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The defect-free YO5(001) surface and ordered structures involving oxygen vacancies have been studied for
a wide range of defect concentratios,(1/6< 0 <1 monolayer, ML), combining density functional theory
and statistical thermodynamics. &=1/4 ML the oxygen vacancy formation energy for the singly coordi-
nated surface oxygen atongganadyl oxygen, & is by ~1.7 eV/atom and~2.0 eV/atom lower than the
corresponding values for two- and threefold coordinated surface oxygen atoms, respectively. Between 1/3 and
1/2 ML the alignment of vanadyl oxygen vacanc(é.s}ac) along the[010Q] direction is by 70 meV/atoni®
=1/3 ML) and 120 meV/atom(®=1/2 ML) more favorable than along thglOQ] direction, with the
concentration-induced change of the vacancy formation energy for structures with vacancies aligned along the
[100Q] direction being smaller than 20 meV/atom. The lowest vacancy formation energy of 1.87 eV/atom
corresponds to thélx 1)-OL, . (®=1/2 ML) phase with defects forming a trenchlike structure with rows
along the[010Q] direction. Above 1/2 ML the vacancy formation energy increases up to 2.07 eV/@om
=1 ML). The ease of formation of nonrandom vacancy structures with a favored alignment alojtg @he
direction is discussed in terms of special vacancy-induced lattice distortions. It is also argued that the trenches
along the[010Q] direction provide preferred paths for continuous reduction of the surface starting from isolated
defect sites. However, this missing-row structure would be stable only at very low oxygen partial pressures
close to conditions for which 05 decomposes into Voand G.

DOI: 10.1103/PhysRevB.70.045422 PACS nunier68.47.Gh, 68.35.Md, 68.35.Bs, 68.35.Dv

[. INTRODUCTION bulk V,O5 there are three structurally different oxygen atoms
in each layer: vanadyl oxygen,‘Ocoordinated to one vana-
Vanadium oxides are widely used in the manufacture ofdium atom, bridging oxygen atoms,?Oand two threefold
important chemicals and in the reduction of environmentaktoordinated oxygen atoms3@nd G, respectivelycf. Fig.
pollution. In fact, all the heterogeneous oxide catalysts used). So far, only a few theoretical studies have been devoted
on industrial scale for production of organic anhydrides ando oxygen vacancies at the,¥s;(001) surface. Lambrectet
acids contain vanadium as the main component of the activel. have only investigated the electronic structure of surface
phaset The catalytic behavior of vanadia in several oxida-vanadyl oxygen vacancies using a periodic single-layer tight-
tion reactions has been discussed based on the Mars and vainding model of the surface with frozen geométrgnd
Krevelen mechanisriin which the reactant molecule is oxi- argued that relaxations which introduce new types of inter-
dized by the catalyst, which is then oxidized by gas-phase
oxygen. Yet, the origin of the oxygen which is incorporated
into a hydrocarbon molecule is a matter of debate. Regard
less of this open question, in the stationary state of the oxi-m=~
|

dation reaction all catalysts contain vanadium with a variety
of oxidation stategi.e., V*>, V*4 and V*3) and coordination
environmentgsee Ref. 1 and references thejeiand many ‘
suggested reaction mechanisms include the removal of oxy ‘
gen from the catalyst as a critical step. Thus, the ease o
removal of oxygen from the lattice of )XDs is of particular
interest and an important factor allowing this oxide to func-
tion as catalyst in selective oxidation.

In this article we report periodic density functional theory
(DFT) calculations for oxygen vacancies at thgOQ4(001)
surface. Special attention will be paid to the dependence o
the average vacancy formation energy on the vacancy con
centration and the vacancy-induced changes of the geometric
and electronic structures. The stability of the partially re- kG 1. v,0, bulk structure. V atoms are depicted as the white
duced V05(001) surface at finite temperatures will be dis- circles and the O atoms as the smaller gray circles.agd &
cussed as a function of the oxygen partial pressure in the gagnote the single and twofold coordinated oxygen atoms, respec-
phase. VOs has a layer-type structure and orthorhombictively. O®* and & are two threefold coordinated lattice oxygen at-
symmetry? The (001) plane is the easy cleavage plane. Inoms. Bond lengths in A.
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layer coupling are not to be expected. Hermatral. per-  of the V potential. For oxygen, core radii of 0.6 and 0.8 A
formed DFT calculations using the RPREevised Perdew- are used for the and p states, respectively. All calculations
Burke-Ernzerhof functionaf on oxygen vacancies at the are performed at an energy cutoff of 800 eV.
V,05(001) surface using cluster modé€lsThey found that The V,05(001) surface is modeled using the supercell
the calculated vanadyl oxygen vacancy formation energy deapproach, where we use a two-lay@01) oriented slab with
creases by about 1.0 eV/atom when increasing the size af vacuum region corresponding to two interlayer spacings
the clusters from one to two crystal layers. This difference ig~10 A). In the defect-free surface case, two equivalent sur-
due to oxygen vacancy-induced lattice relaxations that affediaces are created. The structures involving oxygen vacancies
the interlayer binding. have been studied for a wide range of defect concentrations
It is known that \LOs is easily reduced by low-energy ®. We have considere®=1/6, 1/4, 1/3, 1/2, 3/4, and
particle bombardmerft;** and it is frequently claimed that 1.0 ML with a (1x 3), (1x2), and(1X 1) surface periodic-
the vanadyl oxygen is the one playing the most importanity. In total, 10 structures have been investigated. The vacan-
role in catalytic oxidation reactions. However, there is nocies are created by removing surface oxygen atoms from one
experimental proof. The theoretical investigations of Ref. 7of the layers only, so that partially reduced slabs without the
and the present calculations have asserted that the vacansime surface termination on top and at the bottom are
formation energy of isolated singly coordinated surface oxyformed.
gen atoms is lowest among the five structurally nonequiva- The Brillouin-zone (BZ) sampling is based on the
lent oxygen atoms at the ;05(001) surface. Monkhorst-Pack techniqué. A (2X6x 1) grid has been
The experimental characterization of the reducedused for the(1x 1) primitive surface unit cell. These are
V205(001) surface is possible with modern surface science, ; | hints that do not include thE point. For the(1x 3)
:gi;hn(?cd;p:lljiggtiii ;?g?ﬁ;g%;:;ﬁ';% g:ﬁr%?iﬁgwfmglges 4and(1x 2) surface unit cells, grids have been chosen so as to
the V,05(001) surface cleaved in ultrahigh vacuufdHV) btain the same sampling of the regprocal sp{a(@x?
and at room temperature were recorded and inhomogeneiti 3¢ 1), and(2x3x1) meshes, respectivdlyand thus main-
. P : . 9 %8in the same accuracy when comparing the vacancy forma-
in the surface observéd.The vanadyl O is easily removed : . ;
.tion energies at different defect concentrations. The relax-
from the surface as a result of the cleavage, and vacancies. | i ionic o . .
positions into the ground state is performed

