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Electronic structure of V,05: 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 @ and crystal field split V 8 states. Strong deviations of
the VO, octahedra from cubic coordination give rise to the narrow split-off conduction band as a characteristic
feature of LOg5. Furthermore, we demonstrate that distortions of the octahedra along the crystallographic
axis drastically increase the bonding-antibonding splitting of thedy,/3d,, derived bands, whereas distor-
tions perpendicular to the axis reduce the bandwidth of the split-off \43, bands. Both effects contribute to
the stability of \LO5 and enhance the optical band gép0163-182(08)12919-3

[. INTRODUCTION some light on the influence of these structural peculiarities
on the electronic structure without being blinded by electron-
The transition-metal oxides attract a lot of attention due tcelectron correlations.
their interesting physical and chemical properties, which For some time, YO5 has been the subject of intense work
arise from the narrovd states and their hybridization with because of its small and highly anisotropigype electrical
the ligandp orbitals. Among this large class of materials, the conductivity!>* The anisotropy was related to the peculiari-
vanadium-oxygen system arouses special interest. Althougiies of the crystal structure: the atoms form double chains
made up of only two constituents, the vanadium-oxygerwithin planes that are separated by a van der Waals'gap.
phase diagram contains several stoichiometric compoundsrom the Hall effect, thermopower, and EPR measurements,
and a broad spectrum of physical phenomena could biffe and Patrina concluded that the reduced conductivity, in
studied* contrast, can be attributed to the formation of small
Some of the vanadium oxides undergo reversible metalpolarons’ According to optical-absorption measurements,
insulator transitions as a function of temperature, pressure, dhe fundamental absorption edges amount to 2.15, 2.17, and
doping, which come along with magnetic transitions and/or2.22 eV forE|a, E||b, andE|c, respectively*’ From optical
structural changes. Prominent examples are ¥@d \,O0;, reflectance measurements, Mokeei\al. concluded that the
where the change in resistivity extends over several orders afptical properties for energies between 2.2 and 8-9 eV are
magnitude? In both compounds, the first-order phase transi-dominated by transitions from oxygerp2o vanadium 8
tion is accompanied by structural changes affecting the gestates, whereas above 8-9 eV the transitions are to the va-
ometry of the characteristic V{Ooctahedra. In addition, nadium 4 states'! These authors reported that the funda-
V,05 exhibits long-range antiferromagnetic order below themental absorption is due to a band of only 0.4 eV width,
transition temperature.The origin of the metal-insulator located at about 2.5 eV above the highest occupied states. In
transition, however, is still a matter of controversy. Severalddition, they found a second absorption edge at an energy
models have been proposed ranging from models stressirapove 2.6 e\!! Their finding of a low energy split-off con-
the importance of electron-phonon coupling to such favoringduction band provided a different clue to the understanding
strong electron-electron correlations as the driving force. A®f the low carrier mobility.
a consequence, a complete and accepted picture of the phys- These findings were confirmed by photoemission experi-
ics of the vanadium oxides has not yet evolved. ments using UPS, XPS, XAS, and Auger electron
In an attempt to split the aforementioned problem of iden-spectroscopy?~*8 According to Zhang and Henrich, the va-
tifying the predominant physical mechanisms into subprobience band of about 5.5 eV width divides mainly into three
lems, which might be easier to attack, it is worthwhile to peaks:® The two lower peaks are due to the V-O bonding,
study related compounds where, for instance, electrorwhereas the highest peak corresponds to nonbonding O 2
electron correlations are regarded as playing a minor roleorbitals. In addition, these authors found considerable
One such system is vanadium pentoxide, which is a semicorchanges of UPS spectra taken before and after XPS measure-
ductor at all temperatures without exhibiting a phasements on thé001) surface, which, in particular, affected the
transition® At the same time, the crystal structure 0§04  two strong-binding valence-band peaks and which they at-
shows distinct deformations of the {@ctahedra, some of tributed to the tendency of XDs to form defects and to un-
which are equivalent to those present in ¥@nd \,0;.  dergo transitions to other oxidés.
Hence, by investigating 305, we might be able to shed In the past years, 305 has attracted renewed interest as a
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starting material for the intercalation of alkaline atoms into
the van der Waals gap. Attention was focused, in particular,
on the stoichiometric sodium intercalation system
a'-NaV,0s, where the sodium atoms form ordered chains
within the van der Waals gapand which exhibits a spin-
Peierls transition af sp=33.5 K20-26

