
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 15 SEPTEMBER 1998-IIVOLUME 58, NUMBER 12
Superstructure formation and faceting in the Cu„210…-O system studied
by scanning tunneling microscopy
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The interaction of O on Cu~210! has been investigated by scanning tunneling microscopy. Adsorption at
room temperature followed by high-temperature annealing leads to a series of mesoscopic superstructures
ordered on different length scales ranging between 15 and 150 Å. By contrast, adsorption at high temperatures
leads to the formation of a (231) superstructure similar to that found on Cu~110!. @S0163-1829~98!50136-1#
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Over the past few years, the scanning tunneling micr
copy ~STM! technique has been instrumental in establish
a consensus regarding the structure of O chemisorption
constructions on low-index Cu surfaces.1 O chemisorption
on both Cu~110! and ~100! surfaces leads to substantial r
construction of the topmost Cu atom layer. Both reconstr
tions appear to receive stability from being able to acco
modate O-Cu-O building blocks, of the sort needed
construct bulk Cu2O.2 Each O atom achieves a fou
coordinate status with reasonable O-Cu bond lengths
1.9060.01 Å. For Cu~110! in particular, the (231)-O
phase is an ‘‘added row’’ structure with every other@001# Cu
atom row absent, and O atoms occupy near collinear lo
bridge sites in the added rows forming O-Cu-O chains.3–5

For higher-index Cu surfaces, scanning tunneling micr
copy ~STM! has been used to study oxygen-induced face
on a nominally~610! oriented face of Cu at large oxyge
exposures~.1000 L!.6 On the Cu~210!-O system, an early
LEED/AES study reported a clean (131) unreconstructed
surface as well as (231) and (331) LEED patterns unde
certain conditions of oxygen exposure and heating.7 Fcc
Cu$210% planes have a primitive unit cell which is obliqu
with parameters a50.441 nm, b50.361 nm, and u
5114.1°. The~210! surface may be regarded as having t
maximum step density in the@001# zone comprising$100%
terraces two atom rows wide separated by monatomic$110%
steps. It therefore occupies a pivotal position between
low index ~100! and~110! planes and the higher index (n10)
planes which contain wider terraces. This paper reports
formation of superstructures and facets induced by ro
temperature~RT! O chemisorption on Cu~210! followed by
high-temperature annealing. We show that the open Cu~210!
surface restructures more easily than low-index Cu surfa
A (231)-O added row structure can also form, but on
during O adsorption at high temperatures.

The STM experiments were conducted in a ultrah
vacuum~UHV! system incorporating a Omicron STM stag
operated at room temperature~RT! as described in detai
elsewhere.8 Electrochemically etched tungsten tips were us
PRB 580163-1829/98/58~12!/7548~4!/$15.00
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throughout. The polished Cu~210! crystal was cleaned by
repeated cycles of Ar1 sputtering~1.5 keV, 30 min! and
annealing~900 K, 30 min! until good (131) LEED patterns
were observed. STM images of clean Cu~210! show large
(131) terraces separated by monatomic steps that sho
evidence for dynamic fluctuations at RT, similar to that o
served on clean Cu~110!.9 Details of the clean Cu~210! sur-
face are reported elsewhere.10 In these experiments, oxyge
was introduced into the UHV chamber via a precision le
valve, and the pressure measured by an uncalibrated
gauge. Oxygen exposures are reported in Langm
(1 L5131026 Torr s).

Exposure of clean Cu~210! to oxygen at RT results in the
roughening and pinning of step edges, formation of irreg
larly shaped troughs on terraces, and the appearance o
lands with an approximately rectangular shape. Figure
shows a 3003300 Å2 STM image after RT exposure to 61-
oxygen. The surface has roughened significantly and rec
gular arrays of islands are formed with their long edges alo
the @001# direction. The interconnected island arrays are
proximately 25–30-Å wide, comprising 6–8 Cu atom row
As with previous RT STM studies of O on Cu, only the C
atoms are imaged and not the O adatoms.3–5 We believe
however that Cu-O rows oriented along the@001# direction
are responsible for the preferential@001# orientation of the
islands. The long edges of the islands show missing ato
with a periodicity of two or three times the Cu-Cu distan
along the@001# direction~3.61 Å!, consistent with additiona
half and one-third order streaks observed in LEED.