?hrii l/igrlf)evr\]/g]%é?era:]n?nng?ﬂgosr?;l;ﬁ}tnbg;lcr’gdJcr:ezrgzg(g%l)m within a quasi-Newton scheme. All atoms are allowed to
’ Y relax. In Sec. lll the accuracy of the numerical approxima-

surfaces for different perfectly ordered structures with vary- ions made with the present computational setup is judged on

ing vanadyl oxygen vacancy concentration. Itis pqssible th elected calculations performed using a thicker gthibee
disordered or even incommensurate structures might lead 19

yers, a densek-point grid, and a higher cutoff.
a lower energy.
The remainder of this paper is organized as follows: The
calculation method is briefly explained in Sec. I, and in Sec. lll. RESULTS AND DISCUSSION
[ll zero temperature and zero pressure results are presented
for the defect-free YO5(001) surface and structures involv-
ing oxygen vacancies. Energies, structures, and electronic To determine oxygen vacancy-induced effects on the
properties are described for a wide range of defect concer¥,05(001) surface structure, we first investigated the defect-
trations. In Sec. IV we present the calculated surface freéree surface. The surface cell was set up with the calculated
energies of structures with oxygen deficiencies in thermodybulk lattice parameters. The unit cell contains 14 atgfhs
namic equilibrium with an environment of defined oxygen formula unitg.®> Cell-shape minimizations that included the
partial pressure at finite temperature and discuss their stabi$imultaneous optimization of the fractional coordinates have
ity. In Sec. V our results are summarized. been performed for several fixed volumes, and the equilib-
rium volume has been obtained by fitting to the Murnaghan
equation of staté After an additional minimization of the
Il. COMPUTATIONAL DETAILS AND MODELS cell shape and fractional coordinates at the calculated equi-
librium volume the valuesi=11.550 A,b=3.576 A, andc
Calculations are based on spin-density functional theory=4.836 A have been obtained. In Table I, these values are
(DFT) (Refs. 13 and 1and employ a plane-wave basis'8et compared with the corresponding experimental valzesl
as implemented in the Viennab initio simulation package with those obtained in other theoretical studi&s?
(vAsP).16-19 We use the exchange-correlation functional of The deviationsAa/a, Ab/b, andAc/c of the PW91 cal-
Perdewet al. (PW91).2%21 The electron-core interaction is culated lattice parameteasb, andc from the experimentally
described by the projector augmented waP&W) method observed values are approximately 2%, 1%, and 11%, re-
as proposed by BlockP Compared to conventional pseudo- spectively. The interaction between thgQZ crystal layers is
potentials, this method has the advantage that the exact shapevan der Waals type. Present DFT methods do not properly
of the valence wave function is taken into account, and thisccount for these weak interactiéh& resulting in an ex-
in turn can improve the description of transition mef&ld&.  tremely flat potential energy surface, and this explains the
core radius of 1.2 A is used for V. Thep3states of V are larger deviations in the calculatedlattice parameter. Simi-
treated as valence states to guarantee a good transferabiller results have been obtained for the interlayer binding in

A. Bulk and V,05(001) surface structure
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TABLE |. Calculated lattice parameters in A for bulk®s. The II). The above-mentioned weak interactions between the lay-
experimental data are from Ref. 3. Results are compared with thosgrs result in small, surface-induced relaxations upon cleavage
of other calculations using the same gradient corrected approximaf the bulk structure to create tli@01) oriented surface. The
tion (PW91) but other potentialéRefs. 26-29(see the correspond-  calculated surface energies are 0.0402 far the relaxed
tion and the all-electron full-potential linear muffin-tin method have etry. The former value is converged with respect to slab and
been employed. vacuum thicknesses. Corresponding calculations for a two-
layer (three-layey slab with a vacuum thickness correspond-

a b ¢ ing to three(two) interlayer spacings change the surface en-
Expt? 1151 356 4.37 ergy by Iess_ than +0.001 JAnThese calculations were
This work 1155 358 484 pe_rfOfmed using the sar_riemesh and cutoff as for the opti-

mization of the bulk lattice geometry. In the following, un-

PW91/Lee-PP 11.53 3.60 442 less indicated, a two-layer slab with a vacuum thickness cor-
PW91/US-PP 11.70 3.59 4.47 responding to two interlayer spacings is used.
PW91/PAW 11.65 3.57 4.69 The very small surface energy correlates with the known
PW91/TM-PP 11.62 3.59 4.44 weak nature of the interlayer bonding. T{®1) plane is the
LDA/FP-LAPW 11.38 3.52 4.32 easy cleavage plane. Atomically cle@®l) surfaces are eas-

ily obtained by either pushing a razor blade into the crystal
or by pulling off very thin layers using Scotch tape.

3Reference 3.

bReference 26.
‘Reference 27.
dReference 28.
®Reference 29.
fReference 30.

B. O-vacancy-induced surface relaxations

The presence of vanadyl oxygen vacancies on a
V,05(001) surface was investigated at six different concen-
trations ®=1/6, 1/4, 1/3, 1/2, 3/4, and 1.0 ML. At
®=1/3 and 1/2concentrations, different patterns with va-
cancies sharing either none, a two-, or a threefold coordi-
nated surface oxygen atom were studied. Figure 2 shows the
gonsidered structures.

