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We have studied oxygen-induced faceting of the atomically rough Re�123̄1� surface by means of Auger
electron spectroscopy, low energy electron diffraction, and scanning tunneling microscopy �STM�. In contrast
to previous faceting studies on other refractory metal surfaces, where simple morphologies of the facets were
reported, we find a coverage-dependent morphological evolution of the facets ranging from long sawtooth
ridges to complex structures exposing four different facets. The faceting occurs only when oxygen coverage ���
exceeds 0.5 monolayer �ML� and the surface is annealed at �700 K. At low oxygen coverage �0.5 ML��

�0.7 ML�, the O/Re�123̄1� surface becomes partially faceted upon annealing; further increasing of oxygen
coverage �0.7 ML���0.9 ML� causes the surface to become completely faceted, forming long sawtooth

ridges along the �2̄113� direction with typical dimensions of �8 nm in width and �50 nm in length upon
annealing at 1000 K. The size of the ridges grows with annealing temperature and annealing time, and the

distance between the ridges is quite uniform. The two sides of each ridge have �011̄0� and �112̄1� orientations,
and atomic-resolution STM images reveal that the edge of the ridge is atomically sharp. For 0.9 ML��

�1 ML, a third set of facets, identified as �101̄0�, emerges and truncates the original ridges. With the surface

fully covered by oxygen ��=1 ML�, a fourth facet �011̄1� also becomes prominent upon annealing. This

morphological evolution is accompanied by a reduction of the average ridge length along �2̄113�, indicating

that the �112̄1� facet is metastable. Our work demonstrates that even in a simple adsorbate/substrate system, the
adsorbate-induced modification of the anisotropy of surface free energy can induce a complex sequence of
changes in the surface morphology. The faceted Re surfaces may be model systems to study structure sensi-
tivity in catalytic reactions, and may also provide promising templates to grow nanostructures.
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I. INTRODUCTION

It is well known that the interactions between adsorbates
and substrates can enhance the anisotropy of surface free
energy. As a result, a clean surface that is originally planar,
when covered by adsorbates and annealed, may undergo
faceting to reduce the total surface free energy.1 The thermo-
dynamically driven faceting process involves mass transport
of a relatively large amount of atoms, and is affected by
kinetic factors such as nucleation rate and diffusion rate.
Atomically rough metal surfaces are major subjects for face-
ting studies because they generally have higher surface free
energies than close-packed surfaces and are less stable
against adsorbate-induced faceting. Previous studies on
adsorbate-induced faceting of atomically rough surfaces fo-
cus on bcc metals, such as W�111�, Mo�111�, or fcc metals,
such as Cu�210�, Ir�210�, Ni�210�, and Pt�210� �Refs. 2–9�;
of all these surfaces, W�111� has been most thoroughly
studied.10,11 So far, there are no simple rules to predict
whether faceting will occur in an arbitrary adsorbate-
substrate system, but oxygen is observed to cause faceting in
a majority of cases. The morphological changes upon face-
ting often bring changes in surface electronic properties and
surface reactivity. For example, evidence for structure sensi-
tivity in butane hydrogenolysis12 and acetylene surface
chemistry13 has been found on planar and faceted Pt/W�111�
and Pd/W�111� surfaces, respectively. On faceted Ir�210�
surfaces, recent studies have also revealed structure sensitiv-
ity in chemical reactions such as the decomposition of acety-
lene and ammonia, and CO oxidation.14–16

In this paper we extend the scope of our faceting studies
from bcc and fcc metal surfaces to a hcp metal surface,
Re�123̄1�, and report considerable richness in the morphol-

ogy of oxygen-induced faceting: annealing Re�123̄1� with
different oxygen coverages reveals a morphological evolu-
tion from long sawtooth ridges, to complex structures expos-
ing four different facets. Since Re is an important component
in many catalysts,17–20 the faceted Re surfaces are attractive
model systems to study structure sensitivity in Re-based
catalytic reactions. A preliminary study has been carried out
on methanol oxidation on oxygen-covered planar and faceted
Re surfaces, showing differences in the reactivity of these
two surfaces.21 The electronic properties of the planar and
faceted Re surfaces were also investigated by high resolution
soft x-ray photoemission spectroscopy �HRSXPS� using syn-
chrotron radiation at National Synchrotron Light Source
�NSLS� and reported elsewhere.22

The orientation �123̄1� is chosen for two reasons. First,

Re�123̄1� is an atomically rough surface, and is expected to
have high surface free energy relative to more close-packed
Re surfaces, so there is a high probability that faceting may
be induced on this surface. Re has a hcp structure with unit
cell parameters a=2.761 Å and c=4.458 Å �Ref. 23�; as
shown in Fig. 1�a�, the unreconstructed Re�123̄1� surface has
six layers of atoms exposed and the top-layer atoms show a
quasihexagonal arrangement with only C1 symmetry. Since
for a hcp lattice there are two atoms in each primitive unit

cell, the second stacking sequence of Re�123̄1� is shown in
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Fig. 1�b�, which has different local arrangements for the top
layer atoms but the same unit cell and periodicity. Second, as

shown in the stereographic projection in Fig. 1�c�, the �123̄1�
surface is near to several more close-packed surfaces that

could be potential facets, such as �112̄0�, �011̄0�, �011̄1�, and

�112̄2�.
This paper is organized as follows. Section II is a brief

description of the experimental procedure. In Sec. III A, we
present the results of a combined study by Auger electron
spectroscopy �AES�, low energy electron diffraction
�LEED�, and scanning tunneling microscopy �STM�, reveal-
ing the evolution sequence of faceting morphologies in

O/Re�123̄1�. Section III B deals with the atomic structure of
the facets, and the size dependence of facets is described in
Sec. III C. A discussion of facet formation and the conclu-
sions are given in Secs. IV and V, respectively.