Theoretical work on YO5 comprises semiempirical tight-
binding and non-self-consistent first principles calculations
as well as self-consistent calculations for clusters near the
(001) surface?’ 3 However, a state-of-the-art first principles
study of the bulk material is still missing. In order to fill this
gap, we initiated the present study. In doing so, we aim in
particular at a comprehensive analysis of the electronic struc-
ture in terms of a few relevant orbitals. Nevertheless, for a
detailed investigation of the mechanisms that cause the char- FIG. 1. Crystal structure of 30s. Lines parallel to the, y, and
acteristic octahedral deformations, it is not sufficient to stay? @xes mark the, (doublg b, and(doublé c orthorhombic axes.
with only the experimentally determined crystal structure.Vanadium atoms are printed in black. Vanadyl, chain, and bridge
For this reason, we extended our study to calculations foPXY9ens are shaded medium, light, and dark gray, respectively.
V.05 with hypothetical crystal structures in which ideal oc- ) i i - i
tahedral geometry was gradually restored. The resultin Still, the vanadium atoms experience d|st|nc§ displace-
changes of the electronic structure allow us to deduce ddnents away from the centers of the octahedra. First, the va-
tailed information concerning the stability of the actual crys-nadium and the vanadyl oxygen atoms move vertically to-
tal structure. Finally, we complement the electronic properWards each other. One shdit.577 A and one long2.791
ties with a discussion of the chemical bonding by evaluating&) V-0, distance evolves, and the interaction along the latter
the crystal orbital overlap populatieOOP,* which was red_uces to rather weak van der Waals forces. This fact ex-
recently implemented into the augmented spherical wav@!&ins the obsglrved easy cleavage gDycrystals parallel to
(ASW) method?® the (ab) Iayer_s. Secon_d, the vanadium and_the chain oxygen

A brief account of the present results has been giver?t‘?ms experience shifts _parallel to theax_ls towards the
recently® 36 whereas a detailed comparison with angle-Pridge oxygen atoms. This leads to the zigzag shape of the
resolved photoemission data will be published in the neaf010 double chains. The resulting in-plane distances within
future¥” The paper is organized as follows. Starting with athe octahedra amount to 1.779 A for the \-®ond and
short summary of the crystal structure data in Sec. I, wel-878 A and 2.017 A for the V-Cbonds parallel to thg and
outline the calculational method in Sec. Ill. The results areX axis, respectively. Due to these displacements, the remain-
presented in Sec. IV. The conclusion, Sec. V, sums up th#d basic units finally become ViOpyramids rather than

most important findings. regular octahedra.
Il. CRYSTAL STRUCTURE Ill. CALCULATIONAL DETAILS
V,05 crystallizes in a simple orthorhombio) lattice Our calculations are based on density-functional theory

with space groupPmmn (D1}) and lattice constants (DFT) and the local-density approximatidhDA).**% We

a= 11.512 A,b=3.564 A, andc=4.368 A® The primitve employ the augmented spherical walA&SW) method”® in

cell Comprises two formula units. We d|sp|ay the Crysta“ts scalar-relativistic implementatiéln“z(see Refs. 43 and 44
structure in Fig. 1, where we also indicate the three differenfor more recent descriptionsSince the ASW method uses
types of oxygens. They are usually designated as vanadyiie atomic sphere approximati¢ASA),*® we had to insert
(0,), chain (Q), and bridge (@) oxygens. The positions of so-called empty spheres into the open crystal structure of
the atoms and the crystal structure parameters are listed ¥20s. These empty spheres are pseudoatoms without a
Table I, where the Wyckoff positions 63 and (4f) are nucleus, which are used to model the correct shape of the

special cases of the general positiong)8 +(x,y,z), Ccrystal potential in large void¥. In order to minimize the
1 sphere overlap, we have recently developed the algorithm

1_ 1 1y 1_
=(%27y.2), (3 =XY,2), = (37X 37¥.2). described in Appendix A, which solves the problem of find-

The crystal structure consists of alternatitigrizonta) . . o o
layers, which contain either vanadium, chain, and bridgeIng optimal empty sphere positions as well as radii of all

oxygen atoms or, alternatively, vanadyl oxygen atoms.
Within the first type of layers, vanadium and chain oxygen
atoms form double zigzag chains along {840 direction,

TABLE I. Crystal structure parameters.