MoS,% and in graphité? The computed V-O bond distances
(see Fig. 1 and Table )lldy_1=1.60 A, dy_02=1.79 A,
dy-_03=1.89, anddy_oz =2.04 A compare well with the cor-
responding experimental values of 1.58, 1.78, 1.88, an

2.02 A, respectively, and are in line with other DFT-GGA The calculated average vacancy formation energies as a

6,29 i i - . . . .
results?®2*For this calculation we used(@ 4 4)-k mesh function of vacancy concentration are discussed in the next

and an energy cutoff of 800 eV. The calculated bulk latticégetion(iil C). To provide a framework for the understand-
parameters change by less than 0.02% if2a<6X 6)-k

. ing of these energies, in this section we characterize the geo-
mesh is used. The latter corresponds to(@& 6X 1) mesh  atrical structures of these reduced surfaces and examine the

used for the(1x1) surface cells. As already indicated in \acancy-induced relaxations. First, we discuss the significant
Sec. I, this grid choice guarantees the same sampling of thehanges at the lowest surface O-vacancy concentr&@on
reciprocal space for the larger surface unit cells considered: 1 /6 ML). Figure 3 shows that removal of 1/6 of the sur-
namely(1x2) and(1x 3). The changes induced by a cutoff f3ce vanadyl O atoms results in noticeable changes in the
increase up to 1200 eV are of the same order of magnitudgnmediate vicinity of the surface vacancy site,,¥ and a
(less than 0.02% . considerable distortion of the interlayer spacing. Namely, at
The V,05 surface relaxations are small. The outermosthe gefect sitegV,,) vanadium atoms relax inwards while

dy_o1 distances are shorter by less than 0.01dd\,q2 dis-

tances are larger by approximately the same amount, ar@b

among thed,,_o3 distances changes are not largeze Table

TABLE II. Calculated V-O bond distances in A for the bulk
V,05 structure and it$001) oriented surface. For the surface struc-

the vanadyl group right below the defect site relaxes in the
posite direction resulting in a local contraction and the
formation of areal bond between the layers. The resulting
V-0 bond lengthg1.78 and 1.77 A, Fig. ®)] are longer by
~11% than the bond length between vanadyl oxygen and V
in bulk V,05 (1.60 A). Moreover, the V-3-V angle changes

ture, dy_o1 corresponds to the vanadyl bonds sticking out of theg.; 1\ _151° in the defect-free surfad€ig. a)] to ~178°

surface, and for the other distances an average bond length betwe]ed} the V-CR-V

similar bonds in both substrate layers is give_qi, i=2, 3, and
3.

Bulk (Expt3) Bulk V,05(002)
dy_ot 1.58 1.60 1.59
dyv_o2 1.78 1.79 1.80
dy_o3 1.88 1.89 1.90
dy_o¥ 2.02 2.04 2.05

3Reference 3.

04542

vac [Fig. 3b)]. The corresponding V-©
bonds change from 1.80 A to 1.88 and 1.72 A. Structural
distortions are also observed for the \>-@ angle and the
corresponding V-®bonds in the second layer right below
such stretched V-8V, angle in the surface layer. The lo-
cal environment of the . site is shown in the insert of Fig.
3(b). All four V,,O bonds within the surface layer are
shorter by up to~0.1 A compared to the defect-free
V,05(001) surface. Similar bond length changes are ob-
served for the corresponding bonds of the V atom right be-
low V4. in the second layer.
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(1X2)'o1vac
(1x3)-0',,, 1 _Ji= (1x3)-20" ..
~ - -0 - < - - -
3
-&{—{ - -2 - (¢ - ¢ - e -
= 3
<€ —¢ -»g - - —¢ -2 -0~ - ¢~ -
,f - o - vy - - FIG. 2. Schematic top view of all superstruc-
[100]lia 02 shared no O shared O° shared tures investigated as a function of the surface va-
0=1/6 ML e=1/4 ML ©=1/3 ML nadyl oxygen concentratio® in monolayers
(ML). The various V sites at the surface that are
(1x2)-20" .. (1x2)-30", ., (1x1)-201 . depicted qs black circleg correspond tg tr@co
¢4 Léo €4 tio ¢4 téo o4 i vacancy site and the white and gray circles rep-
o o o & 4 o < 4 resent V and O atoms, respectively.
- - - -
- -0 - ¢ -
- - - - - - -
no O shared O3 shared
0=1/2 ML ©=3/4 ML ®=1.0 ML

Increasing the defect concentration leads to additional latéV,,-O'-O,,.i1=2,3 in the overall surface structure, we
tice deformations that are different depending on the locatiomonsider next the tw0(1><3)-20\%ac structures at ®
of the neighboring vacancy. As mentioned above, different=1/3 ML with defect pairs along thf010] (O° shared and
geometrical arrangements exist at total concentrations of 1/8100] (O? shared directions and compare them with isolated
and 1/2 ML(see Fig. 2 If vacancies share ¥atoms, pairs vacancies a®=1/6 ML.
(rows) of defects along th€010] direction can be formed at Figures 4a) and 4b) display the fully relaxed local envi-
©=1/3 ML (@=1/2 ML), respectively. In case onlyXat-  ronment induced by vacancy pairs that share either arO
oms are shared, vacancies are aligned along1b@ direc- 02 atom, respectively. For the former the atomic displace-
tion, forming structures with different periodicity, namely ments around each vacancy are of the same order of magni-
(1%x3) and(1%x2) at®=1/3 and 1/2 ML,respectively. To tude as those for an isolated vacancy at 1/6 ML Fig.
discuss the effect of these two different vacancy ordering$(b)]. Both V-O?-V,,. angles equal 176° and values of 147°

Defect free surface (1x3)-0'

FIG. 3. Atomic geometry ofa) the defect-free YO5(001) surface, andb) a selected region of the optimizeﬁ(li><3)-0$ac structure
(®=1/6 ML). The vacancy site at the surface is depicted as the black circle, V atoms as the white circles, and the O atoms as the smaller

gray circles. Selected bond lengths in A.
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(1x3)-20' ., O3 -shared (1x3)-20'" .. O? - shared

FIG. 4. Atomic geometry of selected regions of optimized structurés=at/3 ML: (a) (1 X 3)-20\1,acwith vacancies sharing a threefold
coordinated surface oxygen atofi) as for(a) but vacancies share a twofold coordinated oxygen atom. The various vacancy sites at the

surface are depicted as black circles, V atoms as white circles, and the O atoms as smaller gray circles. Selected bond lengths in A.

are calculated for the corresponding \*-@ angles in the sequent vacancy when vacancies align alond10€] direc-
second layer. Furthermore, comparison of Figh)&and Fig.  tion.

