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Electronic structure of V2O5: Role of octahedral deformations
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We present results of all-electron electronic-structure calculations for semiconducting vanadium pentoxide.
The calculations are based on density-functional theory within the local-density approximation and employ the
augmented spherical wave method in its scalar-relativistic implementation. The electronic properties are modi-
fied significantly by strong hybridization between O 2p and crystal field split V 3d states. Strong deviations of
the VO6 octahedra from cubic coordination give rise to the narrow split-off conduction band as a characteristic
feature of V2O5 . Furthermore, we demonstrate that distortions of the octahedra along the crystallographicc
axis drastically increase the bonding-antibonding splitting of the V 3dxz/3dyz derived bands, whereas distor-
tions perpendicular to thec axis reduce the bandwidth of the split-off V 3dxy bands. Both effects contribute to
the stability of V2O5 and enhance the optical band gap.@S0163-1829~98!12919-3#
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I. INTRODUCTION

The transition-metal oxides attract a lot of attention due
their interesting physical and chemical properties, wh
arise from the narrowd states and their hybridization wit
the ligandp orbitals. Among this large class of materials, t
vanadium-oxygen system arouses special interest. Altho
made up of only two constituents, the vanadium-oxyg
phase diagram contains several stoichiometric compou
and a broad spectrum of physical phenomena could
studied.1

Some of the vanadium oxides undergo reversible me
insulator transitions as a function of temperature, pressure
doping, which come along with magnetic transitions and
structural changes. Prominent examples are VO2 and V2O3,
where the change in resistivity extends over several order
magnitude.2 In both compounds, the first-order phase tran
tion is accompanied by structural changes affecting the
ometry of the characteristic VO6 octahedra.1 In addition,
V2O3 exhibits long-range antiferromagnetic order below t
transition temperature.2 The origin of the metal-insulato
transition, however, is still a matter of controversy. Seve
models have been proposed ranging from models stres
the importance of electron-phonon coupling to such favor
strong electron-electron correlations as the driving force.
a consequence, a complete and accepted picture of the p
ics of the vanadium oxides has not yet evolved.

In an attempt to split the aforementioned problem of ide
tifying the predominant physical mechanisms into subpr
lems, which might be easier to attack, it is worthwhile
study related compounds where, for instance, electr
electron correlations are regarded as playing a minor r
One such system is vanadium pentoxide, which is a semic
ductor at all temperatures without exhibiting a pha
transition.1,3 At the same time, the crystal structure of V2O5
shows distinct deformations of the VO6 octahedra, some o
which are equivalent to those present in VO2 and V2O3.
Hence, by investigating V2O5, we might be able to shed
570163-1829/98/57~20!/12727~11!/$15.00
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some light on the influence of these structural peculiarit
on the electronic structure without being blinded by electro
electron correlations.

For some time, V2O5 has been the subject of intense wo
because of its small and highly anisotropicn-type electrical
conductivity.1,3,4 The anisotropy was related to the peculia
ties of the crystal structure: the atoms form double cha
within planes that are separated by a van der Waals gap5–8

From the Hall effect, thermopower, and EPR measureme
Ioffe and Patrina concluded that the reduced conductivity
contrast, can be attributed to the formation of sm
polarons.9 According to optical-absorption measuremen
the fundamental absorption edges amount to 2.15, 2.17,
2.22 eV forEia, Eib, andEic, respectively.10 From optical
reflectance measurements, Mokerovet al. concluded that the
optical properties for energies between 2.2 and 8–9 eV
dominated by transitions from oxygen 2p to vanadium 3d
states, whereas above 8–9 eV the transitions are to the
nadium 4s states.11 These authors reported that the fund
mental absorption is due to a band of only 0.4 eV wid
located at about 2.5 eV above the highest occupied state
addition, they found a second absorption edge at an en
above 2.6 eV.11 Their finding of a low energy split-off con-
duction band provided a different clue to the understand
of the low carrier mobility.