. L - . Parameters

which, within the planes, are connected via the bridge oxy- .
) tom Wyckoff positions X y z

gen atoms. The vanadyl oxygen atoms, finally, are located
just below and above the vanadium atoms: thus the vana-v (41) 0.10118 0.25 —-0.1083
dium atoms reside near the centers ofgv@rtahedra formed O, (41) 0.1043 0.25 —0.469
by one bridge, two vanadyl, and three chain oxygen atoms. o, (4f) —0.0689 0.25 0.003
These octahedra share edges via the chain oxygens and coip, (2a) 0.25 0.25 0.001

ners via the bridge oxygens.
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TABLE Il. Empty sphere positions. V205 so
8 :

Parameters 6
Atom Wyckoff positions X y z
E, (41) ~0.38 0.25 0.5 4
E, (2b) -0.25 0.25 0.1389 5 »
Es (2a) 0.25 0.25 0.4208 S
E, (89) 00217 00595  0.2533 Z 0
Es (8g) 0.1561  0.0238  0.1672 =
spheres automatically. By inserting 24 empty spheres into 74 el T
the simple orthorhombic unit cell of )05, we kept the linear 6 4 Lo : i P
overlap of any pair of physical spheres below 18%, and the r'x SY r zvu RT Z

overlap of any pair of physical and empty spheres below . .
24%. The positions of the empty spheres are listed in Table . E.IG'hZ' EleCtro.ﬂ'C bands °f5?5ha'°'19 SfleCtehd ng”é?m( lines
II. In addition to the empty sphere positions, the algoritth.It In the first Brillouin zone of the simple orthorhombic lattice,

) . - P .___Fig. 3. Energies are given relative to the valence-band maximum
proposed atomic sphere radii for all spheres, which are liste
in Table 1ll. Table Ill moreover supplies the orbitals used as v

the basis set for the present calculations. States given in pactahedral surrounding of the vanadium ions, we would fur-
rentheses were included as tails of the other orbitaé® thermore expect that crystal field splitting leads g states
Refs. 40, 43, and 44 for more details on the ASW method at the lower edge of the conduction band, while ¢géands
The Brillouin zone sampling was done using an increasegyre |ocated at higher energies. Due to strong deviations from
number ofk points ranging from 27, 64, 216, to 512 points octahedral coordination, however, all orbitals will finally
within the irreducible wedge, ensuring convergence of oukpiit into singlets. Nevertheless, in the present context these
results with respect to the fineness of thepace grid. Self-  rather schematic considerations just serve as a framework for
consistency was achieved by an efficient algorithm for confyrther discussions.
vergence acceleratidfi; the convergence criterion for the We display in Fig. 2 the electronic states along selected
atomic charges and the total energy was%@lectrons and  high symmetry lines within the first Brillouin zone of the
10"° Ry, respectively. simple orthorhombic lattice, Fig. 3. The corresponding den-
In addition to the band structure and tfpartia) densities  sity of stategDOS) is given in Fig. 4, where we have added
of states, we evaluated the crystal orbital overlap populatiothe dominant partial densities of states. Not shown are low-
(COOB. This concept has been introduced by Hoffnirin lying oxygen 2 states.
order to allow for a discussion of chemical bonding. The  |n general, the bands shown in Fig. 2 reflect the anisotro-
evaluation of the COOP has been recently implemented ipjes of the crystal structure. Obviously, there exists only a
the ASW methodisee Refs. 33 and 34 for detailst was  small dispersion along the directid+X, which is the in-
successfully applied to the interpretation of bonding properpjane direction perpendicular to the V-Ghains. In contrast,

ties of various compounds. we observe larger dispersions aloRigY, i.e., parallel to the
double chains. For the direction-Z the dispersion arises
IV. RESULTS AND DISCUSSION distinctly for different bands. Whereas the conduction bands

below 4.5 eV display hardly any dispersion, the valence
bands as well as the higher conduction bands have a disper-
To the first approximation, the semiconducting groundsion similar to that alond’-Y.

state of W\Os may be understood within an ionic picture  In Figs. 2 and 4 we identify three groups of bands. The

where the O D orbitals are completely filled (&), whereas valence band starts at—5.5 eV below the valence-band

the V 3d states are unoccupied ¥, 3d°). From the nearly maximum and consists of 30 bands that trace back mainly to

O 2p states but have a non-negligible contribution due to the

TABLE lIl. Atomic sphere radii and basis set orbitals. V 3d states. Bands are most easily counted along the line

X-S where they are twofold degenerate.