4(a) reveals that the additional vacancy, that shares a three- Similar considerations apply when the concentration is
fold coordinated atom with the first one and form$0d0]  further increased from 1/3 to 1/2 ML and structures are
oriented pair, induces small changes in the local geometry odjlowed to relax with vacancies sharing eithet @ O® at-

the already existing defect. In other words, the magnitude opms. For the former case, increasifigup to 1/2 ML does
the changes in bond lengths between the atoms included ingyt induce a sizable effect in the local environment of va-
volume which corresponds to 1/3 of the total unit cell vol- cancy sites already present at 1/3 ML. This is not surprising
ume that includes the first vacancy is not larger than 0.03 Asince, by increasing the concentration from 1/3 to 1/2 ML,

gfter the pair fqrmation. Thu;, noncourjteracting Vacantyine distance between vacancies along[f)] direction has
induced relaxation effects with increasing covergfiem decreased by-3.6 A, but it is still as large as-7.2 A (i.e.,

1/6 to 1/3 ML) are observed when vacancies align along thetwice the b-lattice parameter Therefore, the average va-

[010 direction. cancy formation energy for these structures is likely to be
Turning to defects that share a twofold coordinated oxy- y 9y y

gen atom a®=1/3 ML andform [100] oriented pairgsee pretty S|m||ar(seg Sec. I % .

Fig. 4b)], we find the above mentioned downward relax- When vacancies share*Gtoms and _the concentration

ation of surface V,. atoms and the corresponding upward INcreases fror.n.1/3 to 1/2 ML, a trench-like structur_e with a

relaxation of the V atoms of the second layer so that 1> 1) periodicity and vacancy rows along tfie10] direc-

squarelike structure is formed. The }-0?V,,. and V-G¢  tion forms(cf. Fig. 2). Similar to what was found for a con-

-V angles are 164° and 166° in the surface and second layefentration increase from 1/6 to 1/3 ML, the lattice relax-

respectively. The V-8V angles in the nex{010) plane ations seem to take place in a consecutive way with no

(without defect$ do not seem to be affected by the presencecounteractive effect. That is, the additional vacancies that

of the vacancies. They differ by a metel® from the corre- lead to the row formation do not sizably affect the local

sponding values for the defect-free surface. environment of the existing vacancy pairs, and it is possible
In contrast to[010] oriented vacancy pairs, the lattice re- that the incipient trench induced by th@10] oriented pairs

laxations induced by additional vacancigkat form [100] facilitates the occupation of additional sites along the trench.

oriented pairsdo not appear to take place cooperatively. As This discussion will be relevant when considering the aver-

discussed above, the geometry originated from 1/6 MlLage vacancy formation energy of these structyse® Sec.

shows a stretched V4V, angle in the surface layer and |11 C) and in turn the stability of the reduced surfaces as a

the corresponding V-&bonds are elongated or shortened byfunction of the oxygen partial pressure in the gas ptiase

approximately 0.1 A when compared to the defect-free surSec. V).

face (cf. Fig. 3. Similar bond lengths changes are found in

the second layer. The additional vacancy formingla0]

oriented pair at 1/3 ML[cf. Fig. 4b)] brings the V-G-V C. O-vacancy formation energy

angles and the corresponding bom@gkto a more symmet-

ric configuration; the lattice relaxations resulting from an The average vacancy formation energy as a function of

isolated defect are counteracted by those induced by the sutiacancy concentratio® =N, ./ Ny iS given by
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TABLE IllIl. Averaged surface vanadyl vacancy formation en- I'-point sampling of the Brillouin zonéother parameters as
ergy E\*?°2 in eV/atom for the unrelaxed and relaxed structuresin Sec. 1). The binding energy per O atom in,@s calcu-

investigated. lated to be 3.13 eV/atom and the bond distance 1.234 A.
The experimental results are 2.59 eV/atoobtained after
O [ML] Structure Unrelaxed Relaxed adding the contributions due to zero-point vibrations to the
T=0 K value and 1.207 A, respectiveff. The overestima-
1/6 (1X3)-Oqe 3.76 1.93 tion of the binding energy and the bond distance are in line
1/4 (1% 2)-0l,. 3.78 1.95 with earlier density functional calculations that used gradient
13 (1% 3)-20%, (O° share 377 190  corrected functional¥’:% .
(1x3)-20L,. (no O sharey 3.77 1.95 Table Il and Fig. 5 summarize the calculated average

O-vacancy formation energies at the®(001) surface for

(1% 3)-20}, (O? shared 3.74 1.97 _ , 1/20;
12 (1%2)-20L_(O® shareq 379 187 the superstructures investigated. Table Il shows Eﬁ .
(1x2)-20% . (no O shares 2.80 196 does not depenq strongly on the vacancy concentration.
vac However, the lattice relaxations described in the previous
(1X 2)-20}, (O shareq 3.76 1.99 section have a large effect on the vacancy formation energy.
3/4 (1x2)-30,, 3.80 1.99 For the unrelaxed structures the vacancy formation energy is
1.0 (1X1)-20%,, 3.83 2.07 about~2 eV/atom higher than for the fully relaxed struc-

tures(cf. Table Ill and Fig. 3. The largest lattice relaxation
effect is the formation of a bond between the layers at each
defect site. The relaxation contributions to the vacancy for-
mation energy are very similar for all defect structures inves-
tigated. Note, however, that vacancies sharing threefold co-
ordinated O atoms have larger relaxation contributions than
whereN,,. and Ny, are the actual and maximum number of vacancies sharing twofold coordinated O atoms.

vacancies in the unit celE,,{®), Eqean and Eq represent The vacancy formation energy @t=1/6 ML represents
the total energies of the reduced surface slab, the defect-fréBe isolated vacancy limit. Increasing the concentration up to

surface slab, a)md the free oxygen atom, respectively. In thé/4 ML increases the r(]energy by 20 geratom only. TlflliS is
: (1120 : - ;i
following, E\"°2 indicates the use of the molecular refer- N0t surprising since the vacancies @=1/4 ML are sti

ence energy in Eql), i.e., separated by four V-©bonds(~7.2 A). Gradually increas-
ing the concentration from 1/4 ML to 1/3 and 1/2 ML leads
to somewhat larger effects and similar trends for both steps
(2)  (see Fig. 5 While the vacancy formation energy increases
by up to ~40 meV/atom with vacancies sharing only two-
N W20, i ¢ fold coordinated oxygen atoms, thel X3) and (1X2)
A positive number foiE; indicates that the vacancy for- phases with defects sharing threefold coordinated oxygen at-
mation is endothermic and the difference betw&hand  oms are, respectively, by 50 and 80 meV/atom energetically

3Reference 56.

