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Impact of ambient oxygen on the surface structure of a-Cr,03(0001)
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Surface x-ray diffraction has been employed to quantitatively assess the surface structure of a-Cr,03(0001)
as a function of oxygen partial pressure at room temperature. In ultrahigh vacuum, the surface is found
to exhibit a partially occupied double layer of chromium atoms. At an oxygen partial pressure of
1X 1072 mbar, the surface is determined to be terminated by chromyl species (Cr=0), clearly demonstrating
that the presence of oxygen can significantly influence the structure of a-Cr,03(0001).
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I. INTRODUCTION

Fundamental experimental studies of a-Cr,05(0001) are
motivated both by a desire to understand the stabilization of
polar-oxide surfaces' and the importance of chromia in vari-
ous applications, e.g., heterogeneous catalysis and corrosion
control.>? Significant nanoscale insight has already been
gained from such measurements, although they have largely
been restricted to ultrahigh vacuum (UHV). This limits their
utility for mechanistic interpretation of technological perfor-
mance. We address this issue here, employing surface x-ray
diffraction (SXRD) (Ref. 4) to elucidate the geometric struc-
ture of @-Cr,05(0001) as a function of a key environmental
parameter, namely, the oxygen partial pressure.

a-Cr,05(0001) has already been the subject of several
quantitative structure determinations in UHV, using both ori-
ented thin film>~ and single-crystal substrates.® These stud-
ies, which are all concerned with a 1 X1 surface unit cell,
agree that the topmost atoms are Cr rather than O. However,
their structural solutions are not identical. References 5-7
favor the geometry depicted in Fig. 1(a), which is identified
as Cr—O3;—Cr— on the basis of the sequence of its three
topmost layers [the subscript indicates the average number of
atoms in one 1 X 1 unit cell, which is indicated in the plan
view in Fig. 1(a)]. We note that Cr— O3;—Cr— is one of the
three surface terminations that can be generated simply by
cutting through the «-Cr,O; bulk parallel to the (0001)
plane; the other two are Cr—Cr—O3;— and
O;—Cr—Cr—. The geometry illustrated in Fig. 1(b),
labeled Cry70—O3—Crgy—, was deduced from previous
SXRD measurements.® It is similar to the structure in
Fig. 1(a), except that 30% of the surface-layer Cr atoms are
in a subsurface interstitial site (Cr'™). Figure 1(c) displays
a partially occupied Cr—Cr—O;—  termination,
Crg3;—Crp g — O, 4—, which is preferred in Ref. 9.

Ab initio total-energy calculations have also been under-
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taken to investigate the surface structure  of
a-Cr,05(0001).9-% Most pertinently, the surface termina-
tion as a function of oxygen partial pressure (chemical po-
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FIG. 1. (Color online) Schematic models of the
a-Cry03(0001)(1 X 1) structures emerging from UHV structure de-
terminations (Refs. 5-9). To the left (right) are side (plan) views.
Larger (smaller) spheres are oxygen (chromium) atoms. (a) displays
the structure determined in Refs. 5-7, (b) and (c) are those favored
in Refs. 8 and 9, respectively. As regards atom labels, the subscript
indicates the degree of fractional occupation, i.e., Cry 'y, indicates a
chromium atom located in an interstitial site with 30% occupancy.
The 1 X 1 surface unit cell is indicated in the plan view in Fig. 1(a).
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tential) has been predicted.'>!3 Wang and Smith!? deter-
mined that at around room temperature the most stable
surface is O3—Cr—Cr—, except at ultralow O, partial
pressures (<107*" atm). At higher temperatures other sur-
face geometries become energetically preferred, e.g.,
Cr—O;—Cr— and a chromyl (Cr=0)-terminated surface
(O=Cr—O0;—). In contrast, Rohrbach et al.'3 concluded
that at room temperature and above the Cr— O;—Cr— ter-
mination is thermodynamically favorable, which they at-
tribute to the use of a more complete theoretical description.
The current study provides a direct test of these ab initio
predictions, demonstrating that a more complex surface ter-
mination needs to be considered.