A. Electronic structure and density of states

Atom Radiusag Orbitals

\Y, 1.965 4s 4p 3d (4f)

o, 1.521 S 2p (3d)

O, 2.079 > 2p (3d)

O, 1.680 > 2p (3d)

E, 2.598 Is 2p 3d 4f (59)

E, 2.583 s 2p 3d (4f)

E; 2.516 s 2p 3d 4f (59)

E, 1.532 s (2p) S
Es 1.613 s (2p)

FIG. 3. First Brillouin zone of the simple orthorhombic lattice.
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FIG. 4. Total and partial densities of statd80S) of V,0Os. [ T T T T T T ]
Here and in the following figures, partial DOS include all atoms of %3;(13;22;’% ]

a species.

Above the band gap we find, in good agreement with the
experimental data of Mokeroet al,'* a narrow conduction

DOS (1/eV)
O= VWA U

P PN A | 1

band of only 0.45 eV width that is separated from the broad 0 1 2 3 4 5 6 7
higher conduction band by an additional gap=e®.35 eV. (E-EV) (V)
Whereas this so-called split-off band comprises two single FIG. 6. Partial V/ 31 t,, ande, DOS of V0%,

bands, the high energy region consists of 18 bands. Both
groups originate mainly from the vanadiund ®rbitals, but
again we observe in F]gq. a Substantiap-d hybridization from thetzg and €y orbitals. In the conduction band we ob-
especially for the upper conduction band. The vanadism 4 Serve an almost complete separation of these two groups.
derived bands are visible at the top of Fig. 2. All other statesThet,, states appear almost exclusively in the energy range
that are not included in Fig. 4 play only a negligible role in from ~1.74 to~4.5 eV, whereas the, states dominate at
the given energy interval. higher energies. The small but finitg,-e, configuration

The valence and conduction band are separated by an imixing is a measure of the octahedral distortion, which re-
direct optical band gap with the band extrema located neailuces the local symmetry at the V sites to monoclifigy).
the T andI" point, respectively. The calculated size of the The aforementioned reduced dispersion of the conduction
gap of ~1.74 eV is smaller than the experimental value ofbands below 4.5 eV is reflected by the higher density of
~2.2 eV. states of thet,y states. It is a consequence of the smaller
overlap with the ligand @ states viar bonds. Thegy states,
in contrast, formo bonds with the oxygenf2 states, and thus
exhibit a larger overlap and hence a stronger dispersion of

Despite the strong distortions of the oxygen octahedrahe bands as well as a larger bonding-antibonding splitting.
centered around the vanadium atoms, the dominant splittinghe |atter becomes obvious from the vanadium contributions
of the V 3d states results from the cubic part of the CrySta'to the density of states of the valence band, Whereegqe
field. This is demonstrated in Fig. 5, where we display thestates lie below the,, states. Although the energetical sepa-
partial V 3d denSity of states together with the contributions ration of thetzg and eg manifolds is not as Comp|ete as for

the conduction bands, we clearly identify a change of the
V205 so dominating V 3l character at=—3 eV.

" viad ' ' ' We display in Fig. 6 the partial DOS of the W3t,, and
V3dt2g - €y states resolved into their symmetry components. We con-
""""""" centrate especially on the conduction bands. Due to the sub-
stantial hybridization of the V @ with the O 2p states, the
distinct structure of the partial DOS visible in Fig. 6 should
be reflected by the partial oxygen densities of states. This is
] indeed observed in Fig. 7, where we display the contribu-
tions from each type of oxygen separately. We have resolved
the partial DOS into their threp contributions. In order to
facilitate the discussion, we complement the figures with
Table IV, where we combine those particular ¥ @and O 2
orbitals that, within a molecular orbital picture, are expected
to overlap.

Turning to theey derived bands first, we mention the
FIG. 5. Partial V 3l DOS of V,0s. double peak structure of the Vd3_,2 partial DOS with

B. Partial DOS

[N}
=]
T
<
@
a
&

—
W
T

1

DOS (1/6V)
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(E-EV) (eV)
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14 F ! ! FIG. 8. Total and partial crystal orbital overlap populations
e 121 (COOB of V,0s.
S 08
g 06 partial DOS clearly indicates overlap with the, Qp, and
R 04} ; g ) X
02 | 2p,, orbitals; (i) the double peak in the energy range from
0 L Lot ~ 2.5t0 3.5 eV inthe V 8,, partial DOS results from hybrid-
o 1 2 (E3_ V) (;‘V) 56 7 ization with the @ 2p, orbitals;(iii ) the peak of the split-off
V205 so conduction band is due to the \W3-O. 2p,/2p, hybridiza-
2 T T T T T T t|on
i:g i | Of the remaining peaks we point out thig._,> DOS at
S 14 i about 3 eV. It results from the vertical shifts of the vanadium
L 12rF i atoms towards the vanadyl oxygen atoms, which induces a
g o.z1; i partial 7-like overlap of this orbital with the P2p, and 20,
2 06 P orbitals.
0.4 r i Vi Both the vanadium and oxygen partial DOS thus reflect
o.g I A A the peculiarities of the crystal structure. The short y&dd,
0 1 3 4 7 in particular, V-Q bonds cause an increased bonding-
(E-EV) (eV) antibonding splitting of the resulting orbitals, hence an up-