These findings were confirmed by photoemission exp
ments using UPS, XPS, XAS, and Auger electr
spectroscopy.12–18 According to Zhang and Henrich, the va
lence band of about 5.5 eV width divides mainly into thr
peaks.15 The two lower peaks are due to the V-O bondin
whereas the highest peak corresponds to nonbonding Op
orbitals. In addition, these authors found considera
changes of UPS spectra taken before and after XPS mea
ments on the~001! surface, which, in particular, affected th
two strong-binding valence-band peaks and which they
tributed to the tendency of V2O5 to form defects and to un
dergo transitions to other oxides.15

In the past years, V2O5 has attracted renewed interest as
12 727 © 1998 The American Physical Society
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12 728 57V. EYERT AND K.-H. HÖCK
starting material for the intercalation of alkaline atoms in
the van der Waals gap. Attention was focused, in particu
on the stoichiometric sodium intercalation syste
a8-NaV2O5, where the sodium atoms form ordered cha
within the van der Waals gap19 and which exhibits a spin
Peierls transition atTSP533.5 K.20–26

Theoretical work on V2O5 comprises semiempirical tight
binding and non-self-consistent first principles calculatio
as well as self-consistent calculations for clusters near
~001! surface.27–31However, a state-of-the-art first principle
study of the bulk material is still missing. In order to fill th
gap, we initiated the present study. In doing so, we aim
particular at a comprehensive analysis of the electronic st
ture in terms of a few relevant orbitals. Nevertheless, fo
detailed investigation of the mechanisms that cause the c
acteristic octahedral deformations, it is not sufficient to s
with only the experimentally determined crystal structu
For this reason, we extended our study to calculations
V2O5 with hypothetical crystal structures in which ideal o
tahedral geometry was gradually restored. The resul
changes of the electronic structure allow us to deduce
tailed information concerning the stability of the actual cry
tal structure. Finally, we complement the electronic prop
ties with a discussion of the chemical bonding by evaluat
the crystal orbital overlap population~COOP!,32 which was
recently implemented into the augmented spherical w
~ASW! method.33

A brief account of the present results has been gi
recently,34–36 whereas a detailed comparison with ang
resolved photoemission data will be published in the n
future.37 The paper is organized as follows. Starting with
short summary of the crystal structure data in Sec. II,
outline the calculational method in Sec. III. The results
presented in Sec. IV. The conclusion, Sec. V, sums up
most important findings.

II. CRYSTAL STRUCTURE

V2O5 crystallizes in a simple orthorhombic~so! lattice
with space groupPmmn (D2h

13) and lattice constants
a5 11.512 Å,b53.564 Å, andc54.368 Å.8 The primitive
cell comprises two formula units. We display the crys
structure in Fig. 1, where we also indicate the three differ
types of oxygens. They are usually designated as van
(Ov), chain (Oc), and bridge (Ob) oxygens. The positions o
the atoms and the crystal structure parameters are liste
Table I, where the Wyckoff positions (2a) and (4f ) are
special cases of the general position (8g): 6(x,y,z),

6(x, 1
2 2y,z),6( 1

2 2x,y,z),6( 1
2 2x, 1

2 2y,z).
The crystal structure consists of alternating~horizontal!

layers, which contain either vanadium, chain, and brid
oxygen atoms or, alternatively, vanadyl oxygen atom
Within the first type of layers, vanadium and chain oxyg
atoms form double zigzag chains along the^010& direction,
which, within the planes, are connected via the bridge o
gen atoms. The vanadyl oxygen atoms, finally, are loca
just below and above the vanadium atoms: thus the va
dium atoms reside near the centers of VO6 octahedra formed
by one bridge, two vanadyl, and three chain oxygen ato
These octahedra share edges via the chain oxygens and
ners via the bridge oxygens.
r,
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Still, the vanadium atoms experience distinct displa
ments away from the centers of the octahedra. First, the
nadium and the vanadyl oxygen atoms move vertically
wards each other. One short~1.577 Å! and one long~2.791
Å! V-Ov distance evolves, and the interaction along the la
reduces to rather weak van der Waals forces. This fact
plains the observed easy cleavage of V2O5 crystals parallel to
the (ab) layers.1 Second, the vanadium and the chain oxyg
atoms experience shifts parallel to thex axis towards the
bridge oxygen atoms. This leads to the zigzag shape of
^010& double chains. The resulting in-plane distances wit
the octahedra amount to 1.779 Å for the V-Ob bond and
1.878 Å and 2.017 Å for the V-Oc bonds parallel to they and
x axis, respectively. Due to these displacements, the rem
ing basic units finally become VO5 pyramids rather than
regular octahedra.