II. EXPERIMENTAL METHODS

Experimental work was performed on ID03 at the Euro-
pean Synchrotron Radiation Facility (ESRF), employing an
UHV/high pressure (HP) chamber incorporating a cylindrical
beryllium window for collection of SXRD data.'> This ves-
sel, which had a base pressure of ~3X 10~ mbar, was
mounted on a high precision vertical diffractometer with the
a-Cr,04(0001) surface in the horizontal plane. In situ
sample preparation involved repeated cycles of Ar* bom-
bardment and annealing in vacuum to approximately 1200 K.
During this process, surface order was checked using the
profiles of surface sensitive x-ray reflections. Exposure to O,
was achieved by backfilling the chamber to the required par-
tial pressure. Prior to introduction, O, gas underwent cryo-
genic distillation to minimize contaminant concentration. A
mass spectrometer was used to check the purity of the O,
admitted to the UHV/HP chamber.

SXRD data were acquired with the substrate at room tem-
perature, using a photon energy of Av=15.8 keV and an in-
cidence angle of 1°. To qualitatively follow surface-
geometry changes, the intensity of an x-ray reflection,
namely (1, 0, 2.9), was monitored as a function of time/
oxygen partial pressure. We note that this reflection was em-
pirically selected on the basis of preliminary measurements,
demonstrating that it is sensitive to changes in oxygen partial
pressure. The index of this reflection, and all others hereafter,
is expressed in terms of the reciprocal lattice vectors h, k,
and /. These vectors are defined with reference to the real
space (1X1) unit cell of the a-Cr,05(0001) surface, de-
scribed by lattice vectors (ay,a,,a3) which are parallel to the
[100], [010], and [001] directions, respectively. The magni-
tudes of these lattice vectors are a;=a,=a, and ay=c, where
a=4.957 A and ¢=13.592 A are the bulk lattice constants.®

For fully quantitative structure determination, a system-
atic series of x-ray reflections were acquired using rocking
scans in which the sample is rotated about its surface normal
while scattered x-ray intensity is measured. Such scans were
conducted as a function of [ at selected integer (h,k) values,
and then integrated and corrected,'® to enable plots of struc-
ture factor versus perpendicular momentum transfer to be
produced for crystal truncation rods (CTRs). In-plane scans
in h and k at [=0.5 were also undertaken to search for super-
structure rods indicating surface reconstruction. No substan-
tive evidence for such features was found.
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FIG. 2. Plot of the intensity of the (1, 0, 2.9) reflection as a
function of time/oxygen partial pressure (mbar). Inset shows
(1, 0, 2.9) rocking scans acquired at UHV (bold line) and
1X 1072 mbar of O, (thin line).

III. RESULTS

Figure 2 displays the intensity of the (1, 0, 2.9) reflection
as a function of time/oxygen partial pressure. On exposure of
the sample to an O, partial pressure of 5X 10~ mbar, there
is a ~15% increase in the signal, which then remains ap-
proximately constant up to 1X 107> mbar. Returning to
UHYV did not lead to any significant change in the intensity
of the (1, 0, 2.9) reflection, i.e., the process is not reversible
within the timeframe of the measurements. The inset in Fig.
2 compares rocking scans acquired at UHV (i.e., the base
pressure of the experimental chamber) and 1 X 102 mbar of
0O,, demonstrating the significance of the variation in reflec-
tion intensity. In addition, this comparison shows that there is
essentially no change in the width of the reflection, indicat-
ing that terrace size is not influenced by the presence of O,.
These data suggest that the Cr,03(0001) surface geometry is
modified by the presence of O,. To validate this deduction,
sets of x-ray reflections were acquired at both UHV and
1 X 1072 mbar of O, to allow fully quantitative structure de-
terminations to be performed. 335 reflections were compiled
at UHV. After averaging, using P3 symmetry, these reduced
to 257 nonequivalent reflections from seven CTRs. The
agreement factor between equivalent reflections was about
17%. A smaller data set of 130 nonequivalent reflections
from four CTRs was acquired at 1X 1072 mbar of O,. We
note that, as typified by the inset in Fig. 2, data acquired at
both UHV and 1X 1072 mbar O, were of comparable qual-
ity, i.e., the signal-to-background ratio is similar for both
data sets.