II. EXPERIMENTAL

All experiments are performed in two ultra high vacuum
�UHV� chambers with base pressures about 1�10−10 Torr.
One chamber contains AES, LEED instrumentation, and a
quadrupole mass spectrometer �QMS�, and the other cham-
ber contains LEED, AES, QMS, and a McAllister scanning

tunneling microscope. Two Re�123̄1� single crystals with a
purity of 99.99% are used in the study; they are �10 mm in
diameter, �1.5 mm thick, and aligned within 0.5° of the

�123̄1� orientation. The Re crystals are cleaned by cycles of
e-beam heating in oxygen �1�10−7 Torr� followed by flash-
ing in a vacuum to above 2000 K, and the cleanliness of the
Re surfaces is checked by the AES in both chambers. The

residual contaminant species such as carbon and oxygen are
below 1–2 percent of a monolayer of atoms. Oxygen is dosed
on the Re surfaces at room temperature by backfilling the
chamber and pressures are measured using an uncalibrated
Bayard-Alpert ionization gauge. The sample temperatures
are measured either by a C-type �W-5at. % Re/W-26
at. % Re� thermocouple spotwelded to the back of the Re
crystal or by an infrared pyrometer. All STM measurements
are made at room temperature with a typical sample bias
between 0.5 to 1.2 V and a tunneling current between 0.6
and 1 nA. The X and Y dimensions of the STM scan range
are calibrated using atomically resolved STM images of the
S�4�4� /W�111� reconstruction24 and the Z dimension is
calibrated based on tilt angle measurements between �211�
and �111� planes in faceted O/W�111� �Ref. 25�.

III. RESULTS

A. Morphological evolution of the facets

1. AES and LEED study

The relative oxygen coverage � is determined from mea-
surements of the O/Re Auger peak height ratio as a function
of oxygen dose at room temperature; the oxygen dose is
expressed in units of Langmuir �L, 1 L=1�10−6 Torr· s
=1.33�10−4 Pa·s�. As shown in Fig. 2, the O/Re Auger
ratio increases with oxygen dose and reaches saturation when
the oxygen dose is between 5 and 7 L, which is comparable
with an early AES study of oxygen adsorption on a vicinal
Re�0001� surface, where the saturation is reached after an
exposure between 7 and 8 L �Ref. 26�. In a previous XPS
study of oxygen adsorbed on polycrystalline Re surface, the
saturation coverage is also found to be reached at an oxygen

FIG. 1. �Color online� �a� A hard-sphere model of the bulk-truncated �123̄1� surface with a unit cell marked. �b� The other stacking

sequence of the �123̄1� surface with one more layer of atoms added on top of the surface in �a�. �c� The stereographic projection of the hcp

lattice on the plane of �112̄0�. The �123̄1� surface is labeled by a hollow circle.
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exposure of about 5 L �Ref. 27�. If we define the coverage
corresponding to the saturation O/Re Auger ratio as one
monolayer �ML�, i.e., �=1 ML, the relative oxygen coverage
for a given oxygen dose can be determined by normalizing
the measured O/Re Auger ratio to the saturation value. This
definition of saturation coverage is used here only for low
oxygen doses ��102 L� because with high oxygen doses the
O/Re Auger peak height ratio may exceed the above satura-
tion value as a consequence of surface oxidation or oxygen
diffusion to the subsurface.

Figure 3�a� shows a typical LEED pattern from a clean

Re�123̄1� surface; all beams are characteristic of the �1
�1� structure. There are no other LEED features found after
annealing the surface at temperatures up to 2000 K. When
the incident electron energy �Ee� increases, all the diffraction
spots converge to the center of the LEED screen, indicating
that the surface is macroscopically planar although it is
atomically rough. No new features appear in the LEED pat-
tern when the surface is exposed to O2 up to 300 L at room
temperature except for a slight increase of the background
intensity, which can be attributed to random adsorption of
oxygen atoms.

Annealing the oxygen-covered surface may cause various
new features in the LEED pattern depending on oxygen ex-
posure �coverage�. When the oxygen dose is less than 0.5 L
���0.5 ML�, the surface remains planar and retains the �1
�1� structure after annealing at temperatures up to 2000 K.
In contrast, when the oxygen dose is between 0.5 L and 1 L

�0.5 ML���0.7 ML�, streaks along one direction emerge
around the �1�1� spots after annealing at �700 K �see Fig.
3�b��. These streaks do not converge to the screen center as
Ee increases, indicating the formation of tiny facets that co-
exist with the �123̄1� surface. For an oxygen dose between
1 L and 3 L �0.7 ML���0.9 ML� and after annealing at
�700 K, the �1�1� LEED spots totally disappear and the
streaks in Fig. 3�b� evolve into sharp spots �see Fig. 4�a��.
Just like the streaks, these new diffraction spots do not con-
verge to the screen center but move toward either of two
fixed spots marked by two circles A and B in Fig. 4�a� when
Ee increases. The two fixed spots are specular beams of the
facets and this phenomenon can be better illustrated in a
LEED pattern taken with variable Ee shown in Fig. 4�b�, in
which each short line represents the moving trace of a LEED
spot as Ee is changed from 40 to 146 eV. It is clear that these
lines point to the same two positions away from the center of
the screen, also marked by two circles A and B, which indi-
cates that the surface is no longer planar but completely fac-
eted with a sawtooth ridgelike morphology.