III. CALCULATIONAL DETAILS

Our calculations are based on density-functional the
~DFT! and the local-density approximation~LDA !.38,39 We
employ the augmented spherical wave~ASW! method40 in
its scalar-relativistic implementation41,42~see Refs. 43 and 44
for more recent descriptions!. Since the ASW method use
the atomic sphere approximation~ASA!,45 we had to insert
so-called empty spheres into the open crystal structure
V2O5. These empty spheres are pseudoatoms withou
nucleus, which are used to model the correct shape of
crystal potential in large voids.46 In order to minimize the
sphere overlap, we have recently developed the algori
described in Appendix A, which solves the problem of fin
ing optimal empty sphere positions as well as radii of

FIG. 1. Crystal structure of V2O5. Lines parallel to thex, y, and
z axes mark thea, ~double! b, and~double! c orthorhombic axes.
Vanadium atoms are printed in black. Vanadyl, chain, and brid
oxygens are shaded medium, light, and dark gray, respectively

TABLE I. Crystal structure parameters.

Parameters
Atom Wyckoff positions x y z

V (4 f ) 0.10118 0.25 20.1083
Ov (4 f ) 0.1043 0.25 20.469
Oc (4 f ) 20.0689 0.25 0.003
Ob (2a) 0.25 0.25 0.001
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57 12 729ELECTRONIC STRUCTURE OF V2O5: ROLE OF . . .
spheres automatically. By inserting 24 empty spheres
the simple orthorhombic unit cell of V2O5, we kept the linear
overlap of any pair of physical spheres below 18%, and
overlap of any pair of physical and empty spheres be
24%. The positions of the empty spheres are listed in Ta
II. In addition to the empty sphere positions, the algorith
proposed atomic sphere radii for all spheres, which are lis
in Table III. Table III moreover supplies the orbitals used
the basis set for the present calculations. States given in
rentheses were included as tails of the other orbitals~see
Refs. 40, 43, and 44 for more details on the ASW metho!.

The Brillouin zone sampling was done using an increa
number ofk points ranging from 27, 64, 216, to 512 poin
within the irreducible wedge, ensuring convergence of
results with respect to the fineness of thek space grid. Self-
consistency was achieved by an efficient algorithm for c
vergence acceleration;47 the convergence criterion for th
atomic charges and the total energy was 1028 electrons and
1028 Ry, respectively.

In addition to the band structure and the~partial! densities
of states, we evaluated the crystal orbital overlap popula
~COOP!. This concept has been introduced by Hoffmann32 in
order to allow for a discussion of chemical bonding. T
evaluation of the COOP has been recently implemented
the ASW method~see Refs. 33 and 34 for details!; it was
successfully applied to the interpretation of bonding prop
ties of various compounds.34

IV. RESULTS AND DISCUSSION

A. Electronic structure and density of states

To the first approximation, the semiconducting grou
state of V2O5 may be understood within an ionic pictur
where the O 2p orbitals are completely filled (O2-), whereas
the V 3d states are unoccupied (V51, 3d0). From the nearly

TABLE II. Empty sphere positions.

Parameters
Atom Wyckoff positions x y z

E1 (4 f ) 20.38 0.25 0.5
E2 (2b) 20.25 0.25 0.1389
E3 (2a) 0.25 0.25 0.4208
E4 (8g) 0.0217 0.0595 0.2533
E5 (8g) 0.1561 0.0238 0.1672

TABLE III. Atomic sphere radii and basis set orbitals.

Atom Radius/aB Orbitals

V 1.965 4s 4p 3d (4 f )
Ov 1.521 2s 2p (3d)
Oc 2.079 2s 2p (3d)
Ob 1.680 2s 2p (3d)
E1 2.598 1s 2p 3d 4 f (5g)
E2 2.583 1s 2p 3d (4 f )
E3 2.516 1s 2p 3d 4 f (5g)
E4 1.532 1s (2p)
E5 1.613 1s (2p)
to
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octahedral surrounding of the vanadium ions, we would f
thermore expect that crystal field splitting leads tot2g states
at the lower edge of the conduction band, while theeg bands
are located at higher energies. Due to strong deviations f
octahedral coordination, however, all orbitals will final
split into singlets. Nevertheless, in the present context th
rather schematic considerations just serve as a framewor
further discussions.

We display in Fig. 2 the electronic states along selec
high symmetry lines within the first Brillouin zone of th
simple orthorhombic lattice, Fig. 3. The corresponding de
sity of states~DOS! is given in Fig. 4, where we have adde
the dominant partial densities of states. Not shown are lo
lying oxygen 2s states.