shift of the corresponding antibonding states relative to the
valence-band maximum. In reversed order, a similar shift of

peaks at 5 and=6.3 eV as well as the appearance of thepartial DOS is found in the c_Jccupied b_onding vanadium-
dominant V 3ls,2_,2 contribution in the energy region ©Xygen states where bands with predominantly d53-2-

above~5.5 eV. The shape of the Vd3z_,2 peak around 5 O, 2p; and V 3,z 2-O, 2p, character appear in the lower
eV resembles that of the (®p, and 2%, DOS and thus half of the valence band. Bands with dominant contributions

indicates thep-d hybridization. The peak at6.3 eV, in from the chain oxygen atoms, in contrast, experience a
contrast, is derived mainly from overlap with the, @p, smaller bonding-antibonding splitting due to the larger Y-O
states and, to a much lesser degree, with the @nd 2 bond length and hence their antibonding bands stay at lower
L 1 y . . .

states of the chain oxygen atoms. Still, overlap with the O €Nergies. In particular, the relative weakly bound 3 O

2p, orbitals is larger than with the [ states. The high 2p,/2p, derived bands separate from the main part of the
energy 25,22 contribution, finally, originates from strong unoccupied states and form the split-off conduction band.
hybridization with the O 2p, states. Our rgsults thus c_onflr.m thg wqu of La_mbrgcehtal., who,

For thet,, states, which are responsible for the weaker by using an effective tight-binding Hamiltonian and symme-
type overlas with tr;e oxygenstates, we observe mainly try considerations, likewise attributed the split-off band to
three features in Fig. 6i) the striking double peak in the those V 31 and O 2 orbitals that have th_e smqlles’ety_pe
interval between 3 and 4 eV of both the \43 and &, overlap, hence, the smallest bonding-antibonding splitfing.

FIG. 7. Partial O » DOS of V,0Os.

TABLE IV. V 3d-O 2p orbital overlaps. C. Chemical bonding
o 0, O We complement the previous discussion by addressing
v the chemical bonding of )05 via the crystal orbital overlap
V 3d,y 2py ,2py 2py population, as shown in Fig. 8. The COOP curves display the
V 3d,, 2py 2p, 2p, rather “canonical” behavior, being positivébonding and
V 3d,, 2p, 2p, negative(antibonding in the low and high energy regions of
V 3d,2_y2 2p,.2py 2P, a band, respectively. Whereas the V-V bonding is almost
V 3ds,2_,2 2p, negligible, this canonical trend is visible for the oxygen-

oxygen overlap for both the valence and the conduction
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FIG. 9. Total and partial DOS of Y05 folded with a 0.5 eV
wide Gaussian.

FIG. 11. Partial O p DOS of V,O; folded with a 0.5 eV wide
Gaussianlower set of curvesand XAS OK edge spectréupper
set of curves; from Ref. 18

