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Atomic Structure of Cu Adlayers on Au(100) and Au(111) Electrodes
Observed by In Situ Scanning Tunneling Microscopy
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The atomic structure of ordered Cu adsorbate layers on Au(111) and Au(100) electrode surfaces and
of the clean substrates was resolved in scanning tunneling microscopy images taken in situ. For sub-

monolayer coverages deposited from sulfuric acid solutions under potential control, various ordered
structures were observed. The quasihexagonal arrangement of Cu atoms in these structures reflects in-

creasingly repulsive interactions between closely spaced Cu adatoms. These structures diAer from the
pseudomorphic Cu adlayer formed under vacuum conditions, which demonstrates the structure-
determining role of the coadsorbed anions.

PACS numbers: 68.55.-a, 61.16.0i

Structure and growth of metal adlayers, which consti-
tute the first step for deposition and growth of thin metal
films, have been investigated thoroughly for gas-phase-
deposited adlayers. The situation is quite different for
the technically important and widely used case of elec-
trochemical deposition from an aqueous solution. Classi-
cal electrochemical methods inherently are not very
structure sensitive, and the exact atomic arrangement of
adlayers on electrodes could only be derived from ex situ
measurements, e.g., by LEED or reflection high-energy
electron diffraction (RHEED), after the sample had
been removed from the electrolyte. ' Only very recently
has structural information become accessible from in
situ extended x-ray-absorption fine-structure experi-
ments, and in situ scanning tunneling microscopy
(STM) measurements. We here present results from
an STM study on the deposition under potential of sub-

monolayer amounts of Cu on Au(111) and Au(100)
electrodes, for which images with atomic resolution from
the clean and Cu-covered substrate were obtained in
situ. These images allow direct access to the atomic
structure of the surface. Our data reveal a general ten-

dency of these adlayers to arrange in well-ordered,
quasihexagonal structures, which are most likely caused

by repulsive interactions within the adlayer due to the
presence of coadsorbed anions.

The experiments were performed in a pocket-size
STM which was modified for in situ electrochemical
studies, as described in detail by Wiechers et al. The
potential of the Au single-crystal electrode was measured
against a saturated calomel electrode (SCE). Because
the tip acts as a fourth electrode, its potential U, was
held constant with respect to the reference electrode, at a
level which minimizes faradic currents and chemical pro-
cesses on the tip. Consequently different sample poten-
tials, as applied during the deposition process, resulted in

different tunnel voltages which, however, had little
influence on the STM images. To further reduce faradic
processes at the tungsten tip, it was covered by a thin

layer of a thermoplast (Apiezon wax) except for the
foremost —10 pm. Before each electrochemical experi-
ment, the Au electrodes were prepared by the so-called
flame annealing method which led to a well-ordered
surface with atomically flat terraces. The electrolyte
was 0.05 M H2SO4+5 mM CuSO4 made of H2SO4
(suprapure, Merck), CuSO4 (p.a. , Merck), and triply
distilled water.

Preliminary STM measurements revealed that Cu
adsorption-desorption cycles left the surface topography
unchanged. Prior to Cu deposition, images of the clean
gold surfaces were recorded at potentials positive relative
to the onset of any Cu deposition. For Au(100) atomic
resolution was reproducibly obtained for low gap resis-
tances. These images showed the square lattice of the
unreconstructed surface, with neighboring Au atoms 2.9
A apart (Fig. 1). For Au(111), however, atomic resolu-
tion was not achieved and a relatively high level of back-

FIG. 1. Atomic-resolution STM image of the clean, un-
reconstructed Au(100) surface in 0.05 M H2SO4+5 mM
CuSO4 (atomic corrugation 0.5 A, U, —60 mV, I, 250 nA,
Us( E 0.3 V).
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ground noise was always observed under these condi-
tions. The failure to detect atomic structures on the bare
Au(111) surface is attributed to the presence of ad-
sorbed, mobile sulfate ions which are known to interact
much stronger with Au(111) than with Au(100).

Cu deposition was studied in sequences of STM mea-
surements at stepwise more cathodic potentials. For
Au(111) no new features were detected at potentials
down to +0.22 V, i.e., the onset of the first pronounced
deposition peak in the current-potential curves [see Fig.
2(a) in Ref. 10]. At this point a strongly corrugated,
hexagonal superstructure covering most of the surface
became visible (phase I). Simultaneously small areas of
the surface appeared where this structure was absent but
which exhibited significantly less noise than the clean
Au(111) surface. Closer inspection revealed the pres-
ence of a second ordered phase at these places with a
likewise hexagonal structure but a much weaker corru-
gation (phase II). Keeping the potential at +0.22 V,
subsequent STM images showed the area covered by the
strongly corrugated phase I to slightly decrease with

time, and a concomitant expansion of the weakly corru-
gated phase II, until after several minutes equilibrium
was reached. Lowering the potential by only 15 mV —to
0.20 V—led to the conversion of large parts of phase I
into the weakly corrugated phase II. At potentials below
0.20 V this conversion was completed and in the entire
potential range between 0.20 and 0.10 V only the phase

