, hinting thus possible sign
cance of anonfocusingmultiple scattering57,58 in respective
energy regions~terms ‘‘wide angle’’ or ‘‘type-2’’ scattering
have been used as well in the literature!. That would be quite
remarkable, as most studies indicate that only those sca
ing paths which are approximately colinear have to be ta
indispensably into account by RS-MS theory.59

FIG. 12. Effect of restoring either horizontal symmetry~upper
set of curves! or vertical symmetry~lower set of curves! in V2O5

crystal on the theoretical XANES spectrum. Polarized spectrum
the original V2O5 structure is displayed with thicker lines in th
middle section.

TABLE III. Positions of the vanadium atoms and of the thr
types of oxygens in model compounds derived from the origi
V2O5 crystal by restoring either the horizontal or the vertical sy
metry. See Table I for the original V2O5 structure.

Atom Wyckoff positions x y z

Horizontal symmetry restored
V ~4f! 0.08333 0.25 0.8917
Ovan ~4f! 0.08333 0.25 0.531
Och ~4f! 20.08333 0.25 0.003
Obri ~2a! 0.25 0.25 0.001

Vertical symmetry restored
V ~4f! 0.10118 0.25 0.000
Ovan ~4f! 0.1043 0.25 0.500
Och ~4f! 20.0689 0.25 0.000
Obri ~2a! 0.25 0.25 0.000
of

ry

-
-
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The «iz spectrum remains relatively unchanged if t
horizontal symmetry is restored but crucially depends on
presence of vertical displacements~even beyond the pre
edge region!. The horizontal components«ix,y, if viewed
separately, are not changed dramatically by either symm
restoration. However, their mutual positions~polarization
distinction! depends quite a lot on the absence or presenc
either vertical or horizontal symmetry. As a whole, the«ix,y
components seem to be much less dependent on the~defi-
cient! symmetry of the V2O5 crystal than the«iz component.

F. Origin of peaks — effects of particular atoms

In order to learn more about the importance of particu
atoms for specific XANES features, we calculated mo
spectra for large V2O5 clusters, with various nearest-oxyge
atoms missing. In Fig. 13, we present theoretical polariz
spectra for a cluster with the four ‘‘planar’’ oxygens missin
~three Och and one Obri atoms, labeled O2 and O3 in Fig. 1!,
for another cluster where just the nearest vanadyl oxy
Ovan is missing@labeled O1(1) in Fig. 1#, and finally for a
cluster with only thedistant vanadyl oxygen removed@la-
beled O1(2) in Fig. 1#.

We can observe that the«iz component remains more-or
less intact by any changes in the nearest vanadium neigh
hood forE.30 eV. Moreover, even the near-edge region
«iz is little affected by presence or absence of the nea
four planar oxygens. The same is even more valid for

r

FIG. 13. Effect of removing specific nearest atoms from a la
V2O5 cluster~119 atoms!. The lowest spectra correspond to remo
ing the distant vanadyl oxygen@labeled O1(2) in Fig. 1# — i.e., 118
atoms in cluster, the next triad of curves corresponds to remov
the nearest vanadyl oxygen O1(1) ~again 118 atoms in cluster!, then
come polarized spectra of the original V2O5 structure and upper-
most curves correspond to removing four nearest planar oxyg
~labeled in Fig. 1 as O2 and O3), leaving thus 115 atoms in the
cluster.
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distant Ovan atom: The«iz spectrum varies only slightly if
this atom is removed from a large cluster, the changes b
almost exclusively restricted to the ‘‘critical area’’ around 2
eV. On the contrary, the presence of the nearest Ovan is cru-
cial for the occurrence of the«iz prepeak.

The sensitivity of«ix and«iy spectra to presence or ab
sence of nearest atoms offers much less surprising feat
The «ix,y components change totally in thewhole energy
rangeif nearest planar oxygens are removed~uppermost sec-
tion of Fig. 13!. Presence or absence of any of the api
vanadyl oxygens Ovan is not essential for«ix and«iy spectra
except for the pre-edge region.

Thus, by analyzing curves in Fig. 13, we can draw a c
clusion that the distinct prepeak in the«iz spectrum is de-
termined almost exclusively by the nearest vanadyl oxy
— as though the rest of the cluster acted just like a mirr
reflecting the outgoing electron back to the center and
hancing the effect of the Ovan atom in question. To explore
this suggestion deeper, we proceed the other way now:
calculate XANES spectra for very small model cluste
which contain just few atoms concerned.

The results are shown in Fig. 14. The curves are dis
guished by inset symbolic drawings. The largest cluster c
sidered here contains just 7 atoms and consists of a vertic
distorted square bipyramid. To highlight the role of the v
nadyl oxygens Ovan, the model clusters were made com
pletely symmetric in thexy plane: The four planar oxygen
lie in the same plane as the V atom, at the corners o
square. The distance of all the planar oxygens from the c
tral V is 1.89 Å for these model structures. There is thus
difference between the«ix and «iy spectra. The vanady
oxygens are put in the apices of the bipyramid.

The uppermost pair of curves corresponds to the ‘‘re
V2O5 cluster — the apical oxygens are placed at distan
1.58 and 2.79 Å from the V atom, respectively. The pre-pe
in «iz is well defined. Next comes asymmetricbipyramid
~both apical oxygens are put 1.58 Å from the center!. The
prepeak completely disappears for this centrosymmetric
vironment. The two following pairs represent simple pyr
mids ~6 atoms in cluster!. The prepeak is present only for th
1.58-Å distance of the apical oxygen — it vanishes if th
length is increased to 2.79 Å . A similar situation occurs
the planar oxygens are left out, i.e. we have just three at
in the clusters~following two pairs of curves!. And finally
this picture holds also if we take into account just the cen
V atom and one oxygen~the lowermost pairs in Fig. 14!: The
prepeak is absent for the longer V–O distance.