In general, the bands shown in Fig. 2 reflect the aniso
pies of the crystal structure. Obviously, there exists onl
small dispersion along the directionG-X, which is the in-
plane direction perpendicular to the V-Oc chains. In contrast,
we observe larger dispersions alongG-Y, i.e., parallel to the
double chains. For the directionG-Z the dispersion arises
distinctly for different bands. Whereas the conduction ban
below 4.5 eV display hardly any dispersion, the valen
bands as well as the higher conduction bands have a dis
sion similar to that alongG-Y.

In Figs. 2 and 4 we identify three groups of bands. T
valence band starts at'25.5 eV below the valence-ban
maximum and consists of 30 bands that trace back mainl
O 2p states but have a non-negligible contribution due to
V 3d states. Bands are most easily counted along the
X-S where they are twofold degenerate.

FIG. 2. Electronic bands of V2O5 along selected symmetry line
within the first Brillouin zone of the simple orthorhombic lattice
Fig. 3. Energies are given relative to the valence-band maxim
EV .

FIG. 3. First Brillouin zone of the simple orthorhombic lattice.
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12 730 57V. EYERT AND K.-H. HÖCK
Above the band gap we find, in good agreement with
experimental data of Mokerovet al.,11 a narrow conduction
band of only 0.45 eV width that is separated from the bro
higher conduction band by an additional gap of'0.35 eV.
Whereas this so-called split-off band comprises two sin
bands, the high energy region consists of 18 bands. B
groups originate mainly from the vanadium 3d orbitals, but
again we observe in Fig. 4 a substantialp-d hybridization
especially for the upper conduction band. The vanadiums
derived bands are visible at the top of Fig. 2. All other sta
that are not included in Fig. 4 play only a negligible role
the given energy interval.

The valence and conduction band are separated by a
direct optical band gap with the band extrema located n
the T and G point, respectively. The calculated size of t
gap of '1.74 eV is smaller than the experimental value
'2.2 eV.

B. Partial DOS

Despite the strong distortions of the oxygen octahe
centered around the vanadium atoms, the dominant split
of the V 3d states results from the cubic part of the crys
field. This is demonstrated in Fig. 5, where we display
partial V 3d density of states together with the contributio

FIG. 4. Total and partial densities of states~DOS! of V2O5.
Here and in the following figures, partial DOS include all atoms
a species.

FIG. 5. Partial V 3d DOS of V2O5.
e

d

e
th

s

in-
ar

f

a
g

l
e

from the t2g andeg orbitals. In the conduction band we ob
serve an almost complete separation of these two gro
The t2g states appear almost exclusively in the energy ra
from '1.74 to'4.5 eV, whereas theeg states dominate a
higher energies. The small but finitet2g-eg configuration
mixing is a measure of the octahedral distortion, which
duces the local symmetry at the V sites to monoclinic (C1h).
The aforementioned reduced dispersion of the conduc
bands below 4.5 eV is reflected by the higher density
states of thet2g states. It is a consequence of the smal
overlap with the ligand 2p states viap bonds. Theeg states,
in contrast, forms bonds with the oxygen 2p states, and thus
exhibit a larger overlap and hence a stronger dispersion
the bands as well as a larger bonding-antibonding splitti
The latter becomes obvious from the vanadium contributi
to the density of states of the valence band, where theeg
states lie below thet2g states. Although the energetical sep
ration of thet2g andeg manifolds is not as complete as fo
the conduction bands, we clearly identify a change of
dominating V 3d character at'23 eV.

We display in Fig. 6 the partial DOS of the V 3d t2g and
eg states resolved into their symmetry components. We c
centrate especially on the conduction bands. Due to the
stantial hybridization of the V 3d with the O 2p states, the
distinct structure of the partial DOS visible in Fig. 6 shou
be reflected by the partial oxygen densities of states. Thi
indeed observed in Fig. 7, where we display the contri
tions from each type of oxygen separately. We have resol
the partial DOS into their threep contributions. In order to
facilitate the discussion, we complement the figures w
Table IV, where we combine those particular V 3d and O 2p
orbitals that, within a molecular orbital picture, are expec
to overlap.

Turning to theeg derived bands first, we mention th
double peak structure of the V 3dx22y2 partial DOS with

f

FIG. 6. Partial V 3d t2g andeg DOS of V2O5.
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57 12 731ELECTRONIC STRUCTURE OF V2O5: ROLE OF . . .
peaks at 5 and'6.3 eV as well as the appearance of t
dominant V 3d3z22r 2 contribution in the energy region
above'5.5 eV. The shape of the V 3dx22y2 peak around 5
eV resembles that of the Oc 2px and 2py DOS and thus
indicates thep-d hybridization. The peak at'6.3 eV, in
contrast, is derived mainly from overlap with the Ob 2px
states and, to a much lesser degree, with the 2px and 2py
states of the chain oxygen atoms. Still, overlap with thec
2py orbitals is larger than with the 2px states. The high
energy 3d3z22r 2 contribution, finally, originates from stron
hybridization with the Ov 2pz states.

