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V,03(0001) Surface Termination: Phase Equilibrium
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Complementary but independent medium-energy and low-energy ion scattering studies of the (0001)
surfaces of V,0j3 films grown on Pd(111), Au(111) and Cu3Au(100) reveal a reconstructed full O3-layer
termination creating a VO, surface trilayer. This structure is fully consistent with previous calculations
based on thermodynamic equilibrium at the surface during growth, but contrasts with previous suggestions
that the surface termination comprises a complete monolayer of vanadyl (V = O) species.
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Oxide surfaces, and particularly those of vanadium
oxides, play a major role in heterogeneous catalysis [1],
yet there have been very few quantitative experimental
structure determinations. The (0001) faces of the
corundum-phase structures V,0;, a-Al,05, and Cr,03,
are particularly interesting because there are several dis-
tinctly different atomic layers at which the bulk structure
might be terminated. One fundamental question is whether,
in practice, these surfaces can be created in a state that is
truly in equilibrium with their surroundings under prepa-
ration conditions. Starting from a bulk crystal one might
anticipate difficulty in overcoming the kinetic barriers to
achieve this equilibrium under conditions of temperature
and oxygen partial pressure accessible to surface science
experiments. Alternatively, epitaxial growth of the oxide
on a suitable substrate, by deposition of metal vapor in the
presence of a partial pressure of oxygen, may offer a better
means of achieving this gas-solid equilibrium. Growth is
intrinsically a nonequilibrium process, yet using low metal
deposition rates in an excess of oxygen gas, the kinetic
barriers to achieving equilibrium may be much lower than
those needed to modify an existing nonequilibrium surface.
In fact, previous structural studies of the surface of bulk
crystals of a-Al,O5 and Cr,03, and of Cr,0O3 produced by
oxidation of metallic Cr, appear to be broadly consistent
with the theoretically predicted equilibrium structure. By
contrast, spectroscopic, imaging, and chemical studies of
the V,03(0001) surface of epitaxial films grown in situ
have been interpreted in terms of a nonequilibrium surface
(e.g., [2-6]). Here we show that two independent quanti-
tative experimental determinations of the structure of
V,05(0001), using distinctly different ion scattering meth-
ods, demonstrate that the structure does correspond to the
equilibrium state predicted in density functional theory
(DFT) calculations. We find this is true for the surfaces
of films grown under conditions that are both similar to,
and distinctly different from, those used in the earlier
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explorations of these surfaces. We discuss how these
apparently conflicting views may be reconciled.

Relative to the (0001) basal plane, the bulk structure of
V,05; comprises alternate buckled layers containing 2
metal atoms per unit mesh, and planar layers containing 3
oxygen atoms per unit mesh; this layer structure is denoted
here as ....03VV'O;VV/O;VV'..... (Fig. 1). Three distinct
stoichiometric terminations of this bulk structure can be
envisaged, namely, oxygen ... VV'O;, full-metal ....O;VV/,
(both polar surfaces), and half-metal ....V'O3;V. Vibrational
spectroscopy [2,3] indicates that vanadyl species, V = O,
occur on the surface, and this, together with scanning tunnel-
ling microscopy images [4] and x-ray absorption spectros-
copy [5], has been interpreted as indicating that the stable
structure is half-metal terminated but with O atoms atop all
surface V atoms to produce a (1 X 1) vanadyl phase (Fig. 1).
However, DFT calculations show [7,8] that for typical prepa-
ration temperatures (~600-900 K), and partial pressure of
oxygen (~1077-1073 mbar), the equilibrium surface struc-
ture should actually be oxygen terminated, possibly with
partial coverage of V = O species on this surface (Fig. 2).
This O3 termination is found to be stabilized by a recon-
struction in which the upper half-layer of V atoms in the

D)
half-metal+vanadyl O reconstructed O

full-metal 3

FIG. 1 (color online). Side views (viewed along [2110]) of
V,05(0001), showing three possible surface terminations. In the
reconstructed O termination second-layer V/ atoms move up to
become V" atoms in the outermost metal layer (see arrow).
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different conditions of oxygen partial pressure and temperature
in DFT calculations [7,25]. For V,0; the region on the left
corresponds to partial coverage of vanadyl V = O species; the
calculations considered only two specific values of x, with
x = 1/3 corresponding to the chemical potential range
~ —27to —1.5¢eV, and x = 2/3 for larger (negative) values.
The diffuse phase boundaries reflect some uncertainly in the
associated chemical potential values, as reflected, for example,
by different calculations for V,05 [7,8].

second VV' layer move up into the outermost VV’ layer to
produce a ...VO;VV”V'O; structure. The outermost
03 V305 layers then have the stoichiometry and local struc-
ture characteristic of VO,. According to these DFT results,
the (1 X 1) pure vanadyl termination, ....V'O;V = O, is
never the equilibrium structure, but is closest to equilibrium
at oxygen chemical potential values beyond the left-hand
edge of Fig. 2, far from those achievable experimentally.
The only previously published experimental structural study,
using photoelectron diffraction, indicated a half-metal
termination, with or without vanadyl O atoms, but did not
consider the possibility of the O; termination [9]. An unpub-
lished low-energy electron diffraction (LEED) study has
found good theory-experiment agreement for the vanadyl-
terminated structure [10].