For surface-structure elucidation, we adopted the usual
approach of generating simulated SXRD data for a potential
structure, and then iteratively refining its geometry to find
the best fit between experiment and theory. The ROD
software!” was used for this task. Goodness of fit was mea-
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sured quantitatively by x?, or more strictly reduced x?, which
is defined as follows:'®

1< ( |FP(hkl)| - |F™(hkl)| )2
X'= p o (ki)

N-Pi

N is the number of measured structure factors, P the number
of parameters optimized during fitting, and F;*P(hkl) and
F;h(hkl) are the experimental and theoretically calculated
structure factors, respectively. o5 P(hkl) is the uncertainty as-
sociated with F7*P(hkl), which was calculated from compari-
son of equivalent reflections. y*> behaves such that a value of
1 indicates that experiment and theory are essentially coinci-
dent with agreement decreasing with increasing y°. Values of
X° significantly less than 1 suggest that the magnitudes of
experimental uncertainties have been overestimated. The
quoted precision of each fitted parameter is determined by
varying the parameter about its optimal value until y* has
increased by 1/(N—P) from its minimum value.*

Initially, effort focused on determining the structure of the
UHV surface. As a first step, mimicking the approach of Ref.
8, the three possible ideal bulk terminations,
Cr—03;—Cr—, Cr—Cr—0O3—, and O3—Cr—Cr—,
were tested. Following iterative refinement of atomic coordi-
nates, )(Z’s, of 2.2, 2.0, and 2.1 were obtained for these three
geometries, respectively. Given that even the smallest of
these values does not represent excellent agreement, an im-
proved solution was sought. A range of models with various
geometric modifications, including fractional site occupancy,
interstitial Cr atoms, and stacking faults [i.e., lateral transla-
tion of atomic layer(s) away from location in bulk], were
considered as candidates. Restricting potential solutions to
those with physically reasonable interatomic distances, a
stacking-fault-free Cr—Cr—O;— termination with partial
occupation of the three topmost Cr layers was found to pro-
vide the best match between theoretical and experimental
data. A x* of 1.0 was obtained for this structure, which is
depicted in Fig. 3(a) and labeled Crj,,—Cry3;— O3—.
Table I lists the coordinates, fractional occupancies, and
Debye-Waller factors of atoms in the optimum geometry. To
arrive at this solution, 46 parameters were optimized, i.e., 35
atomic coordinates, six vibrational amplitudes (Debye-
Waller factors), a scale factor, a surface roughness parameter
(B), and three fractional occupancy factors. All of the non-
structural parameters adopted reasonable values. We note
that the surface exhibits two rotational domains due to steps,
and intensities from these were averaged incoherently in the
generation of simulated data.®

Elucidation of the a-Cr,05(0001) surface structure in
1 X107 mbar O, commenced with refinement of the coor-
dinates of the optimized UHV geometry. A x> of 2.5 was
obtained, indicating that the presence of ambient O, almost
certainly leads to more than just surface relaxation. Follow-
ing the approach for the UHV surface, a variety of alterna-
tive structures were explored in order to try to improve the
agreement between experiment and theory. Structures exhib-
iting a significant change in surface selvage Cr concentration
were discarded as the sample was always maintained at room
temperature in the presence of O,, presumably precluding
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FIG. 3. (Color online) Schematic models of the (a) UHV and (b)
1X 1072 mbar O, a-Cr,05(0001)(1X 1) structures determined in
this study. At the bottom (top) are side (plan) views. Larger
(smaller) spheres are oxygen (chromium) atoms. The numerical la-
beling of the atoms is employed for identification purposes. Please

note “="in the heading for Fig. 3(b) indicates the presence of
chromyl (Cr==0) in this structure.

extensive Cr mobility perpendicular to the surface. The op-
timum geometry (x’=1.0), which is terminated by singly
bound oxygen atoms [i.e., chromyl groups (Cr=0)] and
labeled Og33=Cr;33— 03—, is shown in Fig. 3(b). Re-
moval of the chromyl oxygen increases x> by 0.4, indicating
that the data are sensitive to the presence of this atom. Op-
timum atomic coordinates, fractional occupancies, and
Debye-Waller factors are listed in Table II. A total of 34
parameters were varied during structure refinement, i.e., 24
atomic coordinates, six vibrational amplitudes (Debye-
Waller factors), a scale factor, a surface roughness parameter
(B), and two fractional occupancy factors [N.B. O(0) and
Cr(2) fractional occupancies were constrained to be the same
during structure optimization]. The experimental CTRs and
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TABLE 1. Optimized (x,y,z) coordinates of atoms comprising the UHV «-Cr,05(0001) termination
(Crp9p—Crg3;—O03—) resulting from analysis of the SXRD data presented in Fig. 4(a). Fractional occu-
pancy is indicated by a noninteger subscript in the “Atom” column. Atomic coordinates for the bulk-
terminated Cr—Cr—QOz— structure are listed. Also given are the Debye-Waller factors employed to de-
scribe vibrational amplitudes perpendicular and parallel to the surface plane. Figure 3(a) provides a key to the
identity of the atoms, and the axes x, y, and z. An asterisk ( *) indicates that the parameter has been held
constant during optimization. x and y coordinates not optimized due to symmetry constraints are italicized.