For thet2g states, which are responsible for the weakep
type overlap with the oxygen 2p states, we observe mainl
three features in Fig. 6:~i! the striking double peak in the
interval between 3 and 4 eV of both the V 3dxz and 3dyz

FIG. 7. Partial O 2p DOS of V2O5.

TABLE IV. V 3 d-O 2p orbital overlaps.

Ov Oc Ob

V 3dxy 2py ,2px 2py

V 3dxz 2px 2pz 2pz

V 3dyz 2py 2pz

V 3dx22y2 2px ,2py 2px

V 3d3z22r 2 2pz
partial DOS clearly indicates overlap with the Ov 2px and
2py orbitals; ~ii ! the double peak in the energy range fro
2.5 to 3.5 eV in the V 3dxy partial DOS results from hybrid-
ization with the Ob 2py orbitals;~iii ! the peak of the split-off
conduction band is due to the V 3dxy-Oc 2px/2py hybridiza-
tion.

Of the remaining peaks we point out thedx22y2 DOS at
about 3 eV. It results from the vertical shifts of the vanadiu
atoms towards the vanadyl oxygen atoms, which induce
partialp-like overlap of this orbital with the Ov 2px and 2py
orbitals.

Both the vanadium and oxygen partial DOS thus refl
the peculiarities of the crystal structure. The short V-Ob and,
in particular, V-Ov bonds cause an increased bondin
antibonding splitting of the resulting orbitals, hence an u
shift of the corresponding antibonding states relative to
valence-band maximum. In reversed order, a similar shif
partial DOS is found in the occupied bonding vanadiu
oxygen states where bands with predominantly V 3d3z22r 2-
Ov 2pz and V 3dx22y2-Ob 2px character appear in the lowe
half of the valence band. Bands with dominant contributio
from the chain oxygen atoms, in contrast, experience
smaller bonding-antibonding splitting due to the larger V-c
bond length and hence their antibonding bands stay at lo
energies. In particular, the relative weakly bound V 3dxy- Oc
2px/2py derived bands separate from the main part of
unoccupied states and form the split-off conduction ba
Our results thus confirm the work of Lambrechtet al., who,
by using an effective tight-binding Hamiltonian and symm
try considerations, likewise attributed the split-off band
those V 3d and O 2p orbitals that have the smallestp-type
overlap, hence, the smallest bonding-antibonding splittin30

C. Chemical bonding

We complement the previous discussion by address
the chemical bonding of V2O5 via the crystal orbital overlap
population, as shown in Fig. 8. The COOP curves display
rather ‘‘canonical’’ behavior, being positive~bonding! and
negative~antibonding! in the low and high energy regions o
a band, respectively. Whereas the V-V bonding is alm
negligible, this canonical trend is visible for the oxyge
oxygen overlap for both the valence and the conduct

FIG. 8. Total and partial crystal orbital overlap populatio
~COOP! of V2O5.
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12 732 57V. EYERT AND K.-H. HÖCK
bands separately. The COOP curve resulting from V 3d-O
2p bonding, in contrast, extends from the bottom of the
lence band to the top of the conduction band, and chan
sign at the valence-band maximum. As a consequence, t
are only bonding V 3d-O 2p contributions in the occupied
part of the spectrum, whereas antibonding states are sh
to above the band gap. The vanadium-oxygen bondin
thus the decisive factor for the stability of V2O5. Note, how-
ever, that the low binding part of the valence band appear
be almost V-O nonbonding. This is in accordance with
results of Zhang and Henrich.15

D. Comparison to experiment

We display in Figs. 9, 10, and 11 the total and partial
3d and O 2p densities of states folded with a Gaussian of 0
eV width for the occupied and unoccupied part of the sp
trum, respectively. The total DOS in Fig. 9 compares ve
well with the XPS spectra by Fiermanset al.12 and the UPS
spectra by Shinet al. as well as by Zhang and Henrich,14,15

which show an approximately 5.5 eV wide valence band
the curves given by Zhang and Henrich, the valence b
falls into three peaks at about 1.0, 2.5, and 4.5 eV below
valence-band maximum, the relative weights of which, ho

FIG. 9. Total and partial DOS of V2O5 folded with a 0.5 eV
wide Gaussian.