Annealing to 500–620 K after RT oxygen exposures b
tween 1–500 L always resulted in superstructure format
as shown in Fig. 2~a!. The image shows long-range spati
self-organization of the rectangular islands into a striped
riodic structure with mesoscopic ordering along the@12̄0#
direction. Following Kernet al.11 for O-Cu~110!, we refer to
this as a ‘‘supergrating.’’ The stripes run along the@001#
direction with a grating periodicity of 28–30 Å or 6–7 Cu-
rows with a missing row between the stripes, presuma
due to long-range repulsion. Larger STM scans show that
R7548 © 1998 The American Physical Society
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striped supergrating extends practically undisturbed ac
monatomic steps along the@12̄1# and@12̄1̄# directions. Figure
2~a! also shows that up to three or four layers of these stri
could stack themselves on the stripes below, laterally
placed by less than one Cu-O row. Unlike th
Cu~110!-~231!O supergrating which has a variable period
ity of between 60–140 Å depending on oxygen coverage
substrate temperature, the O-Cu~210! supergrating has a
fixed periodicity in the oxygen exposure range used of
500 L. If we assume the Cu~210! supergrating also com
prises Cu-O rows along the@001# direction, the reduced
spacing of 4.03 Å between the@001# Cu-O rows compared to
5.12 Å for Cu~110!-~231!O could account for the narrowe
stripes observed~28–30 Å! due to larger repulsive forces.

Annealing of these periodic supergratingsin vacuo for
longer periods and at higher temperatures yielded a fasc
ing range of faceting behavior. This is in spite of the fact th
some surface oxygen might be lost during annealing. Fig
2~b! shows a 3003300 Å2 image after 70-L oxygen expo
sure at RT and subsequent annealing overnight at 680 K.
30-Å period supergrating transforms into a series of 150
period ridges running along the@001# direction. Corrugation
profiles along the@12̄0# direction reveal that these have
symmetrical sawtooth cross section, built up from a serie
closely spaced terraces. Careful inspection of this atomic
resolved image shows that the stepped planes generally
prise a three-atom-wide~210! terrace and a monatomic~100!
step, i.e., in the generally accepted notation (S)-@3(210)
3(100)#. Figure 2~b! also shows a rectangular 30-Å strip
~highlighted by a box!, wedged between two of these ridge
which has been partially transformed by the build up of
layers and the broadening of its base. Smaller area S
scans reveal that the Cu layers are not in registry, and
the Cu atom sits in approximately the three-fold hollow si
This would be expected for the growth of bulk Cu. The ne
question which needs to be addressed is the location of th
adatoms and their role in faceting and binding the new str
tures. There is no doubt that O is present since the corru

FIG. 1. 3003300-Å2 STM image (VB521.0 V, I T

50.25 nA) after RT oxygen exposure of clean Cu~210! to 61 L.
Several rectangular islands are highlighted.
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tion is much stronger than that of clean Cu: we find a cor
gation of 0.3–0.4 Å along@001# compared to 0.1–0.2 Å for
the clean surface. Quantitative LEED studies will be requi
to deduce the O adatom positions in these reconstructio

FIG. 2. ~a! 3003300 Å2 (VB521.0 V, I T50.30 nA) image af-
ter 500-L RT oxygen exposure and subsequent annealing to 62
for a few minutes. Analysis of corrugation profiles shows thatA and
C are at the same height, whereasB is one unit cell below andD
one above.~b! 3003300 Å2 (VB5250 mV, I T50.2 nA) image
after surface in~a! was further annealed at 680 K overnight.

FIG. 3. 3003300 Å2 image (VB520.2 V, I T51.0 nA) after
surface in Fig. 2 was further annealed at 740 K overnight.
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When the 150-Å periodic sawtooth ridge structure w
further annealed overnight at 740 K, the long-range peri
icity was lost but striking arrays of triangular shapes form
all over the surface~Fig. 3!. Interconnected and near-perfe
mesoscopic isosceles triangles dominate the image, and
@12̄1# and@12̄1̄# edges of different layers tend to align them
selves forming regions of regular stepped planes. For s
of the smaller triangles comprising 10, 15, or 21 atoms~3, 4,
or 5 rows, respectively!, inverted triangles of missing atom
~triangular troughs! reflected in the$12̄0% plane are observed
joined along their@001# edge giving a shadow effect. Thi
resembles the etching patterns formed in the Cu~210!-Br
system.12 Large facet planes are fully formed when this su
face was again annealed overnight, this time at 780 K~Fig.
4!. Figure 4~a! shows well-formed triangular pyramidal fac
structures hundreds of angstroms wide at the base
close-up view of the top of these pyramids in Fig. 4~b! shows
they comprise stacked triangular~210! layers, with the tri-
angles increasing in size towards the base. Each side o
pyramid is a fairly regular stepped plane, with$210% terraces
approximately 4 atoms wide. The stepped planes can be
proximately designated (S)-@4(210)3(abc)#, where ~abc!
is the respective monatomic step edge plane comprising
low-index $100% and $110% planes.