1
EP(©) = [Eiad®) = Eoeant NvadFo], (1)

vac

1
Evac(G)) - Eclean+ Nvac_ EO

Nvac 2 2]

E$1/2)02(®) —

E{"?%2 is just half the dissociation energy of the, @ol- favored(relative to®=1/4 ML). Each vacancy site is virtu-

ecule. ally not influenced by the others if vacancies do not share
The total energies of the isolated O atom and the®@l-  oxygen atoms at 1/3 and 1/2 ML, respectively.

ecule, which are involved in the calculation &; and To test the accuracy of our calculated vacancy formation

E\Y?%, respectively, have been calculated in a tetragonaénergies on a number of numerical approximations, namely

cell of side lengthsa=10 A, b=11 A, andc=12 A with  the cutoff energy of the plane-waves basis set, the number of

3.85

L Un:elaxeld strulctures I I ‘é
381 B k < FIG. 5. Calculated average vacancy formation
i B k \ 4 energiedfgllz)o2 in eV/atom as a function of the
= 3'75: : W vacancy concentratio® on V,05(001) for the
% -~ unrelaxed(top panel and relaxedlower pane)
= 2.051 surface structures investigated. The right, down,
£ " Relaxed structures and up oriented triangles correspond to structures
s 2F A o in which vacancies do not share, only sharfeod
'\NLLT - v O shared O? surface oxygen atoms, respectively. The struc-
1.951- W 0 shared tures in which both type of O atoms are shared
- B> no O shared are indicated by left-oriented triangles and the
1.91-(soiated _ < 0?8 O° shared lowest energy structures at each concentration are
s Pairs - connected by a line.
| | A y Missingrow | A |
185 1/6 1/4 173 1/2 3/4 1.0
Concentration & [ML]
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k points and the slab thickness, selected calculations werc  2.1r T T T ]
repeated with more accuracy. @ X 6x 1) k mesh for the i 2

(1x 1) surface unit cell, a two-layers slagwith ~10 A - 2.02 V-3 OSShared
vacuum, and 800 eV correspond to the standard setip o0k AA 5 snared
Sec. l)). We calculated the average vacancy formation energy ]
at the highest vacancy concentration of 1.0 ML for te
><1)-20\%alc structure using g4 x12x1) k mesh, and the
magnitude of the change was withir3 meV/atom. Further-
more extending the ¥05(001) slab from two to three layers
(with the same vacuum thickngssevealed even smaller i (1x3)-20" ]
changes. The change in the calculated vacancy formatior 1.8} (1x3)-30" .
energy due to a larger plane-waves cutoff of 1200 eV was [ ]
within ~0.3 meV/atom. These tests show that the errors in- - Isolated vacancy — Missing row
duced by the standard numerical setup used are one order ¢ [ | | !
magnitude smaller than differences between calculatec 1/6 173 172
Eﬁllz)oz values at different vacancy concentrations and for Concentration © [ML]

different geometries. . . FIG. 6. Calculatednonaveragedvacancy formation energies
The lowest vacancy formation energy is found for the=

(1/2)0; : -
1 _ . . . E; in eV/atom for each vacancy upon consecutive vacancy
(1X2)-20,,.(®=1/2 ML) with vacancies sharingGatoms removal along both th010] (O° shared and [100] (O? shared

formmg_ rows al_ong thg¢010] direction. The structures with i actions.
vacancies sharing ©atoms are by 70 and 120 meV/atom
less favorable than the corresponding structures in which va-
cancies share Datoms at the 1/3 and 1/2 ML concentra- thereby stabilizing the missing-row structure. This trend in-
tions, respectively. In order to identify a possible reason fodicates that reduction may occur along the rows in a con-
the preferred010Q] direction, we first compare selected dis- certed way.
tances between vacancies for both geometries at both con- In Fig. 7 we show the energy profile upon successive
centrations. The distance along tf0Q] direction between vacancy formation that includes both unrelaxed and fully
the [010] oriented pairs and rows equals thdattice param- relaxed geometries. In all cases, the unrelaxed geometries
eter (11.55 A). This renders any lateral interaction betweencorresponded to the fully relaxed structure at the immediate
the vacancies in neighboring pairs or rows rather unlikelylower concentration with one additional vacancy being
The closest distance between two vacancies along one row fermed that was not allowed for further relaxation. We find
approximately equal to thie-lattice parametef3.58 A). This  that after the initial vacancy formation, it not only becomes
distance increases by less than 0.05 A only by decreasing tig@sierto remove additional oxygen atoms along the rows of
concentration up to 1/3 ML. Furthermore, the closest disthe unrelaxed structures, but the energy gained if structural
tance between neighboring vacancies Shariﬁga@ms is relaxations are allowed remains approximately constant,
very similar to that between vacancies sharingafoms at leading to a reduced net formation energy for each subse-
both concentrationg3.52 A), and distances along tj810] quent vacancy. This correlates with the already described
direction are large enougli~3b and ~2b at 1/3 and
1/2 ML, respectively not to expect any sizable interaction. - - - - -
Thus, these structural considerations do not explain the pref 4 (1x3)-0'=(1x3)-20 —(1x3)-30 (1x3)-0 =>(1x3)-20°
erence for orienting along th®10] direction. I ] unrelaxed o~ 1
To this end, we have investigated the extent to which the | P |
gradualy increase in the defect concentratitom the iso- sl P _
lated vacancy to the vacancy pairs and the missing ravs
the surface influences the resulting vacancy formation en-
ergy. Figure 6 shows theonaveragedvacancy formation
energy of each additional defect upon successive removal o
oxygen along the row as calculated in(BxX 3) geometry,
and compares it to that resulting of the corresponding reduc- 4
tion along the[10Q] direction. Such values have been ob- 1
tained by using the energy of the fully relaxed structures at
the immediate lower concentration as the reference systemr
If vacancies sharing ©atoms are consecutively created, the
removal of the second oxygen is by0.1 eV/atom larger
than for the isolated defect. However, this analysis results in  F|G. 7. Calculatechonaveragediacancy formation energy se-
a completely different situation if vacancies sharing &  quence for each additional vacancy upon gradual removal of vacan-
oms are gradually created. The actual vacancy formation erties along both thg010] (O° shared, solid lingsand [100] (O®
ergy for each additional defect along the rodesreasesvith shared, dotted lingglirections. Shown are the relaxation contribu-
increasing defect concentration by about 50 meV/atomtions to the final values displayed in Fig. 6.