(a)

(b)

II was observed. This structural behavior is illustrated in

the images in Fig. 2, which were part of a series of nine
subsequent STM images taken at the same surface area
at various potentials. They exhibit a sequence of atomi-
cally flat terraces separated by monoatomic steps. Each
terrace is colored in its own grey scale for better con-
trast. In the upper image [Fig. 2(a)], taken after several
minutes at a potential of 0.215 V, most of the surface
area is covered by the strongly corrugated phase I. The
lower image [Fig. 2(b)] depicts the same area after the
potential was changed to 0.20 V. Large fractions of the
middle terraces are now covered by the weakly corrugat-
ed phase II which is identified by a one-dimensional cor-
rugation, at an angle of 30' to the lattice directions of
the strongly corrugated phase I.

For the strongly corrugated structure of phase I (cor-
rugation amplitude typically 0.5 A) the distance of
4.9 ~0.2 A between the hexagonally ordered maxima is

in perfect agreement with a (J3x83)R30' superstruc-
ture, as has been found in recent ex situ LEED investi-
gations for a Cu-covered Au(111) surface. Associating
the maxima with adsorbed Cu atoms, this superstructure
corresponds to a Cu coverage of 0.33 monolayer (ML).

The corrugation of the second structure, which was
barely resolved in Fig. 2(b), is enhanced by using higher
tunnel currents (-100 nA) and consequently closer tip-
surface distances [Fig. 3(a)]. In this image individual
adatoms are resolved, in contrast to Fig. 2(b) where only
a one-dimensional corrugation is discernible. Again the
maxima are arranged hexagonally, but the distance be-
tween neighboring maxima is reduced to 3.6 ~ 0.2 A and
the lattice directions are rotated by 30' with respect to
those of the (43x J3)R30' structure (see Fig. 2). Even
under these conditions the corrugation amplitude (-0.3
A) is much weaker than that of phase I. In this image a
second, more long-range modulation is also resolved,
with maxima four lattice constants of the superstructure
apart, along its lattice directions. From the known

geometry and orientation of the Au(111) substrate, the
latter being determined by the (J3 x83)R30' super-
structure, the corrugation of phase II can be assigned to
a densely packed hexagonal structure of Cu adatoms in a
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FIG. 2. STM images of a Cu-covered Au(111) surface in

0.05 M H2SO4+5 mM CuSO4, taken on the same area at
slightly diA'erent potentials. (a) UscE =0.215 V; (b) UscE
=0.20 V. Two Cu adlayer structures —a strongly corrugated
(J3xJ3)R30' and a weakly corrugated (5x5)—coexist on
the surface (U, —170 mV, I, =2.5 nA, phases I and II as in-

dicated).

FIG. 3. (5x5) structure of a Cu adlayer on Au(111) in

0.05 M H2SO4+5 mM CuSO4 at UscE =0.20 V. (a) STM im-

age (U, = —100 mV, I, =100 nA); (b) model of the adlayer
structure (0: Au atoms in the topmost layer; ~: Cu adatoms).
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(5&5) unit cell, as is shown in Fig. 3(b). Here sixteen
Cu atoms per unit cell result in an ideal coverage of 0.64
ML. Because of the mismatch between the hexagonal
lattices of substrate and adsorbate only a part of the ad-
sorbed Cu atoms are in registry with the substrate lat-
tice, e.g. , in threefold hollow sites. The other ones are
forced onto more protruding bridge or top sites, which
leads to the observed modulation along the lattice direc-
tions. Both the periodicity and the orientation of the
long-range modulation as well as the atomic distance of
3.6 A agree completely with the (5 &5) structural model
proposed in Fig. 3(b).

For Cu deposition on Au(100) a sequence of ordered
adlayers with similar structures was found at potentials
between 0.25 and 0.15 V, and these are closely related to
the structure shown in Fig. 3 for Au(111). The corruga-
tion pattern in these STM images again reveals an al-
most hexagonal arrangement of Cu atoms. One of the
lattice directions coincides with a substrate lattice direc-
tion. Along this [110] direction the maxima are well

aligned. The distance between next-neighbor Cu atoms
within the rows is 4.5 ~ 0.2 A, and adjacent rows are 2.9
A apart from each other, identical to the substrate lattice
spacing in that direction. The two other lattice direc-
tions of the adlayer are often less well developed; they
are oriented at angles of 50' and 70', respectively, to the
[110]direction. At 0.25 V, the Cu atoms are not exactly
aligned along these directions, but exhibit a slight lateral
modulation. Reducing the potential to 0.20 V causes a
slight lateral reordering. The adlayer appears now well

aligned in all three lattice directions, and the angles be-
tween lattice directions are changed to 45' and 75', re-
spectively [Fig. 4(a)]. Nevertheless, the angular distor-
tions and differences in the distances between neighbor-
ing rows in different orientations make this structure
different from a real hexagonal arrangement. Finally,
around 0.18 V, concomitant with a sharp current peak in
the cyclic voltammogram [see Fig. 2(c) in Ref. 10], this
structure is abruptly destroyed and further uptake of

(b)
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FIG. 4. Ordered structure of a Cu adlayer on Au(100) in

0.05 M H2SO4+5 mM CuSO4, at UscE=0.20 V. (a) STM
image (U, = —60 mV, I, =250 nA); (b) model of the adlayer
structure (open circles: Au atoms in the topmost layer; filled
circles: Cu adatoms; solid line: well-aligned Cu atoms along
[110];dashed lines: less-ordered adlayer lattice directions).

small amounts of Cu leads to a new structure. The
characteristic arrangement of Cu atoms in well-aligned
rows along the [110] lattice directions of the Au(100)
substrate is maintained, but the Cu atoms are more
compressed now within these rows.