The orientations of the two facets are determined by com-
paring the specular beam positions with the LEED spots

from a planar Re�123̄1� surface. When Ee is 70±5 eV, the

�0,3� diffraction spot from the planar Re�123̄1� surface �see
Fig. 3�a�� is located almost in the same position on the LEED
screen as specular beam A in Fig. 4�a� from one of the two
facets; the estimated error range of Ee is due to the uncer-
tainty of determining a perfect match and the inner potential
of the Re sample. The spatial orientations of the �0,3� beam
can be determined simply from the structure of the reciprocal

rods of Re�123̄1� and the Ewald sphere construction,28 from
which the tilt angle between the �0,3� beam and the normal

direction of �123̄1� is calculated as 44±2°; therefore the tilt

angle of the facet relative to �123̄1� is 22±1°. Similarly, a
good match is found between the �0,−2� spot from the pla-

nar Re�123̄1� and specular beam B in Fig. 4�a� for Ee

=85±5 eV, and the tilt angle between this facet and �123̄1�
is then calculated as 12.5±0.5°. Based on these measure-
ments, the Miller indices of the facets are identified as

�011̄0� and �112̄1�, and the ridge direction is identified as

�2̄113�. The tilt angles between �011̄0�, �112̄1� and the sub-
strate are 22.2° and 12.0°, respectively, agreeing well with
the experimental values. Figure 4�c� shows a kinematical

FIG. 2. The oxygen uptake curve on Re�123̄1� at room tempera-
ture measured by AES. Both the O/Re Auger peak height ratio and
the average O coverage ��, in monolayers� are plotted vs O2 dose in
Langmuirs.

FIG. 3. �a� A LEED pattern from a clean surface with the �0,3�
and �0,−2� diffraction spots labeled; Ee=70 eV. �b� A LEED pat-

tern from an O/Re�123̄1� surface prepared by dosing 0.5 L O2 ��
=0.5 ML� at 300 K followed by annealing at 900 K; Ee=70 eV.

FIG. 4. �Color online� LEED patterns of a faceted O/Re�123̄1�
surface formed by dosing 3 L O2 ��=0.9 ML� at 300 K followed
by annealing at 900 K. �a� Ee=70 eV. �b� Ee varies from 40 to
146 eV. The circles A and B indicate specular beams from the fac-
ets. �c� is the kinematical simulation of �a�.
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simulation of the faceted LEED pattern in Fig. 4�a� for Ee

=70 eV, based on 2D lattices of bulk-truncated �011̄0� and

�112̄1�. The similarity between the simulation and the ex-
perimental pattern not only confirms the orientations of the
facets but also suggests that there is no reconstruction on
either of the facets, which retain their �1�1� structures.

When the oxygen dose at room temperature exceeds 3 L
���0.9 ML�, the morphology of the faceted surface formed
upon annealing becomes more complex with the emergence
of new spots in LEED. Figure 5�a� is a typical LEED pattern

from an O/Re�123̄1� surface prepared by dosing 10 L O2

��=1 ML� followed by annealing at 1000 K. In addition to
all the LEED spots from the original two facets, new faint
spots �e.g. spots marked by c1 and c2 in Fig. 5�a�� can be
seen. When Ee increases, these extra spots move toward a
third direction rather than converging to either of the two
original specular beam positions, indicating the formation of
a third set of facets that truncate the original ridges. Since the
specular beam from the third facet lies outside the LEED
screen, it is difficult to determine the facet orientation di-
rectly. However, an analysis of the spatial relationship be-
tween the spots from the third facet and those from the two
original facets can provide a clue. In Fig. 5�a�, a1 and b1

mark representative spots from �112̄1� and �011̄0�, respec-
tively, and they form a quasi-isosceles triangle with spot c1,
in which the distance a1b1 is approximately equal to a1c1.
When Ee changes, b1 and c1 move almost symmetrically
relative to a1 to retain the configuration of the quasi-isosceles
triangle. The same behavior is also observed for spots a2, b2,

and c2, where a2 and b2 are from �112̄1� and �011̄0�, respec-
tively. These observations suggest that the third facet and the

�011̄0� facet are spatially symmetric relative to the �112̄1�
facet, which leads to �101̄0� as the logical choice of the
orientation of the third facet �see the stereographic projection
in Fig. 1�c��. The small amount of symmetry breaking in
LEED is due to the fact that the incident electron beam is

along the normal direction of �123̄1� rather than that of

�112̄1� and the tilt angle between these two orientations is
only 12.0°. To verify this, a kinematical simulation of the

LEED pattern based on 2D lattices of bulk-truncated �112̄1�,
�011̄0�, and �101̄0� is shown in Fig. 5�b� with spots a1, b1,
c1, a2, b2, and c2 labeled, which agrees well with the experi-

mental pattern in Fig. 5�a�. The tilt angle between �101̄0� and

�123̄1� is 42.2°, meaning the angle between the specular

beam of �101̄0� and the incident electron beam is 84.4°,
which is greater than the half-maximum acceptance angle of
the LEED screen �60° �, and is consistent with the experi-

mental observation that the specular beam of �101̄0� lies out-

side of the screen. The �101̄0� orientation is further con-
firmed in the STM study discussed in next section.