1.93

[eV/atom]

1.9 (1x3)-0'

%0,
f

E

V/atom]

N
—T T

relaxed :
1.93 1g7 1._83 1.93

%0,
¢ e

[010]-direction [100]-direction |
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noncounteracting vacancy-induced relaxation effects with in- TABLE IV. Vacancy formation energf\""?2 in eV/atom for
creasing coverage when vacancies orient themselves alotige unrelaxed and relaxed structures investigate@l=at/4 ML.

the [01Q] direction(see Sec. Il B. However, the relaxation
contribution of 1.84 eV/atom a®=1/6 ML is by about  Structure Unrelaxed Relaxed
0.2 eV larger than that for an additional vacancy forming &

1
pair along the[10Q] direction. Thus, there is a correlation (1><2)-O\éac 3.78 1.95
between the nonaveraged vacancy formation energy trend fé# < 2)-Olac >.09 3.68
both relevant alignments and the corresponding relaxationd x 2)-0OZ,. 5.09 3.62
contributions to these energies. The counteracting lattice rq1x2)-03,, 4.40 3.94
laxation effects of vacancies sharing twofold coordinated,, . 3)-0% 4.45 4.00

oxygen atoms renders the reduction of the surface along thi
direction rather unlikely.

Additionally, we compute a higher vacancy formation en-the singly coordinated vanadyl oxygen does. For the latter,
ergy at the higher 3/4 and 1.0 ML concentratigok Table  the relaxation contributions to the vacancy formation energy

lI). This, together with the preference for the missing-rowamount to 1.83 eM®=1/4 ML). The corresponding values
structure at®=1/2 ML, indicates that the reduction of the ¢,. 72 5nd & vacancies are smaller by0.4 eV, and for

surface doesiot occur by random abstraction of vanadyl the G and & vacancies by-1.4 eV AItog.ether, the ease
oxygen atoms at the surfacg. Cpnsequently, we suggest tho removal of the terminal var.ladylloxygen atéms is con-
the trenches along thi@10 direction a_t the \405(001). SU™ firmed. For the removal of any of the other surface O atoms
face provide preferred paths for continuous reduction of th%t least 1.67 eV more energy is required

surface at isolated defect sites that in turn may lead to a In bulk V,0g the O-vanadyl vacancy formation is

considerable concerted reduction of the surface. 1.97 eV/atom. The calculation was performed using a bulk

To put the calculat_ed formation energies into perspectlveSupercell of 84(83) atoms obtained by elimination of the
we compare them with corresponding values for the three-

) acuum in the(1x 2) surface unit cell that contained three
fold and twofold coordinated surface oxygen atoms as WelEIOOl) oriented crystal layers. This is very similar to the
?;C;hztxg;:gslkﬁ\\//aen?:g(;;g?eenr; ?)fyrSZﬁT:t%?nééooésa ;3:8 tr\1‘;.95 eV/atom for the _formation of an isoIat(_ed defect on the

i e 5 g , ,05(002) surface. This similarity and the existence of chan-
four different oxygen sites indicated a§’® 0% and G oisthat are large enough to permit the diffusion of oxygen
in Fig. 1, an additional bridging oxygen,“Cthat points out-  may relate to the observed facilaermally and LEED beam
wards to the surface layer, also has to be considered. Waduced conversion of 4O into oxides such as ¥, and
calculated the vacancy formation energy for each inequiva\/409 once reduction has been initiated at thgOy(001)
lent threefold and twofold surface oxygen atoms at a concengrface®3° The structures of these lower oxides can be seen
tration of 1/4 ML and compare it with that for the terminal a5 (slightly distorted superstructures of s resulting from
vanadyl oxygen at the same concentration. Table IV lists thgy|k vanadyl oxygen loss.
results for both the unrelaxed and relaxed geometries. The predicted energy of O-vacancy formation can be

We will not discuss in detail the structural relaxations compared with estimates of the enthalpy of defect formation
induced by the two- and threefold coordinated vacancies, bytom conductivity measurements. The PW91 predictions of
mention that a single ® 0%, O3, or O* vacancy does not 1.97 to 1.95 eV are larger than the experimental estimates of
introduce surface relaxations that lead to bond formation a$.5 to 1.3 eV It is known that gradient corrected function-

== Mo uwp Mot an < 5 unrelax (a) I Mot up’ Mot gn defect free (b)
== Mt up’ “Notan unrelax —
| — Mt wp MNotan X 5 relax »
60 — Ny up’ _nlo‘ldn relax 60
1
>~ i ,"‘ i FIG. 8. Total spin-projected densities of states
— i — . .
2 ¥ ' 40 (DOS)(a-spin: Not yp B-SPIN: —Ngt gn) OF the (a)
e T i (1% 3)-0}, fully relaxed (solid thin liney and
5 0 20— unrelaxed (dashed thin lines defect structure
B T i compared to the&b) defect-free YO5(001 sur-
n 9 0 face. The curves are smoothed by a Gaussian
) i i \/ level broadening of 0.2 eV. The thicker lines in
O 201 20~ (a) correspond to the difference between and
r r B-spin states, and the values are multiplied by a
401~ -40 - factor of 5.
-60— 60—
1 I 1 I 1 I 1 I 1 I 1 I 1 1
-8.0 -6.0 -4.0 -2.0 0.0 -6.0 -4.0 -2.0 0.0
E- EFermi [eV] E- EF(-)rmi [eV]

045422-8



STABILITY OF REDUCED V,05(001) SURFACES

PHYSICAL REVIEW B70, 045422(2004)

(@) i (b) 9(a)] and at the three other V atoms contained ii0&0)
S ol T e R oL oriented plane perpendicular to the®(001) surface that
dup’ "' ddn . . .
2 T sl ﬁ intersects the defect sif€igs. Qb)—9(d)]. The three V atoms
2T e ,' } - are labeled Y, V., and V, in Fig. 3b), respectively. The
B, o, ! 0 e / )( difference LDOS between both spin projections reveals that
8 N o N aavyS \Vf for the unrelaxed structure the two electrons occupy states of
g t L \/ 3d character which are localized primarily on the defect site.
Thus, if the structure did not strongly relax upon oxygen
2 T 30 o0 2 %0 30 oo removal, the highest chemical reduction of V atofméile
© @ reducing the vanadium coordination by) would be
achieved. However, the structural relaxations result in a par-
S 2 2 . o .
° tial delocalization of the electrons over nearby metal sites, as
3 | L clearly seen in Fig. 9. In other words, the electrons ocalipy
ﬁ_ AN AU Pl . e states which are partly localized on adjacent V cations and
n = 0 o = \V/ the degree of reduction at the defect site is smaller. Sche-
@] N N ANV 4 / =z N/} .
a matically,
a | L
_ 1 | ! ! | 1 ! _ 1 | 1 ! 1 1 1
2™ %0 3.0 0.0 2™ %0 3.0 0.0 (”)
E-E.___[eV] E-E.__[eV]
Fermi Fermi
VV VIII VIV
FIG. 9. Spin- and orbital projected densities of staled30S) "6 : _l"*
. ; . - : relax |
(a-spin: ny yp B-spin: —ry g4n,) Of the (a) defect site, V. of the 0 0 0
relaxed(1 x 3)-OZ structure(solid thin lineg compared to the un-
relaxed geometrydashed thin linesand (b), (c), and (d) corre- || ” |
spond to the three V atoms labeleq, W, and Vj in Fig. 3b), vV vV viv