Thus we can draw a conclusion: The characteristic p
peak in the«iz component of the VK-edge XANES spec-
trum of V2O5 is concurrently caused by the breaking of t
central symmetryand by the presence of the short V–Ovan
bond. We actually scanned a broad range of V–Ovan dis-
tances, calculating XANES spectra for a set of model sim
pyramids~6 atoms in cluster!. We found that if the neares
vanadyl oxygen distance~1.58 Å! is gradually increased, th
pre-peak shrinks and practically disappears if this dista
reaches;2.2 Å .

Our accentuation of the shortest V–Ovan distance is con-
sistent with deductions made earlier by other methods.
Wonget al.27 used semiquantitative arguments to explain
trends in the dependence of prepeak height on few s
ng
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bond lengths, and found that the contribution of the shor
bond is about three times as high as one would expect f
the fractions of the short V–O bonds to the total number
V-ligand bonds in the compounds under consideration. T
role of V–Ovan bond lengths asymmetry was stressed a
for VOPO4•2H2O ~Ref. 35!. In the case of intercalated
Li xV2O5 compounds, theoretical simulations of Lemoign
et al.60 indicate that displacements of apical oxygens play
essential role in explaining changes observed in the exp
mental VK-edge spectra of intercalates.

The interpretation of higher-energy features is more co
plicated. The composite peak at 19–23 eV in the«iz experi-
mental spectrum seems to be quite sensitive to the pres
of the distant Ovan atom — cf. lowest set of curves in Fig. 13

FIG. 14. Theoretical spectra of small model clusters~containing
from 2 to 7 atoms! which simulate the nearest neighborhood of V
V2O5. Each model structure is schematically identified by the in
drawing. See the text for a detailed description.
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However, a faint peak appears here even without it~see the
third pair of curves from the top in Fig. 14!. The role of the
distant Ovan was stressed in this context also by Stiz
et al.,31 although they analyzed XANES of V2O5•1.6H2O
gel and therefore, their results cannot be directly applied
this case.

Poumellecet al.28 attribute the main peaks at 24–31 eV
«ix and «iy polarizations to transitions to states deriv
from atomiclikep states of the central V, neighboring O an
neighboring V atoms. This corresponds to 14 atoms in c
ter. Figure 11 reveals indeed, that for this cluster size a w
defined broad peak around 30 eV emerges. However, as
cussed in Sec. IV D, more distant shells are also impor
here and, in fact, they cause the splitting of this peak i
two.

As already noted above, a remarkable feature of the«iz
theoretical polarization component is that it does not cha
significantly forE.30 eV if either nearest apical or neares
planar oxygens are removed~Fig. 13!. This disputes the pro
posal that the structures at 35 and 48 eV of the«iz spectrum
are representative for the 1.58-Å bond distance.28

As a whole, it seems that the spectral peaks atE.15 eV
arise due to quite complex scattering processes and it is
at all clear which atoms and/or scattering paths are esse
for their generation. There seems to be a compelling nee
develop an intuitively plausible scheme to connect spec
geometrical and spectral features in a more conclusive w

V. CONCLUSIONS

We presented experimental and theoretical polarized
K-edge spectra of V2O5. Our transmission-mode collecte
spectra agree with electron-yield detection spectra
Poumellecet al.,28 with the exception of the inverted ratio o
intensities of subpeaks at 19 eV and 23 eV in the«iz polar-
ization. We found that our non-self-consistent muffin-
RS-MS calculation can account for the basic polarizatio
trends and for peak heights and positions of the experime
spectra. Differences between experiment and theory in s
distinct details are evident for the polarized spectra, howe
om

.
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Those differences are not so apparent when comparing
polarized spectra—only polarized spectra provide an ‘‘a
test’’ for the theory.

Our calculations, either with or without the core hole,
not reproduce correctly the pre-edge structure in the«ix and
«iy polarizations, even if quadrupole contributions are tak
into account. By comparing theoretical spectra obtained
muffin-tin potentials constructed in different ways, we inf
that non-muffin-tin effects may be important in XANES o
V2O5 — especially in the pre-edge region.

By analyzing polarization dependence of the experimen
spectra alone, we found evidence that the details of the
edge fine structure for the«ix,y polarization are visibly in-
fluenced by quadrupole transitions. Our data suggest
these quadrupole contributions could arise predomina
from thedxy anddx22y2 partial spectra components.

We tried to identify origins of particular spectral peak
We demonstrated that the cluster size convergence of po
ized XANES spectra of V2O5 is not uniform and it depends
on the polarization. By calculating XANES for model com
pounds, we argue that deviations of the V2O5 crystal struc-
ture from the horizontal symmetry are much less signific
for the shape of the spectrum than deviations from the v
tical symmetry. Presence of the nearest Ovan atom is neces-
sary for generating the distinct pre-peak in«iz component.
For existence of this feature, bothshort bond lengthand
asymmetryare crucial. The high-energy tail of the«iz spec-
trum (E.30 eV! seems to be generated by long-range sc
tering — it does not depend on the presence or absenc
the nearest neighbors of the central V.
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