(x,y,7) coordinates

Debye-Waller factors

(A) (A?)
Atom Bulk terminated Optimized Parallel ~ Perpendicular
Cro+0.02(1) 3.31, 1.65, 22.65 3.31%, 1.65%, 22.64*=0.04 0.5* 8.0+0.7
Cro312002(2) 0.00, 0.00, 22.27 0.00", 0.00%, 22.42+0.02 0.5* 8.0+0.7
o(1) 1.65, 1.79, 21.33 1.53+0.03, 1.53+0.03, 21.12*=0.19 7.5*=1.5 0.5
Croq0:002(3)  1.65,3.31, 20.39 1.65%, 3.31*, 20.44 +0.01 0.5 8.0+0.7
Cr(4) 3.31, 1.65, 20.00 3.31%, 1.65%, 20.11 =0.01 0.5 8.0*+0.7
0(2) 1.79, 0.14, 19.06 1.68 £0.06, 0.15*+0.06, 19.47*x0.31 7.5%*1.5 0.5
Cr(5) 0.00, 0.00, 18.12 0.00%, 0.00%, 18.11 £0.01 0.5* 3.0+04
Cr(6) 1.65, 3.31, 17.74 1.65%, 3.31*, 17.87x0.01 0.5 3.0+04
0(3) 1.52,1.52,16.80  1.53%+0.03, 1.53%+0.03, 16.880.06 6.5*1.4 0.5*
Cr(7) 3.31, 1.65, 15.86 3.31%, 1.65%, 15.99+0.01 3.5+04 0.5*
Cr(8) 0.00, 0.00, 15.47 0.00%, 0.00%, 15.59=0.01 3.5+04 0.5"
04) 1.65, -0.14, 14.53  1.74*0.02, 0.01£0.02, 1431£0.03 1.5*1.0 0.5"
Cr(9) 1.65, 3.31, 13.59 1.65%, 3.31", 13.59£0.01 0.5* 0.5"
Cr(10) 3.31, 1.65, 13.21 3.31%, 1.65%, 13.36 = 0.01 0.5* 0.5"
O(5) 1.79, 1.65, 12.27 1.79%, 1.65%, 12.47+0.05 0.5* 0.5"
Cr(11) 0.00, 0.00, 11.33 0.00%, 0.00%, 11.28 =0.01 0.5* 0.5"
Cr(12) 1.65, 3.31, 10.94 1.65%, 3.31*, 11.03 £0.01 0.5* 0.5*
0(6) 1.52, 0.00, 10.00 1.52%, 0.00%, 9.81=0.02 0.5 0.5*
Cr(13) 3.31, 1.65, 9.06 3.31%, 1.65%, 9.04*0.01 0.5* 0.5*
Cr(14) 0.00, 0.00, 8.68 0.00%, 0.00", 8.73=0.01 0.5* 0.5*
O(7) 1.65, 1.79, 7.74 1.65%, 1.79%, 7.86+0.03 0.5* 0.5*
Cr(15) 1.65, 3.31, 6.80 1.65%, 3.31*, 6.82=0.01 0.5* 0.5*
Cr(16) 3.31, 1.65, 6.41 3.31%, 1.65", 6.52+0.01 0.5* 0.5*
0(8) 1.79, 0.14, 547 1.79%, 0.14%, 5.51 £0.03 0.5 0.5
Cr(17) 0.00, 0.00, 4.53 0.00%, 0.00%, 4.53+0.01 0.5 0.5
Cr(18) 1.65, 3.31, 4.15 1.65%, 3.31*, 4.17+0.01 0.5 0.5
0(9) 1.52, 1.52, 3.20 1.52%, 1.52%, 3.18 £0.03 0.5 0.5
best-fit theoretical simulations for the and differ, as reflected in the list of layer spacings perpendicular

1X 1072 mbar O, surfaces are shown in Figs. 4(a) and 4(b),
respectively.