FIG. 10. Partial V 3d DOS of V2O5 folded with a 0.5 eV wide
Gaussian~lower set of curves! and XAS VL III edge spectra~upper
set of curves; from Ref. 18!.
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ever, are quite sensitive to photon energy.15 This is in agree-
ment with the spectra displayed by Shinet al., which have
two peaks at 0.8 and 2.5 eV, but only a shoulder at 4.3
binding energy.14 The three-peak structure is less marked
the XPS curves. In contrast, these spectra resemble mor
form of the V 3d partial DOS, which is consistent with th
fact that the latter states have a larger cross section
XPS.14,48

For the unoccupied states the calculated band posit
and widths are in close agreement with those deduced f
the optical reflectance data by Mokerovet al.11 In Figs. 10
and 11 we have added soft-x-ray absorption spectra as m
sured by Goeringet al.18 In order to probe the angular de
pendence, in these experiments the polarization vectorE was
oriented either nearly parallel~f585°! or else perpendicula
~f50°! to the crystalsc axis, which is perpendicular to th
(ab) planes. In the former case, dipole selection rules all
for transitions from V 2p to the V 3dxz , 3dyz , 3d3z22r 2

states and from O 1s to the O 2pz state. In contrast, forE
perpendicular to thec axis, transitions to all five V 3d as
well as to the O 2px and 2py states may occur. We hav
added the partial DOS of the corresponding final states
Figs. 10 and 11. The agreement between experiment
theory is striking. This holds not only for the positions of th
peaks but also for their angular dependence. We point e
cially to the suppression, on increase of the anglef, of the
peak due to the split-off conduction band in Fig. 10 as w
as of the O 2p peak at 3.4 eV in Fig. 11, which is a cons
quence of the V 3dxy-O 2px/2py character of this band
Even smaller details such as, for instance, the double p
structure in the V 3d and O 2px/2py DOS above' 4 eV
~f50° spectra! and its reduction to a single peak in the spe
tra for f585° are described correctly.

E. Role of crystalline distortions

In this section we address the question of why vanadi
pentoxide reveals the peculiar quasi-two-dimensional cry
structure as compared to the neighboring 3d0 compound,
TiO2, which is a semiconductor with an optical band gap
3.05 eV and crystallizes in the more regular rutile structu
with only one type of oxygen atom and two different Ti-

FIG. 11. Partial O 2p DOS of V2O5 folded with a 0.5 eV wide
Gaussian~lower set of curves! and XAS OK edge spectra~upper
set of curves; from Ref. 18!.
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bond lengths.34 For this reason we investigate various hyp
thetical crystal structures for V2O5 resulting from an increase
of the local symmetry.

From the discussion of the crystal structure given in S
II, one might conclude that in the fictitious reference stru
ture both the vertical movements of the vanadium and
nadyl oxygen atoms as well as the lateral displacement of
vanadium and chain oxygen atoms parallel to thex axis
should be eliminated. The atoms would then form perf
(ab) planes theirz values being either zero or 0.5. Withi
the planes, the zigzag of the double chains would be eli
nated and thex components of the vanadium, vanadyl, a
chain oxygen atoms take the valuesx(Ob)61/6. The crystal
structure parameters for the resulting idealized positions
the atoms are listed in Table V. However, the so-construc
idealized crystal structure is based on a simultaneous re
tion of both types of displacements and hence does not a
to unambiguously attribute changes of the electronic str
ture to one of the two modes. For this reason, we procee
two steps, where we either eliminate the vertical or the
eral displacement. Still, in both cases the resulting cry
structures are artificial. The calculations are performed
complete analogy to those for the ‘‘real’’ structure as d
scribed in Sec. III. The only difference is that, due to t
changes in the atomic positions, different empty sphere
sitions and sphere radii for all atomic spheres have to
used.49

1. Out-of-plane displacements

First, we turn to the vertical shifts and set thez compo-
nents of all atoms either to zero or 0.5. Note that this actu
changes the lattice from simple to base-centered orthorh
bic. However, in order to facilitate the subsequent disc
sion, we will stay with the notions of the simple orthorhom
bic lattice.