bands separately. The COOP curve resulting fromd/CB
2p bonding, in contrast, extends from the bottom of the va-ever, are quite sensitive to photon enetg¥his is in agree-
lence band to the top of the conduction band, and changesent with the spectra displayed by Stenhal, which have
sign at the valence-band maximum. As a consequence, thet@o peaks at 0.8 and 2.5 eV, but only a shoulder at 4.3 eV
are only bonding V 8-O 2p contributions in the occupied binding energy:* The three-peak structure is less marked in
part of the spectrum, whereas antibonding states are shifteétie XPS curves. In contrast, these spectra resemble more the
to above the band gap. The vanadium-oxygen bonding iform of the V 3 partial DOS, which is consistent with the
thus the decisive factor for the stability oh,®;. Note, how- fact that the latter states have a larger cross section in
ever, that the low binding part of the valence band appears t§PS448
be almost V-O nonbonding. This is in accordance with the For the unoccupied states the calculated band positions
results of Zhang and Henricf. and widths are in close agreement with those deduced from
the optical reflectance data by Mokerevall! In Figs. 10
and 11 we have added soft-x-ray absorption spectra as mea-
sured by Goeringt al® In order to probe the angular de-
We display in Figs. 9, 10, and 11 the total and partial Vpendence, in these experiments the polarization vé&teas
3d and O 2 densities of states folded with a Gaussian of 0.5oriented either nearly parallép=85°) or else perpendicular
eV width for the occupied and unoccupied part of the spec{$=0°) to the crystalsc axis, which is perpendicular to the
trum, respectively. The total DOS in Fig. 9 compares very(ab) planes. In the former case, dipole selection rules allow
well with the XPS spectra by Fiermaes al'? and the UPS  for transitions from V D to the V 3d,,, 3d,,, 3d;,2_2
spectra by Shiret al. as well as by Zhang and Henrich!®  states and from O<to the O 2, state. In contrast, foE
which show an approximately 5.5 eV wide valence band. Inperpendicular to the axis, transitions to all five V 8 as
the curves given by Zhang and Henrich, the valence banq,e” as to the O Py and a)y states may occur. We have
falls into three peaks at about 1.0, 2.5, and 4.5 eV below thgdded the partial DOS of the corresponding final states in
valence-band maximum, the relative WEightS of WhiCh, hOW-Figs_ 10 and 11. The agreement between experiment and
theory is striking. This holds not only for the positions of the

D. Comparison to experiment

V205 peaks but also for their angular dependence. We point espe-
18 ' ' ' ' ' ' ' cially to the suppression, on increase of the anglef the
16 peak due to the split-off conduction band in Fig. 10 as well
14 as of the O P peak at 3.4 eV in Fig. 11, which is a conse-
Ll quence of the V &,,-O 2p,/2p, character of this band.
% ------ VLI, 0deg —— Even smaller details such as, for instance, the double peak
S or VLI, 83 dog structure in the V & and O 2,/2p, DOS above~ 4 eV
8 8r V 3d(xz,yz,22) —— (¢=0° spectraand its reduction to a single peak in the spec-
Q 6t tra for »=85° are described correctly.
4 o
2k \ E. Role of crystalline distortions
0 L 7 In this section we address the question of why vanadium

3

4

5 6

pentoxide reveals the peculiar quasi-two-dimensional crystal

E-EV) (V) structure as compared to the neighboring® Zompound,

TiO,, which is a semiconductor with an optical band gap of
3.05 eV and crystallizes in the more regular rutile structure
with only one type of oxygen atom and two different Ti-O

FIG. 10. Partial V 3 DOS of V,O5 folded with a 0.5 eV wide
Gaussiar(lower set of curvesand XAS VL, edge spectréupper
set of curves; from Ref. 18
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TABLE V. Crystal structure parameters of hypothetically ideal- V205 sco
ized V,0s. |
Parameters ]
Atom Wyckoff positions X y z
v (4f) 0.08333 025 0.0 >
0, (4f) 0.08333 025 05 a
O, (4f) —0.08333 0.25 0.0 -
Op (2a) 0.25 025 0.0 =
bond lengths? For this reason we investigate various hypo- - : : T —
thetical crystal structures for D5 resulting from an increase g L i i HI i
of the local symmetry. rx SY r ZzZU RT Z

From the discussion of the crystal structure given in Sec. ) ] o )
I, one might conclude that in the fictitious reference struc- F!G- 12. Electronic bands of hypotheticaj®% with idealizedz
components along selected symmetry lines.

ture both the vertical movements of the vanadium and va-
nadyl oxygen atoms as well as the lateral displacement of the

vanadium and chain oxygen atoms parallel to thexis  d,,, andds,2_,2 derived bands. This causes the enhanced
should be eliminated. The atoms would then form perfecispersion along the linE-Z in the energy range from 3 to

(ab) planes theirz values being either zero or 0.5. Within 3.5 eV and results from the assumption of equal yk@nd

the planes, the zigzag of the double chains would be elimitengths. The considerable downshift of these states results
nated and thec components of the vanadium, vanadyl, andfrom the increase of the shorter of the \-@istances. This
chain oxygen atoms take the valug®,) =1/6. The crystal  equces the overlap between the d/,/d,, and the Q
structure parameters for the resulting idealized positions OﬁpX/Zpy orbitals and, hence, the bonding-antibonding split-
fche atoms are listed in Tab_le V. However, Fhe so-constructeﬂng_ Both the broadening and the downshift cause the finite
idealized crystal structure is based on a simultaneous redua'ensity of states d,. Substantial shifts are also observed