IV. DISCUSSION

Focusing on the UHV structure, the current solution [Fig.
3(a)] matches that emerging from quantitative low-energy
electron diffraction (LEED-IV), Ref. 9, [Fig. 1(c)], in that
both are partially occupied Cr—Cr—O3;— terminations.
However, the two structures are not quantitatively equiva-
lent, although given that only moderate agreement between
experimental and simulated data was achieved in the
LEED-IV study, the agreement with the SXRD result is quite
reasonable. Optimized atomic coordinates in the two studies

to the @-Cr,05(0001) surface in Table III. In addition, frac-
tional site occupancies are not identical with lower occupa-
tion of the two uppermost chromium layers being favored in
the present work, i.e., Cry,,—Cry 3;— (SXRD) compared to
Crg3;—Crg¢;— (LEED-IV).? The origin of these small, but
quantitatively significant, discrepancies between the two
studies may be related to the disorder in the surface. In the
case of LEED-IV, vacant sites are treated approximately in
the multiple scattering theory by the average f-matrix ap-
proximation method,'® which is probably not sufficient for a
high concentration of vacancies, such as found here. A fur-
ther possibility is that the discrepancies arise from small
variations in sample preparation, e.g., substrate temperature
during annealing.
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TABLE II. Optimized (x,y,z) coordinates of atoms comprising the 1X 107> mbar O, a-Cr,05(0001)
termination (Og33=Cr( 33— 0O3—) resulting from analysis of the SXRD data presented in Fig. 4(b). Frac-
tional occupancy is indicated by a noninteger subscript in the “Atom” column. Atomic coordinates for the
bulk-terminated Cr— Cr— Os;— structure are also listed. Also given are the Debye-Waller factors employed
to describe vibrational amplitudes perpendicular and parallel to the surface plane. Figure 3(b) provides a key
to the identity of the atoms and the axes x, y, and z. An asterisk ( *) indicates that the parameter has been held
constant during optimization. x and y coordinates not optimized due to symmetry constraints are italicized.

(x,y,7) coordinates

Debye-Waller factors

(A) (A?)

Atom Bulk terminated Optimized Parallel ~ Perpendicular
0¢.38+001(0) N/A 0.00%, 0.00%, 23.50 = 0.02 0.5* 53*05
Cro35+0.01(2) 0.00, 0.00, 22.27 0.00%, 0.00%, 21.93 £0.02 0.5 53*05
o(1) 1.65, 1.79, 21.33 1.58+0.03, 1.55+0.03, 21.03£0.04 1.9=*1.1 0.5
Crog5+0.01(3) 1.65, 3.31, 20.39 1.65%, 3.31*, 20.33 £ 0.01 0.5 53%0.5
Cr(4) 3.31, 1.65, 20.00 3.31%, 1.65%, 19.99 = 0.01 0.5 53%05
0(2) 1.79, 0.14, 19.06 1.81£0.04, 0.180.04, 19.230.05 19=*1.1 0.5
Cr(5) 0.00, 0.00, 18.12 0.00%, 0.00%, 18.08 £0.01 0.5* 25%05
Cr(6) 1.65, 3.31, 17.74 1.65%, 3.31*, 17.70 £ 0.01 0.5 25+0.5
0(3) 1.52, 1.52, 16.80 1.52%, 1.52%, 16.62*=0.10 37x1.7 0.5*
Cr(7) 3.31, 1.65, 15.86 3.31%, 1.65%, 15.84%0.01 38208 0.5*
Cr(8) 0.00, 0.00, 15.47 0.00%, 0.00%, 15.43£0.01 38208 0.5*
04) 1.65, —-0.14, 14.53 1.65%, —0.14%, 14.40%=0.10 1.3+x1.3 0.5"
Cr(9) 1.65, 3.31, 13.59 1.65%, 3.31%, 13.56 = 0.01 0.5 0.5"
Cr(10) 3.31, 1.65, 13.21 3.31%, 1.65%, 13.19+0.01 0.5 0.5"
0O(5) 1.79, 1.65, 12.27 1.79%, 1.65%, 12.35+0.06 0.5" 0.5"
Cr(11) 0.00, 0.00, 11.33 0.00%, 0.00%, 11.33=0.01 0.5 0.5"
Cr(12) 1.65, 3.31, 10.94 1.65%, 3.31*, 10.97 = 0.01 0.5 0.5
0(6) 1.52, 0.00, 10.00 1.52%, 0.00%, 9.97 £0.07 0.5 0.5
Cr(13) 3.31, 1.65, 9.06 3.31%, 1.65%, 9.08 £0.01 0.5 0.5
Cr(14) 0.00, 0.00, 8.68 0.00%, 0.00%, 8.66*+0.01 0.5 0.5
o(7) 1.65, 1.79, 7.74 1.65, 1.79%, 7.75 £0.05 0.5 0.5
Cr(15) 1.65, 3.31, 6.80 Not optimized 0.5* 0.5*
Cr(16) 3.31, 1.65, 6.41 Not optimized 0.5* 0.5*
0O(8) 1.79, 0.14, 5.47 Not optimized 0.5 0.5
Cr(17) 0.00, 0.00, 4.53 Not optimized 0.5 0.5
Cr(18) 1.65, 3.31, 4.15 Not optimized 0.5 0.5
0(9) 1.52, 1.52, 3.20 Not optimized 0.5 0.5