As is seen in Fig. 12, the artificial idealization of thez
components leads to a metallic band structure. Howeve
analysis of the band characters reveals, we are actually d
ing with a semimetal where the former valence and cond
tion bands just share a common energy range of about 0.
width without experiencing additional hybridizations. Th
partial DOS as shown in Figs. 13 and 14 can be underst
in the light of the discussion of Sec. IV B. We observe t
strong Vdxz/dyz dominated peaks at'1 and 1.5 eV as well
as the Vdxy contributions at'0.7 and 1.7 eV. The accom
panying oxygen 2p partial DOS follow the schematics of th
orbital overlaps listed in Table IV.

As compared to the partial DOS of ‘‘real’’ V2O5 shown in
Figs. 6 and 7, we observe a striking broadening of the Vdxz ,

TABLE V. Crystal structure parameters of hypothetically ide
ized V2O5.

Parameters
Atom Wyckoff positions x y z

V (4 f ) 0.08333 0.25 0.0
Ov (4 f ) 0.08333 0.25 0.5
Oc (4 f ) 20.08333 0.25 0.0
Ob (2a) 0.25 0.25 0.0
-
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dyz , and d3z22r 2 derived bands. This causes the enhanc
dispersion along the lineG-Z in the energy range from23 to
3.5 eV and results from the assumption of equal V-Ov bond
lengths. The considerable downshift of these states res
from the increase of the shorter of the V-Ov distances. This
reduces the overlap between the Vdxz/dyz and the Ov
2px/2py orbitals and, hence, the bonding-antibonding sp
ting. Both the broadening and the downshift cause the fin
density of states atEF . Substantial shifts are also observe
below the Fermi energy where the Ov 2p states are destabi
lized and the corresponding occupied bandwidth is redu
from 5.5 to 3 eV. Finally, the downshift of the unoccupied
dxy states can be attributed to the decreasing overlap of th
3d states with the Ov 2px/2py orbitals, which contribute to
the split-off conduction band in Fig. 7.

FIG. 12. Electronic bands of hypothetical V2O5 with idealizedz
components along selected symmetry lines.

FIG. 13. Partial V 3d t2g andeg DOS of hypothetical V2O5 with
idealizedz components.
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2. In-plane displacements

The situation is different when we adjust the in-plane p
jections of the atomic positions while keeping the observez
components. According to the band structure displayed
Fig. 15, this hypothetical V2O5 is at the borderline betwee
a semiconductor and a semimetal. However, the increas

FIG. 14. Partial O 2p DOS of hypothetical V2O5 with idealized
z components.

FIG. 15. Electronic bands of hypothetical V2O5 with idealizedx
components along selected symmetry lines.
-

in

in

dispersion now is along the linesG-X andG-Y. According
to the partial DOS shown in Figs. 16 and 17, the most st
ing changes are due to the Vdxy states. The distance betwee
the peaks at 2 and 3 eV in Fig. 7 has shrunk due to the lat
shifts of the atoms, which make the V-Oc and V-Ob more
alike and thereby lead to a comparable bonding-antibond
splitting. At the same time, due to the alignment of the V-c
double chains, the in-plane dispersion increases subs
tially. Although the split-off conduction band has a larg
width, it is still separated from the higher bands.

Summarizing, the crystal structure of V2O5 can be de-
scribed in terms of two different atomic displacemen
which cause distinct changes of the electronic structu
~i! Starting from the idealized reference crystal structu
given in Table V, the vertical displacement of the vanadiu
and vanadyl oxygen atoms increases the overlap betwee
V dxz/dyz and Ov 2px/2py orbitals and, hence, the corre
sponding bonding-antibonding splitting. As a consequen
the antibonding Vdxz/dyz derived states move up in energ
and increase the optical band gap. The bonding Ov 2px/2py
dominated states, in contrast, are stabilized, thus lowe
the total energy. The latter effect could be explained by
strong V 3d-O 2p hybridization, which has been reporte
for several vanadium oxides.18,50,51~ii ! The distortions result-
ing from the lateral displacement of the vanadium and ch
oxygen atoms lead to a drastic decrease of the width of
V 3dxy derived split-off conduction band and contribute
the separation of occupied and unoccupied states.

Taken together, both the vertical and lateral displa
ments, while causing substantial deformations of the octa
dra, contribute to the optical band gap and thus lead to
semiconducting ground state of V2O5. This is different for
TiO2, where the energy separation of the atomic Ti 3d and
O 2p states is larger from the outset and, hence, lea
enough room for a complete separation between the resu

FIG. 16. Partial V 3d t2g and eg DOS of hypothetical V2O5

with idealizedx components.



d

s
iu

n
th
ic

-
e
a

ar

o
e
th
w

th

o

dis-
o
oth
ures

sen
e

the
is

he
/

nd

n
ll
ry

A
pty
-

arti-
ing
o-
nd,
al

ed
iza-
d

p-
he
on

o-
lls,
ng
s

f the
ap-
ond
his
ES
er

ling
e,

ted
g

cent

ed.