FIG. 4. ~a! 200032000 Å2 image (VB520.3 V, I T50.6 nA)
after surface in Fig. 3 was further annealed at 780 K overnight;~b!
1503150 Å2 image (VB520.3 V, I T50.6 nA) at the apex of the
triangular pyramid indicated.
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The above superstructure and faceting behavior is surp
ingly quenched when oxygen exposure on Cu~210! takes
place at elevated temperatures. Figure 5 shows tha
Cu~210!-~231!O phase forms after exposure to 1.0 L oxyg
at 550 K. The resemblance of the Cu-O rows to those in
Cu~110!-~231!O system at RT is remarkable. The Cu-
rows also run along the@001# direction, but with a larger
inter-row spacing of 8.06 Å@Fig. 5~b!#. Isolated Cu-O rows
nucleate and lengthen via the trapping of mobile Cu and
atoms at the ends of the rows, and eventually cluster to fo
islands with the (231) reconstruction. This is consisten
with the observed (231) LEED pattern. We found that the
(231) phase was extremely stable to faceting and remai
stable even after annealing to 760 K. Prolonged annea
above 780 K resulted in the depletion of Cu-O rows, but
faceting. Similar behaviour was observed after all oxyg
exposures in the temperature range 520–740 K.

It is known that open and rough surfaces restructure m
readily upon chemisorption.13 However, the unique property
of Cu~210! is its ability to form two distinct and unusua
surface reconstructions depending on whether oxygen
sorption occurs at room temperature or above 500 K. Th
must therefore be an irreversible temperature-dependent
cess in oxygen adsorption and/or Cu adatom diffusion res
ing in either the ‘‘grating’’ superstructure or (231) recon-
struction, but not both. At RT, oxygen does not inhibit C
adatom removal from terrace troughs which results in a v
irregular surface with numerous multiple step edges. Th
step edges are believed to be stabilized by oxygen and e

FIG. 5. ~a! 3003300 Å2 image after exposing clean Cu~210! at
550 K to 1.0 L oxygen (VB522.0 V, I T51.0 nA). ~b! Schematic
model of the Cu~210!-~231!O reconstruction.
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tually form the stripe edges of the grating superstruct
upon brief anneal to 500–600 K. During oxygen exposu
above 500 K, however, Cu-O rows preferentially form a
this eventually leads to the stable (231) phase. Cu adatom
removal from terrace troughs is suppressed and step w
are quickly stabilized by the (231) phase. In their low-
temperature STM experiments, Brineret al.14 established the
existence of a molecular oxygen precursor, and conclu
that molecular mobility and trapping strongly influence t
adsorbate distribution in the O2-Cu(110) system, while
atomic mobility is of secondary importance. We therefo
postulate that the temperature-dependence of oxygen
lecular mobility and trapping is a major factor which dete
mines whether stable Cu-O rows or troughs form in t
O2-Cu(210) system.

Rough surfaces that are chemically active appear to
hibit high adatom mobility and coordinatively unsaturat
surface atoms move easily toward new and more bulkl
equilibrium positions.15 Adsorbate-induced restructuring ca
occur on longer time scales~hours! involving massive re-
structuring of the surface by atom transport. Restructur
occurs in order to maximize the bonding and stability of t
adsorbate-substrate complex. It is driven by thermodyna
forces and occurs when stronger adsorbate-substrate b
that form compensate for the weakening of bonds betw
the substrate atoms, an inevitable accompaniment to
chemisorption-induced restructuring process. The Cu~210!-O
system is an elegant example of the faceting process. R
temperature adsorption of oxygen followed by brief anne
ing to 500–600 K results in superstructure formation. Furth
annealing from about 640 to 780 K for longer duration r
sults in the progressive transformation of this@001#-aligned
superstructure to the triangular pyramidal facet structu
with the basic triangular unit reflecting$210% symmetry. The
u
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facets probably possess the basic geometry of bulk Cu2O but
further structural studies are required to establish this pos
bility.

In postulating the structure of Cu~210!-~231!O, we note
that adsorption of O at the long bridge sites of alternate$110%
steps would facilitate the formation of Cu-O rows such th
each O atom maintains a four-coordinate status@Fig. 5~b!#.
Using an average Cu-O bond length of 1.91 Å for th
Cu~110!-~231!O system,2 it is possible to estimate the posi
tions of the Cu and O atoms in the added rows assuming
surface relaxation of the substrate Cu atoms. By geome
the vertical separation of the first and second Cu laye
~added rows and top substrate layer! d1251.56 Å and that
between the O layer and second Cu layerd050.94 Å. Tak-
ing into account inevitable surface relaxation effects, t
Cu-O rows comprise approximately collinear Cu and O a
oms about 1 Å above the next Cu layer. Quantitative LEED
experiments will be performed to determine more accura
structural parameters.

In summary, we have used STM to study the chemiso
tion of oxygen on Cu~210! at RT and elevated temperatures
At RT, oxygen adsorption promotes the formation of terra
troughs, islands and multiple step edges. Annealing to 50
600 K results in a supergrating along the@001# direction with
a 30-Å period. Further annealing from 640 to 780 K resu
in substantial atomic restructuring to form triangular pyram
dal facets, with interesting intermediate structures reflecti
the $210% symmetry. In contrast, oxygen exposure o
Cu~210! above 500 K results in a (231) reconstruction
comprising Cu-O rows along the@001# direction. Faceting of
the (231) phase was not observed even after large oxyg
exposures and subsequent annealing to high temperatu
indicating the stability of this phase. An added row structu
for Cu~210!-~231!O is also proposed.
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