Careful examination of LEED patterns like Fig. 5�a� re-
veals several faint streaks marked by three arrows. These
streaks do not belong to any of the three identified facets
because they converge to a fourth position lying outside of
the LEED screen as Ee increases. The fact that the new fea-
tures are faint and streaky implies that they originate from a
fourth facet that is not well developed and has limited size in
one direction. For this reason, it is difficult to identify the
orientation of the fourth facet from LEED. In the following
section, we show how STM measurements can help provide
a solution.

It is important to point out that when the oxygen dose is
between 3 L and 5 L �0.9 ML���1 ML�, the streaks
marked by the arrows in Fig. 5�a� become less prominent.
With the oxygen dose reduced to the lower limit 3 L ��
=0.9 ML�, the streaks disappear and only diffraction spots

from �112̄1�, �011̄0�, and �101̄0� can be observed. Annealing
the oxygen-covered surface in Fig. 5�a� at 1200 K leads to
the LEED pattern in Fig. 5�c�. The steaks associated with the
fourth facet disappear and the pattern looks like that from the
ridges without truncation since the spots associated with the
third facet are also weak. This morphology reversion can be
attributed to desorption of oxygen at 1200 K �Ref. 29�. By
annealing at 1600 K, the coverage of oxygen remaining on
the surface is not even sufficient to maintain the surface as
partially faceted; the surface reverts to the planar morphol-
ogy with a LEED pattern similar to Fig. 3�a�.

2. STM study

Figure 6�a� shows a typical STM image from a faceted

Re�123̄1� surface prepared by dosing 1 L O2 ��=0.7 ML�
and annealing at 1000 K. The eye-catching feature is that the
surface is not planar but completely covered by long ridges

along the �2̄113� direction with typical length larger than
500 Å and the longest length about 1000 Å. Figure 6�b� is
the cross-section profile along the line marked in Fig. 6�a�,
showing the sawtooth-like character of the facet morphology,

from which the tilt angles of the facets relative to �123̄1� can
be determined by measuring the slopes of the line segments.

FIG. 5. �Color online� LEED patterns of fa-

ceted O/Re�123̄1� surfaces formed by dosing
10 L O2 ��=1 ML� at 300 K followed by anneal-
ing at different temperatures. �a� 1000 K, Ee

=70 eV. �c� 1200 K, Ee=70 eV. �b� is the kine-
matical simulation of �a�. See text for the labels
in �a� and �b�.
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Based on analysis of several similar cross-section lines, the
tilt angles with respect to the substrate are measured as
23.5±1.9° and 12.2±1.2°, respectively, which agree well

with the ideal values 22.2° and 12.0° of the �011̄0� and

�112̄1� facets identified in LEED experiments. The width of
the ridges is quite uniform with a mean value 82±7 Å; the
result of a ridge width survey is shown in Fig. 6�c�. The

ridge-like morphology on the faceted Re�123̄1� surface is
very different from those reported to date for other refractory
metal surfaces, such as W�111�, Mo�111�, and Ir�210�,
where three-sided pyramidal facets are observed.8,10,30 Nev-
ertheless, similar faceting morphology has been reported in
other systems such as faceting on Pt�210� induced by CO

oxidation,9 the Ga-rich GaAs�1̄1̄2̄�B surface31 and faceting
on vicinal Si�111� surfaces.32 These ridge-like structures on

O/Re�123̄1� are stable at room temperature; no morphologi-
cal change can be found over the time span of more than a
week.

As manifested in the LEED study, the STM results also
reveal in greater detail that the morphology of the faceted
surface depends on oxygen coverage. Figure 7�a� is a typical

STM image taken from the O/Re�123̄1� surface prepared by
dosing 3 L O2 ��=0.9 ML� followed by annealing at 800 K,
in which the ridges are all truncated by a third set of facets as
indicated by LEED measurements. Because of the large un-
dulation of height in the ridge structure and the limited reso-
lution of the gray scale, it is difficult to see topographic
details of the facets in the raw STM images. By differentiat-
ing the height along the X direction �X slope�, the details can
be enhanced at the cost of losing the height information. In
an X-slope STM image, regions with the same slope along
the X direction are displayed with the same gray color. Fig-
ure 7�b� is the X-slope image of Fig. 7�a�; this image exhibits
enhanced contrast, in which the light gray areas are �011̄0�
facets, the gray areas are �112̄1� facets, and the dark areas
are attributed to the third facet �101̄0�. It is noteworthy that
the �112̄1� facets often contain bunched steps within one
ridge �examples marked by small arrows�, while the �011̄0�
facets have a much lower step density. The existence of the

steps on �112̄1� is essential in the sense that ridges with one
end truncated by a facet alone cannot maintain the macro-
scopic orientation of the original planar �123̄1� substrate. If
we focus on the end of one ridge shown in Fig. 7�c�, the
orientations of the facets identified by LEED can be further
confirmed by measuring the azimuthal angles between the
edge lines. The measured angle values are also shown in Fig.
7�c�, which are in good agreement with the ideal values cal-
culated from the projected intersection lines between �112̄1�,
�011̄0�, and �101̄0� planes on the �123̄1� surface �see Fig.
7�d��.