57 12 735ELECTRONIC STRUCTURE OF V2O5: ROLE OF . . .
bonding and antibonding states without the need for ad
tional stabilizing mechanisms.

V. CONCLUSION

In the present work, first-principles ASW calculation
were used to describe the electronic properties of vanad
pentoxide. Strongp-d hybridization leads to the formatio
of an O 2p dominated bonding valence band, whereas
conduction band comprises the antibonding states, wh
mainly derive from crystal field split V 3d t2g and, at higher
energies,eg orbitals.

The deviations of the VO6 octahedra from cubic symme
try cause additional splittings and result in the appearanc
a narrow split-off conduction band right above the optic
band gap. This originates from weakly bound V 3dxy and
Oc 2px orbitals and is responsible for the observed low c
rier mobility.

In order to access the role of the striking deformations
the VO6 octahedra, additional calculations were perform
where either the vertical or the lateral displacements of
vanadium atoms were removed. From these simulations
find that the vertical mode predominantly increases
bonding-antibonding splitting of the V 3dxz/3dyz derived
bands, which stabilizes the compound and increases the

FIG. 17. Partial O 2p DOS of hypothetical V2O5 with idealized
x components.
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tical gap. The lateral mode, in contrast, suppresses the
persion of the split-off V 3dxy conduction band and thus als
leads to an increase of the gap. The combination of b
modes, finally, enhances the chemical stability and ens
the semiconducting ground state.
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APPENDIX: SPHERE GEOMETRY OPTIMIZATION

The muffin-tin approximation~MTA ! models the full
crystal potential by spherically symmetric potential wells a
a constant potential in the remaining interstitial region.34 A
variant of the MTA is the atomic sphere approximatio
~ASA!, which, in addition, requires the spheres to fill a
space. Both approximations lay the groundwork for a ve
efficient determination of the electronic wave function.

For open crystal structures, both the MTA and the AS
are usually extended by the introduction of so-called em
spheres~ES! inside of which the interstitial potential is re
placed by a spherically symmetric one.52 The collection of
all, physical and empty, spheres then again leads to an
ficially close packed structure. Since the potential result
from all spherical wells should represent the full crystal p
tential as closely as possible, it remains a challenge to fi
first, optimal empty sphere positions and, second, optim
radii for all spheres.

To achieve an efficient solution of the aforemention
problem, we have developed the sphere geometry optim
tion ~SGO! algorithm, which allows to treat complicate
crystal structures and has proven to be very fast.53 It is based
on the observation that the full crystal potential is well a
proximated by the overlapping free atom potential of t
constituent atoms54 and thus could be used for the selecti
of ES positions and sphere radiibefore the self-consistent
calculation is actually started.55

In a first step, the SGO algorithm locates optimal ES p
sitions. Since the ES enter as spherical potential we
searching for their optimal positions is equivalent to traci
the~local! maxima of the overlapping free atom potential. A
an alternative, we implemented a search for the centers o
largest spherical voids. Experience showed that both
proaches yield identical results. At the same time, the sec
method turned out to be much faster than the first one. T
way we were able to reduce the problem of locating the
positions to the standard problem of optimizing a rath
simple objective function. Nevertheless, since we are dea
with a highly nonlinear function in a multidimensional spac
this optimization still poses a formidable task. Having tes
different optimization techniques, we finally opted for usin
genetic algorithms that have found widespread use in re
years.56

Next, the radii of all spheres have to be determin
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Within the ASA, we thus have to search for that set of ra
that keeps the overlaps of the spheres small while giving
to atomic potentials, the superposition of which still r
sembles the full potential. We have found that the best s
tion consists of maximizing the volume filled by all spher
while certain overlap limits are enforced. Hence, we ha
again transformed the problem to a multidimensional opti
A.

J
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gr

uc

m
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s
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zation procedure, which is accessible to the same mean
that mentioned before.

In conclusion, by developing the SGO algorithm we ha
arrived at an efficient method that supplies an optimal se
empty sphere positions and sphere radii for a subseq
all-electron self-consistent field calculation given only t
atomic coordinates.
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