respectively. The curves are smoothed by a Gaussian level broad-
ening of 0.2 eV. The thicker lines correspond to the difference be-
tweena- and g-spin states. Note that the effect extends somewhat beyond the defect site
and its counterpart at the second crystal |ggere Figs. &)
als such as PW9(or PBE tend to overestimate atomization and 9d)].
energies of moleculésand adsorption energies of atoms and ~ Turning to higher concentrations, we find similar effects
molecules on surfacésThis overestimation has also been at each vacancy site for all the structures investigated. These
found for vanadyl bonds in small gas-phase species and othanges, together with the suggested continuous reduction of
V,0s surfaceg?! the V,05(001) surface up to 1/2 ML, in which subsequent
defects along th€010Q] direction are easier to form than the
first isolated defect, provide a basis for suggesting a con-
certed reduction of the surface which involves not only the
V,0s is an intrinsic semiconductor at room temperaturedefect sites. However, this concerted surface reduction may
with an optical band gap of 2.30—2.36 é%*3 The lattice  decrease selectivity in catalytic applications.
relaxation that occurs at the,@5(001) surface upon reduc-
tion produces distinct changes in the surface electronic struc-
ture. Figure 8 compares the spin-projected total density of
states of the isolated defe(d % 3)-OL, structure at 1/6 ML

[Fig. E.{a)]. Wit.h that of the defect-free surfac[(F_ig. 8b)]. . the reduced surface structures in thermodynamic equilibrium
Energies in Fig. 8 refer to the calculated Fermi level, Wh'Chwith an O, environment at finite temperatures. The thermo-

ll':?s \rN'thm tf|1e er;lervgvy glap d]?f?fr ra?] mtgrz)SISc bsivn\j'conndUCtor&fynamic formalism used to determine the most stable struc-
gure &3 also shows the difference €wWeen Up ang,res of the reduced XD5(001) surface at a given tempera-
down spin projections for the relaxed and unrelaxed geom:;

. ) .2~ ture and Q partial pressure is described in detail in Refs. 44
etries upon O removal. We observe virtually no contribution L . .
X . and 45 and has been successfully applied in previous studies
to the difference DOS from states within the valence band
) ) ._(see, for example, Refs. 46-48
The peak right at the Fermi level results from the partial . . .
. . ; . In the present study we are interested in the relative sta-
occupation of the @ orbitals on reduced V cations. Since a | .,. va
: bility of the reduced surfaces 021001
neutral oxygen atom is removeftyrmally two electrons are
left at the vacancy site. The ground state of the reduced
surface at 1/6 ML is a triplet. At all concentrations consid-
ered and for the different geometries, the highest spin state
was found to be most stable. as a function of the vacancy concentrati®m N, o/ Nior. We
Figure 9 shows the atomd-orbital-, and spin-projected calculate the accompanying change of the surface-free en-
densities of stated DOS) at the O-vacancy defect sif€ig.  ergyAvy as

D. O-vacancy-induced electronic effects

IV. STABILITY OF REDUCED V ,05(001)

In the following, we will discuss briefly the stability of

3

1
\ 205(:'ean:\ \ Zosvac + NvacE O2 )
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1 5
AYT,p.6) = ;[Gvac(T.p,Nvac) = Goeal T.P) Bf=%=| BV, ~ 287"~ JEo, |, (9)

N 1 T 4 for which our DFT calculations give —16.41 efRef. 49
vacZMoz( P |- ) (the experimental result for the heat of formation at 298 K is

. -16.07 eV, Ref. 5 Eq. (8) takes the form
Here,G,.dT,p,Nyad and GgeofT,p) are the Gibbs free en-

ergies of the supercells representing the reduced and the EE}’205< l#o (T,p)—EEo <0. (10)
defect-free surfaces, respectively, aAds the area of the 5 202 2 2
surface unit cell. In our calculations all surfaces are repre- In the following we will useg (0 K)=E, tandard
sented by periodically repeated slabs so that the Gibbs free ' " g\ 0,1 0, 85 & standar
energies refer to the content of one supercell. Both slap@nd give the chemical potential with respect to this standard
contain the same number of V atons,, and N, is the &%
number of O vacancies. The differense is negative if the 1
reduced surface is more stable than the clean surface, and Apo(T,p) ZE[MOZ(Tu p) — Eo,l. (11
positive otherwise.

The Gibbs free energies of the solid components in EglnsertingAug into Eq. (5) and using Eq(2), we obtain for
(4) are equated to the calculated DFT total energies that ardie change of the surface eneryy(T,p,0)
evaluated at a certain volume of the unit céll,and T

=0 K. This means that contributions which depend on the AY(T,p,0) = NLE‘C[Egl’Z)Oz() +Auo(T,p)]. (12
vibrational modes in the system and those resulting from the A
pV term are neglected. As is apparent from E4), only the The chemical potential is then related to actual tempera-

difference of Gibbs free energies enters the expression fq,re and pressure conditions by assuming that the surface is
Ay. In Ref. 45 it was shown that the vibrational contributions thermodynamic equilibrium with the gas phase. As the

to the entropy tend to cancel to a large extent, and that thg,rounding @ atmosphere forms an ideal gas reservoir, the
influence of thepV term is even smaller. This allows us to expression

rewrite Eqg.(4) as
1o, (T.p) = [1o,(T.p) + RT In(p/p)], (13

1 1
AT.p.0) = A Evad©) - Eciean* NvaCE'“Oz(T'p) - (9 gives the pressure dependence\giT,p,0). p’ is the pres-
sure of a reference statp®=1 atm). The temperature depen-