The studies reported here used the techniques of
medium-energy ion scattering (MEIS) and low-energy
noble gas impact-collision ion scattering spectroscopy
with detection of neutrals (NICISS) using, respectively,
100 keV H" and 3 keV He™ incident ions. MEIS experi-
ments were performed at the Daresbury Laboratory UK
National MEIS facility [11] on V,05(0001) films grown
in situ on Pd(111) and Au(111) substrates. NICISS data,
obtained in a true 180° backscattering geometry [12], were
obtained at the Humboldt University in Berlin [13] on
V,05(0001) films grown on a Cu;Au(100) substrate.
Note that the symmetries of the substrates contain elements
not present in V,03 [mirror planes on fcc(111) surface,
mirror planes and fourfold rotation on fcc(100)] leading to
multiple mirror and rotational domains with equal occupa-
tion in the oxide films. On Pd(111), films ~20 A thickness
were grown using a sequence of ~5 doses of ~10 mins V
vapor deposition in 2 X 10~7 mbar of oxygen at a sample
temperature of ~570 K, followed by heating to ~670 K

scattering angle (°)

FIG. 3 (color online). Comparison of experimental 100 keV
H* MEIS blocking curves from V,05(0001) grown on Au(111),
recorded in two different incidence directions, with the results of
VEGAS simulations for the reconstructed O; and vanadyl termi-
nation models. The scattered ion yield is expressed in terms of
the number of contributing atomic layers.

for 1-2 mins in vacuum. On Au(111), films up to 200 A
thickness were grown using a single dose (1-3 hours) at the
same temperature and oxygen pressure, followed by an-
nealing for 10-20 mins at 770 K in 5 X 10~% mbar of
oxygen. Both methods are closely similar to those used
previously by others [3,4]. Growth on Cu; Au(100), oxygen
pretreated to form a CAOS (Copper Au Oxygen surface)
substrate, involved depositing V at 300 K, followed by
annealing at 650 K in 5 X 1077 mbar oxygen, leading to
a V,05(0001) film thickness of ~25 A [13,14].

Both ion scattering methods exploit the “shadow cones™
created by elastic scattering from surface atoms, which
exclude ions from regions behind the scattering atoms.
In MEIS [15] (shadow cone width ~0.2-0.3 A), specific
incident geometries are chosen to illuminate a few near-
surface atomic layers, and one exploits the shadow cones
produced by the scattering from near-surface atoms that
“block” the outward trajectories of ions first scattered by
atoms from lower atomic layers. Dips in the ‘“blocking
curve” of scattered ion intensity as a function of scattering
angle are thus characteristic of the relative positions of
atoms in the outermost few atomic layers. In NICISS [12],
using much lower energies, and He® rather than H*
incident ions, the much stronger scattering and resulting
wider shadow cones (~2 A) preclude significant subsur-
face scattering. Using a 180° scattering angle ensures that
shadowing effects are almost identical in incidence and
scattered trajectories, so one can exploit the near-neighbor
shadowing of the outermost layer atoms using fixed graz-
ing incidence angles and variable azimuthal angles.

Figure 3 shows experimental MEIS blocking curves of
scattering from V atoms, recorded at two different crystal-
lographic incidence directions, compared with the results
of simulations using the VEGAS computer code [16], for
two different structural models. These experimental data
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FIG. 4 (color online). Comparison of experimental 3 keV He*
NICISS azimuthal scans from V,05(0001) grown on
Cu3Au(100), recorded at two different grazing incidence angles,
with the results of simulations for the reconstructed Os, and the
vanadyl termination models (Fig. 1).

were recorded from a 200 A V5,03 film grown on Au(111);
essentially identical data were obtained from the thinner
films grown on Pd(111). Figure 3 shows clearly that the
simulations based on the vanadyl termination give poor
agreement with the experimental data, despite adjustments
to the interlayer spacings to optimize the fits. A simple
half-metal termination simulation yields very similar
blocking curves. By contrast, the simulation for the recon-
structed O5 termination model gives good agreement with
experiment.

Figure 4 shows the key results of the NICISS experi-
ments; azimuthal scans of the scattered ion yield from V
atoms, recorded at two different grazing incidence angles,
are compared with the results of simulations using the FAN
computer code [17] for the same two structural models. For
these data, too, the simulations based on the reconstructed
O; termination model provide a greatly superior descrip-
tion of the experimental data. In particular, all the main
maxima in the experimental azimuthal plots recorded at
11° incidence switch to main minima when the incidence
angle is increased to 16°; this behavior is reproduced for
the O5 termination, but not for the vanadyl model, nor for
other models tested including half-metal and full-metal
terminations (not shown). Table I provides a comparison
of the best-fit values of the outermost interlayer spacings
found in the two experimental studies and in the earlier
DFT calculations; the agreement is good and the results are
consistent.