Figure 8�a� is a typical X-slope STM image from a surface
prepared by dosing 10 L O2 ��=1 ML� and annealing at
900 K. Besides the ridges formed by �112̄1� and �011̄0� fac-
ets �light gray and gray areas� and truncated by �101̄0� facets

FIG. 6. �Color online� �a� STM image of a

faceted O/Re�123̄1� surface prepared by dosing
1 L O2 ��=0.7 ML� at 300 K followed by an-
nealing at 1000 K. The dimensions are 1000 Å
�1000 Å. �b� A cross-section profile of the line
marked in �a�. �c� Histogram of the ridge width
distribution in �a�.

FIG. 7. STM images of faceted O/Re�123̄1� surfaces prepared
by dosing 3 L O2 ��=0.9 ML� at 300 K followed by annealing at
800 K for 2 min. �a� 500 Å�500 Å, raw data; �b� after the X slope
taken. �c� and �d� show measured and ideal azimuthal angles of
edge lines formed by facets, respectively.
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�dark areas�, a fourth set of facets is also prominent, as
shown by bright quasirectangular areas. Most of the fourth
facets have limited size in one dimension, which explains
why streaks rather than sharp spots are observed from the
fourth facet in LEED as previously discussed in Fig. 5�a�.
The fourth facet, together with �112̄1�, �011̄0�, and �101̄0�
facets, can maintain the macroscopic orientation of the origi-

nal planar substrate �123̄1�. Accordingly, the bunched steps

on �112̄1� disappear because they are not necessary to help

maintain the �123̄1� orientation. The orientation of the fourth

facet is identified as �011̄1� by measuring the angles between
relevant edge lines. Figure 8�b� shows a typical three-sided

pyramid formed by �011̄0�, �101̄0� facets and the fourth
facet, in which the measured angles between the edge lines
are labeled. For comparison, the ideal angles between the

edge lines of �011̄0�, �101̄0�, and �011̄1� facets are shown in
Fig. 8�c�; the small difference with the measured angle val-
ues may come from the fact that the edge lines are projected

on a surface slightly deviated from the ideal �123̄1� surface
in the measurement because the sample surface is often not
perpendicular to the tip during the STM scan. A previous

study on Re�011̄0� has also found that the surface forms the

�011̄1� facet when heated in an oxygen atmosphere.33

B. Atomic structure of the facets

Kinematical simulations of the LEED patterns agree well
with the experimental results if we assume all the facets have
the ideal bulk-truncated structures. STM images with atomic
resolution can provide strong support for this assumption.
Figure 9�a� is an X-slope STM image showing the details of
a two-sided faceted surface with atomic resolution: the pres-
ence of herringbone structures. On the topside of the herring-
bones, the stripes are continuous as marked by a double line
in Fig. 9�a�; the stripes correspond to the close packed

atomic rows on the �011̄0� facet, in which individual atoms
are not well resolved �see the hard sphere model in Fig.
9�c��. On the bottom side of the herringbones, some indi-

vidual atoms on the �112̄1� facet are resolved. In contrast to
faceting on Pd/W�111�, where the facet edges are

truncated,30 the edges along �2̄113� are atomically sharp. The

quasihexagonal arrangements of the atoms on �112̄1� facets
can be better seen in Fig. 9�b� taken from another surface

with truncated ridges. For comparison, Fig. 9�c� shows a

hard-sphere model of the bulk-truncated structures of �011̄0�
and �112̄1� facets projected onto �123̄1�, in which two unit

vectors of �112̄1� are labeled as S1 and S2. The length of S2

is also equal to the distance between atoms along �2̄113� in

two neighboring atomic rows on the �011̄0� facet. The ideal
lengths of S1 and S2 are 5.24 Å and 5.17 Å, respectively, and
the corresponding values measured in Figs. 9�a� and 9�b� are
5.3±0.2 Å and 5.1±0.2 Å. The good agreement further con-
firms the conclusions drawn from the LEED study: the two

sides of the ridge are �011̄0� and �112̄1�, and no reconstruc-
tion occurs on these two facets.

One constraint on faceting is that the faceted structures
must maintain the overall symmetry of the original planar

surface.1 In point group notation, the Re�123̄1� surface has
the lowest symmetry, C1. Consequently, no higher symmetry
should be found in all the faceted structures. One might think
that the untruncated ridges display a twofold mirror symme-

try perpendicular to the ridge direction �2̄113�. However,
when one considers the atomic arrangements on the two fac-

FIG. 8. �a� X-slope STM image of a faceted

O/Re�123̄1� surface prepared by dosing 10 L O2

��=1 ML� at 300 K followed by annealing at
1000 K. �b� and �c� show measured and ideal azi-
muthal angles of edge lines formed by facets,
respectively.

FIG. 9. �Color online� Atomically resolved X-slope STM images

of faceted O/Re�123̄1� surfaces prepared under different condi-
tions. �a� The surface is prepared by dosing 1 L O2 ��=0.7 ML� at
300 K followed by annealing at 1000 K; the dimensions of the
image are 200 Å�165 Å. See text for the labels. �b� The surface is
prepared by dosing 10 L O2 ��=1 ML� at 300 K followed by an-
nealing at 1000 K; the dimensions of the image are 70 Å�50 Å.
�c� A hard sphere model for the two-sided faceting with two char-
acteristic dimension parameters labeled as S1 and S2.
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ets of the ridges �see Fig. 9�c��, the mirror symmetry does
not exist.