For a given chemical potential we predict which surfaceqence of the chemical potentigk, (T, p’) is given by
structure is the most stable by searching for the surface 2

model with the lowest surface free energy. o, (T.P) = po,(0 K) +[H(T,p’) ~H(OK,p)] =T ST, p’).
Itis important to consider bounds between whijch, can (14)

vary. The V and O chemical potentials are not independent,

because they are related to each other by the existence of thgbulated values for the enthalgy, and entropyS, at the

V,05 bulk phase. Thus, a meaningful lower bound $ar,, temperaturel were used*

beyond which the oxide will decompose into V metal and 1N Fig. 10 we show the results of E¢12) for all the
oxygen is given by structures investigated. The chemical potentiéjio, is

translated into a pressure scale T6¢r800 K using Eqs(11),
(13), and(14) (see the upper axis in Fig. 10
At the highest chemical potential so much oxygen is
(6) present in the gas phase that the stoichiometg©001)
surface is most stable. Towards lower chemical potentials
Here, Gy, and Ey6_ are the Gibbs free energy and total (lower than 1.87 eY, the phase with defects forming a
energy of bulk \4O5 per bulk formula unit, ands2" and ~ trench-like structure with a(1Xx1) periodicity at @
EPUk the Gibbs free energyGS =) and total energy of =1/2 ML becomes more stable. The other surfaces are

|1 1 1
mln[5M02<T, p)} = £[GV;5, - 26v"1= C BV, - 28],

metallic bcc vanadium. higher in energy. The oxygen partial press(rel0 2 atm)
A convenient upper bound fc},uo is corresponds to UHV conditions so that it is likely that the
L L 2 L missing-row structure can be observed in experiment. Here,
— — it is important to mention that the PW91 gradient approxi-
max =uo (T.p) | = Zpo,(0 K) = ZEq, 7 s . : ap
ax{z,uoz( p)} 2’“02( ) 2 2 @ mation tendency to overestimate formation and binding en-

hereE~ is th | faf isolated molecul ergies means that the chemical potential might be shifted by
W_ere o, IS the total energy of a iree, 'S_O ated mo gcu_e algeveral 100 meV. Thus, the absolute pressures might be
T=0 K. Thus, the range of oxygen chemical potentials is  \yyong by 2 to 3 orders of magnitude. Nevertheless, the gen-

1 ik | 1 eral stability trend is valid.
g[Evzo5 - 2By < SHo,(T, p) < 5Eo,- (8) Furthermore, we calculate the value of the oxygen chemi-
cal potential below which bulk ¥Og would be reduced to
Introducing the energy of formatioBy2°s of the oxide VO,
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O, partial pressure at 800 K [atm]
10t 1 10
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FIG. 10. Surface energy chandey(T,p,®)
as a function of the chemical potentiAjuq for
different vacancy concentratior§3. In the topx
axis, the chemical potentidd uo(T,p) has been
translated into a pressure scaleTat800 K. The
vertical lines indicate the allowed range &jo.
The three different configurations @t=1/3 with

vacancies sharing either’00? or not sharing O
atoms are shown as full, dashed, and dotted lines,
respectively. For the corresponding geometries at
1/2 ML the same type of lines are used. How-
ever, for the most stable structure at 1/2 ML with
vacancies sharing atoms a thicker, full line is
used.

20 15
10 10 10 !
0.1 O, poor ] A i X | [ O, rich
0.05—
F Pairs || [010]
NE F no O shared
=2 0
g L
-0.05—
-0.1<

-2.0 -1.0
Oxygen chemical potential Ap, [eV]

V,05 = 2VO, + 30,.

0.0

about 4x 1071 atm at 800 K, and a temperature of about
1600 K at standard pressure. Inspection of the V-O bulk
phase diagraft indicates that at standard pressure and mod-

The V and O chemical potentials are once more not indeperf'@t€ temperatures 0 is thermodynamically more stable

dent, i.e.,

S bulk _ bulk

SHo, +2uy = GvL;o5 = Evzosv
4 — 5 bulk — 5 £bulk
oMo, +2uy =2 Gyo,=2 Eyo,,

and the condition for the oxygen chemical potential at which
the lower bulk oxide is thermodynamically more stable is

expressed as

1
bulk bulk
SHo, <Eyo,~ 2Evo,:

2 (15

Here,E{’,L(‘D”z is the total energy of bulk V@in the rutile struc-

ture per bulk formula unit? Introducing the energy of for-
mation of both oxides into Eq15) and using Eq(11) leads
to

Apo < EY%5 - 2EYC2, (16)

The calculatedEy°?=-7.29 eV (Ref. 53 compares well
with the experimental heat of formation VO, at 298 K
HY©2=-7.33 eV>* We obtainAuo=-1.84 eV for this bound

than lower oxides. The latter are stable at higher tempera-
tures and low oxygen pressures, e-g800 K and UHV con-
ditions. Furthermore, the chemical potential at which the
missing-row structure is likely to be observed corresponds
also to strongly reducing conditions. As mentioned above, at
800 K a partial pressure of approximately 1batm corre-
sponds tAA uo=-1.87 eV, which is not significantly differ-
ent from the value of —-1.84 e\p~4x 10713 atm) for the
decomposition of YOs into 2VOZ+%OZ. Thus, the reduction
that starts at the surface may initiate the conversion to the
lower bulk oxide.

V. SUMMARY

The vanadyl oxygen vacancy formation energy at the
V,05(00)) surface has been studied for nonrandom vacancy
structures as a function of vacancy concentratédnyVe find
a large inward relaxation of the surface layer at the defect
sites at all concentrations investigated. In addition, corre-
sponding V atoms at the second substrate layer relax in the
opposite direction so that bonds between the layers are
formed. The distinct possibility of ¥05(001) of forming
bonds between the crystal layers reduces the cost of oxygen
removal significantly.

The calculations suggest that the surface reduction might
take place cooperatively and that a missing-row structure
with a (1 1) periodicity forms at®=1/2 ML. Theease of
reduction along thg010Q] direction with vacancies sharing
threefold coordinated oxygen atoms has been explained as a
concerted lattice relaxation effect induced by subsequent re-
moval of vanadyl O atoms along tii@10] oriented trenches.
Under reducing conditiondow oxygen partial pressure and
T=800 K) the missing-row structure is more stable than the

(see Fig. 10 This implies an oxygen partial pressure of defect-free surface. Furthermore, the vacancy-induced relax-
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ations were found to have a distinct effect on the electronidrom V,Os layers supported oa-Al,05(0001) than from the
structure of the reduced surface. The defect V sites are natingle crystal \JO5(001) surface?®

reduced to V' upon O removal due to charge delocalization
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