tion of bOt.h types of d|§placements and hence does not aIIO‘{gelow the Fermi energy where the, Qp states are destabi-
to unambiguously attribute changes of the electronic struc:

ture to one of the two modes. For this reason, we proceed ined and the corre;ponding occupigd bandwidth is rgduced
two steps, where we either eliminate the vertical or the |atiTom 5.5 to 3eV. Flnglly, the downshit of t'he unoccupied V
eral displacement. Still, in both cases the resulting crystafixy Statés can be attributed to the decreasing overlap of the V
structures are artificial. The calculations are performed in3d States with the ©2p,/2p,, orbitals, which contribute to
complete analogy to those for the “real” structure as de-the split-off conduction band in Fig. 7.

scribed in Sec. lll. The only difference is that, due to the

changes in the atomic positions, different empty sphere po- V205 sco

sitions and sphere radii for all atomic spheres have to be

used?®

1. Out-of-plane displacements

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

As is seen in Fig. 12, the artificial idealization of the ; !
components leads to a metallic band structure. However, as 0 1 2 3 4 5 6 7
analysis of the band characters reveals, we are actually deal- (E - EF) (eV)
ing with a semimetal where the former valence and conduc- as . . YZOS ©___ .
tion bands just share a common energy range of about 0.3 eV 3t V 332212~ i
width without experiencing additional hybridizations. The 25| V 3dx2-y2 - o
partial DOS as shown in Figs. 13 and 14 can be understood
in the light of the discussion of Sec. IV B. We observe the
strong Vd,,/d,, dominated peaks at1 and 1.5 eV as well os |
as the Vd,, contributions at~0.7 and 1.7 eV. The accom- 0l T
panying oxygen P partial DOS follow the schematics of the o 1 2
orbital overlaps listed in Table IV.

As compared to the partial DOS of “real” D5 shown in FIG. 13. Partial V 3l t,q andey DOS of hypothetical YOs with
Figs. 6 and 7, we observe a striking broadening of tha M/ idealizedz components.

DOS (1/eV)

DOS (1/eV)

3 4
(E-EV) (eV)
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FIG. 14. Partial O p DOS of hypothetical YOs with idealized
Z components.

2. In-plane displacements

V205 soidx
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1
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FIG. 16. Partial V @ t,; andey DOS of hypothetical YOs
with idealizedx components.

dispersion now is along the linds-X andI'-Y. According
to the partial DOS shown in Figs. 16 and 17, the most strik-
ing changes are due to thedy, states. The distance between
the peaks at 2 and 3 eV in Fig. 7 has shrunk due to the lateral
shifts of the atoms, which make the V:@nd V-Q, more
alike and thereby lead to a comparable bonding-antibonding
splitting. At the same time, due to the alignment of the \{- O
double chains, the in-plane dispersion increases substan-
tially. Although the split-off conduction band has a larger
width, it is still separated from the higher bands.
Summarizing, the crystal structure of,®; can be de-
scribed in terms of two different atomic displacements,

The situation is different when we adjust the in-plane pro-which cause distinct changes of the electronic structure.
jections of the atomic positions while keeping the obsewed (i) Starting from the idealized reference crystal structure
components. According to the band structure displayed imjiven in Table V, the vertical displacement of the vanadium
Fig. 15, this hypothetical 3Og is at the borderline between and vanadyl oxygen atoms increases the overlap between the
a semiconductor and a semimetal. However, the increase M d,,/d,, and Q 2p,/2p, orbitals and, hence, the corre-

V205 soidx

(E-EV) (eV)

X SY r ZU RT V4

FIG. 15. Electronic bands of hypothetica}®s with idealizedx
components along selected symmetry lines.

sponding bonding-antibonding splitting. As a consequence,
the antibonding W, /d,, derived states move up in energy
and increase the optical band gap. The bondip®@®/2p,
dominated states, in contrast, are stabilized, thus lowering
the total energy. The latter effect could be explained by the
strong V 3d-O 2p hybridization, which has been reported
for several vanadium oxidé&>%5(ii) The distortions result-
ing from the lateral displacement of the vanadium and chain
oxygen atoms lead to a drastic decrease of the width of the
V 3d,, derived split-off conduction band and contribute to
the separation of occupied and unoccupied states.