This structural conclusion for V,05(0001) contrasts
with that of previous experimental investigations of other
corundum-phase surface structures, a-Al,05(0001)
[18,19] and Cr,03(0001) [20-23]. For «-Al,03(0001)
the half-metal termination is favored by LEED [18] and
surface x-ray diffraction (SXRD) [19] studies, as well as
DFT studies [24]. For Cr,05(0001) the original LEED
study also favored a half-metal termination [20], but later
work indicated there may be fractional occupation of other

TABLE I. Interlayer spacings in the reconstructed O3 model as
found in the original DFT study [7] and in the MEIS and NICISS
studies reported here. The labelling of the layers from the bulk is
... V/(3)-05(3)-V(2)-05(2)-V(top)-V"(top)-V'(top)-Os(top). In
NICISS ions do not penetrate to the subsurface layers. The
precision in the MEIS and NICISS values is ~* 0.1 A. Dash
entries for NICISS reflect the fact that this technique does not
penetrate to deeper layers.

Parameter DFT [7] MEIS NICISS
V/(top)-O5(top) (A) 0.86 0.91 0.85
V" (top)-V'(top) (A) 0.19 0.18 0.05
V(top)-V"(top) (A) 0.19 0.18 0.05
054(2)-V(top) (A) 0.99 0.98 -
V(2)-05(2) (A) 1.44 127 ;
0;(3)-V(2) (A) 1.06 0.98 -
V'(3)-05(3) (A) (0.98) 1.07 ;

sites [21-23]. The main conclusions of the DFT calcula-
tions [25] for the predicted equilibrium phases of the
surfaces of V,05(0001) and Cr,05(0001) at different oxy-
gen chemical potential values in the gas phase are summa-
rized in Fig. 2. For values in the range —1 eV to —1.5 eV,
typical of the preparation conditions, theory predicts for
these two surfaces, the O; and half-metal terminations,
respectively. Interestingly, at slightly smaller negative
oxygen chemical potentials (higher oxygen pressures) the
chromyl, Cr = O, termination becomes stable on Cr,0s3,
consistent with observation of the associated Cr-O stretch-
ing mode in vibrational spectroscopy after oxygen expo-
sure [26]. These results are also broadly consistent with
the results of a recent detailed SXRD study [23] which
finds a chromyl termination at high oxygen pressures,
although at lower pressures partial occupation of half-
metal and full-metal sites is found. It appears, therefore,
that with the exception of these full-metal sites, all these
surface studies of corundum-phase surfaces are consistent
with the predicted thermodynamic equilibrium, whether
produced from bulk crystals, oxidation of a metal crystal,
or via epitaxial growth in situ. Note that Fig. 2 and this
discussion relates to the equilibrium between the surface
and gas phase; the DFT studies indicate that under most
surface preparation conditions VO, and CrO, bulk phases
are more stable than the V,05 and Cr, 03, but these calcu-
lations take no account of the stabilizing influence of the
substrate epitaxy, nor of the energetic barrier to a bulk
structural transformation.

It remains to account for previous conclusions that the
V,0;(0001) surface adopts the nonequilibrium (1 X 1)
vanadyl termination. The observation of a vanadyl V. = O
stretching frequency in vibrational spectroscopy is the
most significant evidence for this interpretation, but this
provides no information on the vanadyl coverage. In fact
partial coverage of vanadyl species, on an otherwise
reconstructed-O; termination, is consistent with the
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predicted equilibrium structure within a range of oxygen
chemical potentials close to those experienced by the
growing crystal (Fig. 2). Our results are not incompatible
with this possibility, although we find no explicit evidence
for their presence; while ion scattering simulations of
(random) partial occupation of different sites cannot easily
be performed, we estimate (from Figs. 3 and 4) that up to
10%-20% partial occupation of vanadyl sites could be
consistent with our data. A predominantly O; termination
is also consistent with a photoelectron diffraction study
of hydroxylated V,03(0001) which found that the
hydroxylated O atoms occupied (predominantly or exclu-
sively) sites in a complete O; layer, and not in surface
vanadyl species [27]. STM might be expected to distin-
guish the vanadyl termination, with one V = O surface
species per unit mesh, from the O; termination, with three
surface O atoms per unit mesh, but theoretical simulations
indicate that both terminations should lead to a single
atomic-scale protrusion per unit mesh [28]. There seems
good reason, therefore, to reassess the interpretation of
some of the conclusions of earlier work on this surface
insofar as they are be based on the assumption that the
surface is fully vanadyl terminated. Our results indicate
that is not the case, and that contrary to previous sugges-
tions, the V,0;(0001) surface structure, like that of
Cr,05(0001) and a-Al,05(0001), does correspond to that
predicted in DFT calculations of the thermodynamic equi-
librium with the gas phase under preparation conditions.
Specifically, V,053(0001) has a reconstructed O termina-
tion, albeit with partial vanadyl coverage under some
conditions.
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