The Cu adlayer structures on Au(100) are not as
well-defined as those on Au(111). They can be under-
stood as quasihexagonal phases which are distorted in
such a way that the Cu atoms are located along the
[110] troughs of the substrate —on or close to fourfold
hollow and bridge sites. Adsorption along the [110]
troughs not only explains the perfect order along one lat-
tice direction in all of these structures, but also the devi-
ations from the 60' angles between lattice directions
characteristic for an ideal, hexagonal phase. The distri-
bution of Cu atoms within these troughs is affected also
by the geometry of the substrate lattice, which leads to
the reduced alignment along the other lattice directions.
In these phases structural rearrangements, by displace-
ment of Cu atoms along [110],are relatively easy. They
indeed occur between 0.25 and 0.20 V and again around
0.18 V. Finally, two different domains with the well-
aligned directions oriented 90' to each other were ob-
served for all of these phases on Au(100), as expected
from the symmetry of the substrate.

The existence of Cu superstructures on Au(111) in
sulfuric-acid solutions had been inferred already from
the cyclic voltammograms, which show two distinct ad-
sorption peaks around 0.22 and 0.05 V. '' But even in the
absence of such multipeak structures ordered adlayers
may exist, as demonstrated by the present results for Cu
on Au(100), where a single, broad deposition peak is re-
ported. ' Nevertheless, pronounced structures in the
current-potential curves strongly indicate structural rear-
rangements within the adlayer.

Ex situ RHEED and LEED investigations of Cu
deposition on Au(111) yielded a (v 3x J3)R30' pattern
at medium coverages. From our STM images (phase I)
it is seen that only —,

' ML can be accommodated in this
structure, whereas a coverage evaluation from the charge
passing the interface would yield e ~ —, [see Fig. 2(a) in

Ref. 10]. This demonstrates the significant contribution
of anions to the electrochemical current, and hence care
has to be taken in coverage evaluations from current-
potential curves.

The observation of a (5 && 5) superstructure in the
STM measurements, at potentials where ex situ LEED
studies reveal the presence of a (ax&3)R30 struc-
ture, seems to be at variance with the latter results.
There is experimental evidence, however, that the slow
formation of a (5x5) structure in our measurements
may be caused by slow, diff'usion-limited coadsorption of
trace impurities of Cl ((10 M), which had been
demonstrated to markedly influence the deposition pro-
cess of Cu. '

The good agreement between the structural results ob-
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tained by such diff'erent methods as in situ STM and ex
situ LEED lends further credibility to these data. It
demonstrates that the (J3XJ3)R30 structure is a
genuine structure of the interface and neither results
from the absence of bulk electrolyte after emersion (im-
portant for ex situ techniques) nor from tip-surface in-

teractions in the STM measurement. This statement can
certainly be generalized to all Cu structures observed in

this study. Apparently no new adlayer structures are in-

duced by the presence of the tip, which is in good agree-
ment with experiences for STM measurements at the
surface-vacuum interface.

Together with the (1 x 1) structure for the full mono-

layer, which was not investigated here but which had
been reported before, the ordered structures of ad-
sorbed Cu on Au(111) and Au(100) can be understood
as a series of increasingly close-packed, quasihexagonal
adlayer structures. They reflect significant interactions
between the Cu adatoms, which make the arrangement
in the more widely spaced structures such as the
(J3XJ3)R30' energetically most favorable. These in-

teractions are obviously strong enough to force the ad-
sorbed Cu atoms out of registry with the substrate, e.g. ,
in the quasihexagonal phases on Au(100) or in the
(5x5) structure on Au(111). In contrast, under vacuum
conditions a Cu adlayer grows on Au(111) in islands of a
pseudomorphic (1 x 1) phase from the very beginning.
This indicates strong attractive, "cohesive" nearest-
neighbor interactions, typical for metallic adsorbates.
The presence of the electrolyte thus has a pronounced
influence on the adatom-adatom interactions in the Cu
adlayer and consequently on its structure. The
structure-determining role of anions, which has been not-
ed on previous occasions, ' is thus demonstrated again in

this study.
In summary, we have presented atomic-resolution, in

situ STM images of the clean and Cu-covered Au(111)
and Au(100) electrode surfaces, which reveal the ex-
istence of several ordered phases for electrodeposited Cu
adlayers. The observed structures indicate repulsive in-

teraction between closely spaced Cu adatoms, which is

attributed to coadsorbed anions.
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