Taken together, both the vertical and lateral displace-
ments, while causing substantial deformations of the octahe-
dra, contribute to the optical band gap and thus lead to the
semiconducting ground state of,®;. This is different for
TiO,, where the energy separation of the atomic diand
O 2p states is larger from the outset and, hence, leaves
enough room for a complete separation between the resulting
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V205 so idx tical gap. The lateral mode, in contrast, suppresses the dis-
3 ' ' ' ' : ' persion of the split-off V 8, conduction band and thus also
,s | ] leads to an increase of the gap. The combination of both
modes, finally, enhances the chemical stability and ensures
2L i the semiconducting ground state.
3
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% 0.:13 i ] APPENDIX: SPHERE GEOMETRY OPTIMIZATION
§ 8:2 1 | The muffin-tin approximation(MTA) models the full
0.2 E ) j . crystal potential by spherically symmetric potential wells and
0 — - ) a constant potential in the remaining interstitial regidm
0 1 2 3 4 5 6 7 : : . T
(E~EV) (V) variant of the MTA is the atomic sphere approximation
V205 so idx (ASA), which, in addition, requires the spheres to fill all
1% i T T ' T T ' space. Both approximations lay the groundwork for a very
L6 b efficient determination of the electronic wave function.
S 14 For open crystal structures, both the MTA and the ASA
% 1-% i are usually extended by the introduction of so-called empty
2 08 i spheregES) inside of which the interstitial potential is re-
R 06 i placed by a spherically symmetric offeThe collection of
8:; : all, physical and empty, spheres then again leads to an arti-
oL ficially close packed structure. Since the potential resulting
0 1 (E3 EV) (QV) 7 from all spherical wells should represent the full crystal po-

tential as closely as possible, it remains a challenge to find,
FIG. 17. Partial O p DOS of hypothetical YO5 with idealized ~ first, optimal empty sphere positions and, second, optimal

X components. radii for all spheres.

To achieve an efficient solution of the aforementioned

bonding and antibonding states without the need for addiproblem, we have developed the sphere geometry optimiza-

tional stabilizing mechanisms. tion (SGO algorithm, which allows to treat complicated
crystal structures and has proven to be very Fatitis based
V. CONCLUSION on the observation that the full crystal potential is well ap-

proximated by the overlapping free atom potential of the

In the present work, first-principles ASW calculations constituent aton® and thus could be used for the selection
were used to describe the electronic properties of vanadiumsf ES positions and sphere radiefore the self-consistent
pentoxide. Strong-d hybridization leads to the formation calculation is actually started.
of an O 2 dominated bonding valence band, whereas the In a first step, the SGO algorithm locates optimal ES po-
conduction band comprises the antibonding states, whicbitions. Since the ES enter as spherical potential wells,
mainly derive from crystal field split V @ t,4 and, at higher  searching for their optimal positions is equivalent to tracing
energiesgy orbitals. the (local) maxima of the overlapping free atom potential. As

The deviations of the V@octahedra from cubic symme- an alternative, we implemented a search for the centers of the
try cause additional splittings and result in the appearance dargest spherical voids. Experience showed that both ap-
a narrow split-off conduction band right above the opticalproaches yield identical results. At the same time, the second
band gap. This originates from weakly bound 4,3 and  method turned out to be much faster than the first one. This
O, 2p, orbitals and is responsible for the observed low carway we were able to reduce the problem of locating the ES
rier mobility. positions to the standard problem of optimizing a rather

In order to access the role of the striking deformations ofsimple objective function. Nevertheless, since we are dealing
the VOG5 octahedra, additional calculations were performedwith a highly nonlinear function in a multidimensional space,
where either the vertical or the lateral displacements of thehis optimization still poses a formidable task. Having tested
vanadium atoms were removed. From these simulations weifferent optimization techniques, we finally opted for using
find that the vertical mode predominantly increases thegenetic algorithms that have found widespread use in recent
bonding-antibonding splitting of the V d§,/3d,, derived  years>®
bands, which stabilizes the compound and increases the op- Next, the radii of all spheres have to be determined.
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Within the ASA, we thus have to search for that set of radiization procedure, which is accessible to the same means as
that keeps the overlaps of the spheres small while giving risthat mentioned before.

to atomic potentials, the superposition of which still re- In conclusion, by developing the SGO algorithm we have
sembles the full potential. We have found that the best soluarrived at an efficient method that supplies an optimal set of
tion consists of maximizing the volume filled by all spheresempty sphere positions and sphere radii for a subsequent
while certain overlap limits are enforced. Hence, we haveall-electron self-consistent field calculation given only the
again transformed the problem to a multidimensional optimi-atomic coordinates.
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