Figure 9�a� also provides insights into why the ridges that

are not truncated by �101̄0� facets have wedge-like termina-

tions �see Fig. 6�a��. The �112̄1� facet shown in the middle
section of Fig. 9�a� actually consists of four terraces sepa-
rated by three steps marked by three arrows. The interception

lines along �2̄113� between the terraces and the top neigh-

boring �011̄0� facet are shifted from each other by a small
amount �see the dashed lines in Fig. 9�a��. The overall enve-
lope of the interception lines �see the solid line in Fig. 9�a��
thus shows a deviation from the �2̄113� direction, resulting in
a wedgelike end shape for the ridge.

C. Size dependence of the facets

Faceting is a thermodynamically driven but kinetically
limited process.1,10 Several factors control the final facet
size, including coverage of the adsorbate, annealing tempera-
ture, and annealing time. For fixed oxygen coverage and an-
nealing time, Figs. 10�a� and 10�b� show that the facet size
grows as the annealing temperature increases. Similarly, for
fixed oxygen coverage and annealing temperature, the facet
size increases when the annealing time increases, as shown
in Figs. 11�a� and 11�b�. In this section, we focus on how the
facet size depends on oxygen coverage. Figures 12�a�–12�c�
show morphologies of the faceted surfaces prepared with dif-
ferent oxygen coverages ranging from 0.7 to 1 ML and the
same annealing temperature �T=800 K� and annealing time

�t=2 min�. Since for all the faceted structures, the ridges

along the �2̄113� direction are present no matter whether they
are truncated or not, we can use the ridge length and width as
two characteristic quantities to describe the facet size. The
histograms in Figs. 12�d�–12�f� are the ridge length distribu-
tions corresponding to the surfaces in Figs. 12�a�–12�c� and
Figs. 12�g�–12�i� show the ridge width distributions, respec-
tively. Clearly, the most probable ridge length decreases
when the oxygen coverage increases. However, although the
profiles of the width distributions are quite different for sur-
faces with different oxygen coverage, the most probable
ridge width does not vary much. To better illustrate these two
different trends in the ridge length and width distributions,
the mean values of the ridge length and width vs oxygen
coverage are plotted in Figs. 13�a� and 13�b� for two fixed
annealing temperatures �800 K and 1000 K�, in which the
error bars show the corresponding standard deviations of the
means. For any of the given oxygen coverages, both the
ridge width and length increase with increasing annealing
temperature. However, at the same annealing temperature,
the mean ridge length decreases with increasing oxygen cov-
erage, while the mean ridge width remains almost constant.

IV. DISCUSSION

The thermodynamical analysis of faceting is usually con-
ducted in the context of the equilibrium crystal shape �ECS�
of a small crystal with fixed volume,34 and the driving force
for surface faceting is the anisotropy of surface free energy.
When a planar surface forms facets, all the thermally stable
facets must be present in the ECS �Ref. 35�, and the total
surface free energy of the faceted surface �i�iAi is smaller
than that of the original planar surface, where �i is the sur-
face free energy of facet i per unit area and Ai is the total
surface area of facet i. For clean metal surfaces, the aniso-
tropy of surface free energy is generally so small that a ther-
mally annealed surface with relative high surface free energy

�e.g.. W�111�, Ir�210�, and Re�123̄1�� can still retain its ori-
entation against faceting.36,37 However, when the planar sur-
face is covered by a thin layer of adsorbate atoms, the aniso-
tropy of surface free energy can be increased to the extent
that a faceted surface is more favorable energetically.

Specifically, for Re�123̄1�, if we ignore all edge energies,
the energetic requirement for facet formation can be ex-
pressed

�
i

�i

cos �i
	i − ��123̄1� � 0, �1�

where �i is the tilt angle between facet i and the �123̄1�
plane, and 	i is the structural coefficient describing the par-
tial contribution of facet i to the total projected area on

�123̄1� by all the facets, i.e., �i	i=1. Equation �1� is valid
not only for a fully faceted surface but also for the coexist-
ence of facets and the original planar surface at a steady
state. From Eq. �1�, the most likely facets are those having
the lowest �i and the smallest �i. In general, the smoother a
surface is, the smaller is the specific surface free energy. For

FIG. 10. 1000 Å�1000 Å STM images of faceted O/Re�123̄1�
surfaces prepared by dosing 3 L O2 ��=0.9 ML� at 300 K followed
by annealing at different temperatures for 2 min. �a� 800 K; �b�
1000 K.

FIG. 11. 1000 Å�1000 Å STM images of faceted O/Re�123̄1�
surfaces prepared by dosing 10 L O2 ��=1 ML� at 300 K followed
by annealing at 900 K for different time. �a� 2 min; �b� 15 min.
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example, although the most close-packed �0001� surface is
expected to have the lowest �i, its �i is so large �78.5° � that
the increase of surface area offsets the energy gain from

reducing specific surface energy. Therefore, the �0001� ori-
entation does not appear in the facets observed experimen-
tally.