Turning to the central topic of this study, the impact of
introducing O, into the ambient environment, it is evident
from the optimum 1X 1072 mbar O, structure [Fig. 3(b)]
that this species alters the UHV surface geometry through
dissociation to form a surface chromyl (Cr=0). Previously,
the Cr==0 group has been reported to be present on both

a-Cr,04(0001) and a-Cr,05 (1012), following annealing of
surfaces exposed to O, at low temperature.”2! Concurrent
with the formation of Cr=0, surface chromium atoms also
undergo redistribution in the presence of the O,. Some of the
topmost chromium atoms of the UHV surface [Cr(1)’s in Fig.
3(a)] are apparently displaced to vacant sites in the partially
occupied second chromium layer, i.e., they become Cr(2)’s
in Fig. 3(b). The remaining Cr(1)’s seemingly convert into
Cr(3)’s, increasing fractional occupancy of this layer from

0.70+0.02 at UHV to 0.85+0.01 at 1 X 107> mbar O,. It
should be noted that the total occupation of the upper chro-
mium layers is unchanged on going from UHV to
1X 1072 mbar O,.

Figure 5 demonstrates that in addition to altering the ter-
mination of a-Cr,05(0001), the introduction of oxygen also
modifies near-surface substrate relaxation. Displacements
away from bulk termination along the surface normal (Az)
for chromium and oxygen atoms are plotted as a function of
depth into the selvage in Figs. 5(a) and 5(b), respectively.
As expected, the general trend of the plots is for the magni-
tude of Az to diminish with depth. For the chromyl-
terminated surface (1 X 1072 mbar O,) the return to a bulk-
like geometry is more rapid than the chromium-terminated
surface (UHV).

205439-5



BIKONDOA et al.

(b) 1x1 0 mbar O,

100

-
o

100

Structure Factor [arb. units]

102 1

Illl]llllklll

FIG. 4. (Color online) Comparison of experimental CTR data
(solid markers with error bars) and theoretical best-fit simulations
(solid red lines). (a) and (b) show experimental data acquired at
UHV and 1 X 1072 mbar O,, respectively. Also included in (b) are
theoretically simulated data (broken blue line) for the optimum
UHV geometry.

Concerning the energetic stability of the two optimized
surface geometries, at UHV and 1 X 1072 mbar 0,, assum-
ing formal ionic-charge states (i.e., Cr** and O?7) both
should be unstable due to the presence of uncompensated
surface dipoles, i.e., they are both polar."?> Even the pres-
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TABLE III. Comparison of atomic layer spacings perpendicular
to the a-Cr,0;3(0001) surface (d,) derived from both LEED-IV
(Ref. 9) and the current UHV SXRD measurements. Bulk-
terminated interlayer distances are also listed. Figure 3 indicates the
identity of the atomic layers.

d, (A)
Atomic Bulk LEED-IV
layers terminated  (Ref. 9) (UHV)  SXRD (UHV)
Cr(1)/Cr(2) 0.38 0.27 0.22+0.04
Cr(2)/0(1) 0.94 1.04 1.30£0.03
O(1)/Cr(3) 0.94 0.96 0.68+0.03
Cr(3)/Cr(4) 0.38 0.38 0.33+0.01
Cr(4)/0(2) 0.94 0.93 0.64+0.01
0(2)/Cr(5) 0.94 Not optimized 1.36£0.01

ence of surface-oxygen vacancies, which has not been ex-
plicitly considered in our structure optimizations due to the
relatively weak x-ray scattering of oxygen atoms, would not
completely quench the surface dipoles. Hence, there must be
a less apparent mechanism of polarity compensation in op-
eration. Most likely, there is a modification of the surface
electronic structure, i.e., charge redistribution. More esoteric
mechanisms are also possible, such as compensation through
nonperiodic nanoislanding as reported for ZnO(0001)."-2?
As regards total-energy calculations of the geometry of
a-Cr,05(0001),'%14 none have predicted the structures de-
duced here. This outcome is largely a result of the theoretical
work being performed on periodic slabs with small unit cells,
precluding mimicry of fractionally occupied surface atomic
layers. The potential pitfall of ignoring such statistical defect