To predict whether a planar surface can transform into
specific facets requires knowledge of �i, which in most cases
can only be obtained from complicated electronic structure
calculations.38–41 However, for clean metal surfaces with
bulk-truncated structures, a useful qualitative comparison of
�i can be achieved by simply counting the number of broken
bounds when the bulk of a crystal is cleaved to form a
surface.42 To a first approximation, we consider only the
nearest-neighbor bonds on clean Re surfaces. Since the c /a
ratio of Re is 1.615, only 1.1% smaller than that of the ideal
hcp lattice �1.633�, we assume the bond strength is the same
for the nearest-neighbor bonds in all orientations. Based on
the broken-bond counting method, the surface energies of
�123̄1� and the possible facet candidates, when they are
clean, are listed in Table I together with the tilt angles be-

tween the facets and the �123̄1� surface. We also include in

FIG. 12. �Color online� �a�–�c� are STM images of faceted O/Re�123̄1� surfaces prepared by dosing different amounts of O2 at 300 K
followed by annealing at 800 K for 2 min. The dimensions of all images are 1000 Å�1000 Å. �a� 1 L, �=0.7 ML; �b� 3 L, �=0.9 ML; �c�
10 L, �=1 ML. Histograms in �d�–�f� are the �2̄113� ridge length distributions corresponding to �a�–�c�. Histograms in �g�–�i� are the �2̄113�
ridge width distributions corresponding to �a�–�c�. Only the top half region is surveyed in �c�.

FIG. 13. �Color online� �a� Plot of mean �2̄113� ridge length vs
oxygen coverage upon annealing at 800 K and 1000 K. �b� Plot of

mean �2̄113� ridge width vs oxygen coverage upon annealing at
800 K and 1000 K.
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Table I the structural coefficients 	i of �112̄1� and �011̄0�
facets for the simplest faceting case in which the �123̄1�
surface transforms into ridges composed of only these two
facets. If we apply Eq. �1� to this simplest case assuming all
the involved surfaces are clean, we have

��112̄1�
clean

cos ��112̄1�
	�112̄1� +

��011̄0�
clean

cos ��011̄0�
	�011̄0� − ��123̄1�

clean
= 0. �2�

Therefore, a clean Re�123̄1� surface does not transform

spontaneously into ridges with �112̄1� and �011̄0� facets be-
cause there is no energy gain for such a transformation,
which agrees with the experimental observation that the

clean Re�123̄1� surface is always thermally stable. However,

upon adsorption of oxygen and annealing, the Re�123̄1� sur-

face is observed to form �112̄1� and �011̄0� facets; this indi-
cates that oxygen can induce an anisotropic change of the

surface free energies of �123̄1�, �112̄1�, and �011̄0� so that
Eq. �2� is no longer valid but Eq. �1� is fulfilled.

Generally, the adsorption of oxygen reduces the free en-
ergy of a surface; for example, the surface free energies of
most metal oxides are invariably lower than those of the
corresponding metal surfaces.38,43 More importantly, oxygen
can induce enhancement of the anisotropy of surface free
energy, which may be explained in terms of preferential ad-
sorption of oxygen on certain facets. In all discussions of
coverage-dependent morphology to this point, we have used

the average coverage of oxygen on the planar Re�123̄1� sur-
face as the reference for comparison. When faceting occurs,

the actual oxygen coverages on different facets may be dif-
ferent, which, when coupled with possible different O-Re
binding energies on different facets, leads to different
amounts of surface energy reduction, i.e., increase of the
anisotropy of surface free energy. Such an oxygen-induced
enhancement of surface energy anisotropy is also observed in
other systems: Avraamov et al. in an early experiment re-
ported the influence of oxygen on the anisotropy of the sur-
face free energy of silicon �3%�-iron alloy surfaces using the
zero creep method;44 recently, Walko et al. reported that in
oxygen-induced faceting on Cu�115�, the surface energy of
�104� decreases with an increase of oxygen coverage and the
resulting anisotropy causes the Cu�115� surface to form both
�104� facets and stepped facets, which gradually shift to the
�113� orientation.45

For surface faceting, a necessary condition is that the
area-weighted combinations of all the facets and steps must
retain the original macroscopic orientation of the planar sur-
face, which, together with the energy requirement in Eq. �1�,
can give a qualitative explanation of the coverage-dependent
evolution of surface morphology. Since for clean surfaces,

�011̄0� has the smallest �i and the lowest value of �i / cos �i

among those near �123̄1�, it must appear as a facet and be the
major source of lowering the total surface energy if

adsorbate-induced faceting ever occurs on Re�123̄1�. This

explains why only the �112̄1� facet appears with �011̄0� to

form ridges along �2̄113� at low average oxygen coverages
�0.7 ML� �0.9 ML�, although it is rough with four layers

of atoms exposed and has higher surface energy than �123̄1�
when both are clean �see Table I�. At low average oxygen
coverages �0.7 ML���0.9 ML�, the remaining oxygen at-

TABLE I. Specific surface energies �i of �123̄1� and its vicinal surfaces when they are clean in the unit
of broken-bond number per unit surface area. For comparison, the numerical ratios of specific surface

energies between the facets and �123̄1� are listed in the 3rd column. The tilt angles of the facets with respect

to �123̄1� are also given in both analytical and numerical forms. The last column shows the structure

coefficients 	i of facets in the simplest case: the planar �123̄1� surface completely transforms into two-sided

ridges composed of �112̄1� and �011̄0� facets.