0.44
0.24
0.0+

Az (A)

-0.24

-0.44

—
1234567 89101112131415161718
Chromium Atom

FIG. 5. (Color online) Plots of (a) chromium and (b) oxygen
atom displacements away from bulk termination along the surface
normal (Az) as a function of depth into the selvage. The displace-
ments are derived from the optimum UHV (red circles) and
11072 mbar O, (blue squares) structures listed in Tables I and I,
respectively. The numbers on the x axis refer to the labels in Fig. 3.
A negative Az indicates that the atom moves toward the bulk. The
errors associated with these displacements can be obtained from
Tables I and 1II.
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disorder in ab initio studies of oxide surfaces was presciently
mentioned by Batyrev et al.>* in 1999. To study this lateral
disorder theoretically, larger units cells, or even cluster-type
calculations, need to be considered. We note that of the two
ab initio studies'>'* examining surface structure as a func-
tion of oxygen partial pressure, Ref. 12 seemingly more
closely describes the experimental results to the extent that
both chromium- and chromyl- terminated surfaces are pre-
dicted. It should be stressed that the conclusion in this refer-
ence, that the O3— Cr— Cr— surface is the most likely ge-
ometry at room temperature, does not necessarily conflict
with the current UHV structure (chromium terminated) as the
substrate was annealed to 1200 K during preparation prior to
measurements. Chromium-terminated surfaces are calculated
to be stable phases at higher temperatures in Ref. 12.
Finally, it is interesting to briefly compare the results of
this study to structural data obtained for the (0001) surfaces
of other corundum-type metal-oxide thin film and single-
crystal substrates. Most notably, «a-Fe,05(0001) and
a-V,05(0001) resemble a-Cr,05(0001) in that it has been
concluded that they too can be terminated by metal=0
groups, i.e., ferryl (Fe==0) (Refs. 25 and 26) and vanadyl
(V=0),2"2 respectively. For a-Fe,05(0001), a SXRD
study analogous to the one presented here has been con-
ducted, but as a function of temperature as well as O, partial
pressure.? It reports a Fe=0O termination at elevated sub-
strate temperatures (773 K, at 10™® mbar—1 bar O, partial
pressure). This result apparently suggests a difference be-
tween a-Fe,04(0001) and a-Cr,05(0001) as regards surface
metal=0 formation, since we have determined that Cr=0
groups form at room temperature. This apparent discrepancy
probably arises from the different kinetics involved in the
structural changes. For the chromia system the Cr-terminated

PHYSICAL REVIEW B 81, 205439 (2010)

surface is oxidized to produce Cr=0, while in Ref. 25 the
surface is reduced from O;—Fe—Fe— to O=Fe—0O;—
with mass transport of Fe apparently being involved. The
latter reaction almost certainly involves a greater activation
energy, and so is unlikely to occur at room temperature. As
regards ab initio predictions of the geometry of
a-Fe,05(0001), in contrast to their calculations for
Cr,05(0001) which rule out a Cr=0 termination, Rohrbach
et al.'3 concluded that a Fe=0 termination is favorable un-
der strongly oxidizing conditions. Other ab initio calcula-
tions by Bergermayer et al?® also suggest that a
Fe=0O-terminated phase is favorable.

V. CONCLUSIONS

In summary, we have performed SXRD on
a-Cr,05(0001) as a function of oxygen partial pressure. We
have demonstrated that the surface geometry is modified in
the presence of oxygen at room temperature. A
Crp—Crp3;—O3— termination is determined at UHV
and a chromyl-topped Og33=—=Cr(33— O3— structure at an
0, partial pressure of 1 X 107> mbar. The UHV surface ge-
ometry is largely consistent with that derived from previous
LEED-IV measurements,’ although there are some small dif-
ferences in atomic coordinates and fractional layer occupan-
cies. Ab initio theoretical calculations performed to date!%-!4
have not predicted either of the two structures.
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