Surface �i
�i

��123̄1�
cos �i �i

�i

��123̄1�cos �i
	i

�123̄1� 38

a	3a2+28c2

1 1 0° 1

�112̄1� 26

a	3a2+12c2

1.02 3a2+18c2

	�3a2+28c2��3a2+12c2�
12.0° 1.04 3a2+18c2

3a2+28c2

�011̄0� 6

ac
0.85 5c

	3a2+28c2

22.1° 0.92 10c2

3a2+28c2

�101̄0� 6

ac
0.85 4c

	3a2+28c2

42.2° 1.15

�011̄1� 14

a	3a2+4c2

0.88 3a2+10c2

	�3a2+28c2��3a2+12c2�
24.5° 0.97

�112̄0� 4	3

ac

0.98 3	3c
	3a2+28c2

15.6° 1.02

�112̄2� 14

a	3a2+3c2

0.98 	3�a2+3c2�

	�3a2+28c2��a2+c2�

22.7° 1.06
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oms after preferential adsorption on �011̄0� facets may not be
sufficient to modify �i of another possible facet i signifi-
cantly so that �i / cos �i is probably still close to that of the
clean surface listed in Table I. The �112̄1� surface is the only

possible choice that is close enough to �123̄1� ���112̄1�
=12.0° � with a medium value of �i / cos �i and can retain the

�123̄1� orientation by forming ridges with the �011̄0� facet.

Other attempts to retain the �123̄1� orientation are unfavor-
able because they either involve surfaces with higher
�i / cos �i to form ridges or require larger mass transport to
form more complex structures. On the other hand, since the
�112̄1� surface is atomically rough and does not appear in the
ECS of a hcp crystal,42 it is also a metastable phase. When
the average oxygen coverage increases ���0.9 ML�, some
surface may appear as a new facet because it now has
enough oxygen available to reduce �i so that �i / cos �i be-
comes much less than that of �112̄1�. This is especially true

for �101̄0� since it has the same surface structure as the fa-

vored �011̄0� facet and can have the same low surface energy
as ��011̄0�. The total surface free energy is reduced by replac-

ing the �112̄1� facet with �101̄0� that has lower �i, resulting
in the truncation of the ridges and decrease of the average
ridge length. When the Re�123̄1� crystal is held at 900 K
while dosing oxygen, the �112̄1� facet can even disappear
completely.46

In the above discussion, the contribution of edge energy is
ignored. In fact, reducing the edge energy is the dominating
factor for dependence of facet size on annealing temperature
and time.10 For a fully faceted surface under steady state
conditions, the total surface area for each facet is fixed no
matter what facet size distribution there is. No energy gain
can be made by simply increasing the mean facet size. How-
ever, the edge density is reduced for bigger facet size, pro-
viding a driving force for the observed increasing of facet
size at higher annealing temperature and longer annealing
time. Similar phenomena have also been observed in the
faceting of O/Ir�210�, Pd/W�111�, and Pt/W�111� �Refs. 8,
10, and 47�.

Being driven by surface thermodynamics, the faceting
process is also controlled by kinetics of nucleation and sur-
face diffusion. According to Che et al.,48 when faceting oc-
curs, there is always a nucleation barrier associated with the
edge energy and the anisotropy of surface free energy; a
lower barrier requires lower edge energy and larger surface

energy anisotropy. That faceting on O/Re�123̄1� occurs only
when the annealing temperature is higher than 700 K is a
manifestation that there exists such an energy barrier to over-

come toward faceting. Large facet size can be achieved by
either annealing at higher temperature for shorter time or at
lower temperature for longer time �see Figs. 10�b� and
11�b��. This indicates the diffusion rate is important in deter-
mining the facet size.

V. CONCLUSIONS

We have found that the adsorption of oxygen can induce

faceting of Re�123̄1�, and the morphology of the faceted
surface depends on oxygen coverage. For oxygen coverage

��0.5 ML, the O/Re�123̄1� surface remains planar upon
annealing. However, for 0.5 ML���0.7 ML, the

O/Re�123̄1� surface becomes partially faceted upon anneal-

ing at �700 K. For 0.7 ML���0.9 ML, the O/Re�123̄1�
surface becomes completely faceted, forming long sawtooth

ridges which are composed of �011̄0� and �112̄1� facets upon
annealing at �700 K. The distance between the ridges is
quite uniform and the ridges have atomically sharp edges.
For 0.9 ML���1 ML, similar annealing treatment leads to

the emergence of �101̄0� facets which truncate the original
ridges. With the surface fully covered by oxygen ��
=1 ML�, a fourth facet �011̄1� becomes prominent. This
morphological evolution is accompanied by the reduction of

the average ridge length along �2̄113�, indicating that the

�112̄1� facet is metastable.
Our work demonstrates that even in a simple adsorbate/

substrate system, the adsorbate-induced modification of the
anisotropy of surface free energy can bring a complex
change of the surface morphology. This complex morpho-
logical evolution is perhaps related to the low symmetry of

the Re�123̄1� surface, which reduces the symmetry con-
straint of faceted structures and leads to wider choices of
facet orientations. Theoretical studies are necessary to give
detailed energetic descriptions of the bonding characteristics
between oxygen and Re on different facets, which, we be-
lieve, drives the change of surface energy anisotropy. Since
the morphology of the faceted structures can be controlled by
adjusting oxygen coverage, the faceted Re surfaces provide
plausible model systems to study structure sensitivity in Re-
based catalytic reactions as well as promising templates to
grow nanostructures, perhaps nanowires.
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