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Gold deposition on Cu�110� results in nucleation and growth of periodic, triple-stranded chains of Au atoms
parallel to �100�. These structures have unusual properties that differ substantially for other nominally similar
systems. The chains, initially zig-zag, nucleate and grow at the lowest coverages, exhibit lateral mobility,
straighten up as coverage increases, are robust against intermixing with the substrate, and maintain registry
across step edges. Molecular dynamics simulations and electronic structure calculations provide good insight
into all these properties, including details of the growth mode. It appears that gold chain packing density is
limited mainly by strain in the underlying copper, rather than chain-chain interactions.
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Patterning of surfaces of all kinds on a truly nanometric
scale continues to attract attention with respect to fundamen-
tal properties and in regard to potential applications in a
variety of fields. A diverse range of top-down and bottom-up
methodologies has been used including extreme ultra violet
lithography,1 dip-pen lithography,2 and molecular manipula-
tion with scanned probes.3,4 Deposition/self-organization
provides a route for nanoscopic patterning of surfaces over
large areas with both inorganic materials5 and organic
molecules.6 Here we report unusual and interesting behavior
exhibited by gold when deposited on the Cu�110� surface at
room temperature. Under such conditions, on the �100�
�Refs. 7 and 8� and �111� surfaces,9 intermixing and alloy
formation occurs, which is consistent with the bulk miscibil-
ity of the metals which form stable alloy phases.10 In the
present case however, chains of gold atoms are formed on an
otherwise bare copper surface, their periodicity varying con-
tinuously with Au coverage. Moreover, the chain direction is
not parallel to the �110� channels, but perpendicular to them.
Modeling by means of calculations based on Sutton-Chen
potentials provides an explanation for the lowest coverage
structures in which the STM images reveal disordered, zig-
zag chains. Full ab initio simulations of complete chains
have also been performed to investigate their equilibrium
electronic and geometric structure.

Experiments were carried out in an Omicron UHV STM
instrument equipped for LEED and Auger spectroscopy. Im-
ages were acquired in constant current mode �IT=2.5 nA�
under both negative and positive bias; Au deposition was
carried out by vacuum evaporation of gold from a colli-
mated, resistively-heated source at a rate of 0.1 ML/min
with the Cu sample held at room temperature; all subsequent
measurements were made at room temperature. Gold cover-
ages are specified in monolayers �ML� and are estimated
directly from the STM images—they are in reasonable quan-
titative agreement with corresponding values estimated by
Auger spectroscopy �within �25%�. In order to gain insight
into the atomic structure and dynamical behavior of the Au
chains, we performed simulations using Sutton-Chen
potentials11 within the GULP code12 and ab initio plane wave
density functional calculations using the CASTEP code.13

Figure 1 shows a 1000 Å�1000 Å STM image of peri-
odically distributed gold chains resulting from room tem-
perature deposition of �0.2 ML Au on an initially clean
Cu�110� surface. Interestingly, the �001�-oriented chains
maintained registry across the step edges that run along the
�110� direction. Their average spacing was �30 Å with ap-
parent widths of 3–6 Å, which corresponds to single or
double stranded chains of gold atoms—a point we return to
below. Figures 2�a�–2�d� are 500 Å�500 Å images that de-
pict the evolution of surface structure with increasing Au
loading. It is noteworthy that the chains nucleated and grew
from the very lowest coverages ��0.1 ML�, their spacing
decreasing continuously with increasing Au coverage
�e.g., Figs. 1�a� and 1�c��; note also that the degree of
“dither” decreases with increasing chain density and that the
tendency for registry to be maintained across step edges per-
sists even at the lowest coverage �Fig. 2�a��.

Two consecutive STM images taken at �0.1 ML Au are
shown in Figs. 3�a� and 3�b�: it is clear that these images are
nonidentical, suggesting that the gold structure is mobile
along �110� room temperature: this would also account for
the variability in apparent chain width observed at higher
coverages. The STM and Auger data are in good accord with
LEED observations. Thus the �0.1, �0.13, and �0.2 ML
structures �Figs. 2�a�–2�c�� characterized by �50, �40,

FIG. 1. �Color online� STM image of Cu�110� after deposition
of �0.2 ML of Au �1000�1000 Å2, I=2.5 nA, Vtip=−1 V�.
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�30 Å interchain spacing, all gave 1�1 LEED patterns. A
weak p�9�1� LEED pattern was observed at �0.25 ML;
this evolved through a p�8�1� structure to yield a p�7�1�
structure as the coverage increased to 0.4 ML. This final
phase corresponds to unit cell dimensions of 17.9 Å
�3.6 Å along �110� and �001�, respectively, which matches
very well the average chain separation measured by STM
��18 Å�.

The formation at room temperature of chain structures
along the �001� direction of other �110� metal surfaces has
been previously reported for Au on Ni �Refs. 14 and 15� and
Ag on Cu �Ref. 16� at room temperature. However, our ob-
servations stand in marked contrast to these earlier cases in
both of which extensive intermixing of the two metals oc-
curred in the 0–0.4 ML coverage regime, chain structures
appearing only above the 0.4 ML threshold. Accordingly, we
carried out �i� simulations using Sutton-Chen potentials11,12

and �ii� ab initio plane wave density functional calculations13

in order to gain insight into the nature of our system.
Static geometry optimizations were performed for chains

comprising 3–6 strands of Au atoms using a 7�1 unit cell.
The stable structures were found to be chains containing ei-
ther three or six strands of Au, both of which adopt a pris-

matic structure. The lower Au atoms sit off-center in fourfold
hollow sites on the Cu�110� surface with the second layer
atom�s� sitting in the fourfold hollow site formed by the first
layer. Only the 3-strand chain is consistent with the STM
images and is illustrated in Fig. 4. This structure was there-
fore used as the basis for subsequent simulations, as follows.
A single 3-strand Au chain was placed in a 14�4 Cu unit
cell; 4 isolated adatoms were added to this system and mo-
lecular dynamics simulations were then performed for
T=300 K. Interestingly, the Au adatoms were relatively im-
mobile, whereas the gold chain was very mobile parallel to
the �110� channels of the Cu surface—in excellent accord
with experiment. As the chain moved about the surface it
swept up the isolated Au adatoms. Simulations run at 1000 K
showed different behavior. In this case the Au adatoms be-
came unstable with respect to diffusion into the bulk. Addi-
tionally, the bottom layer atoms in the Au chains tended to
displace Cu atoms from the first layer of the copper sub-
strate, these then decorating the edges of the Au chain. This
would appear to signal the onset of intermixing and alloy
formation, although the simulations could not be run for suf-
ficient time to follow this process in detail. These findings
provide important confirmation of our interpretation of the
STM images as being due to pure Au chains on a pure Cu
substrate—unlike Cu�111� /Au �Ref. 9� and Cu�100� /Au
�Refs. 7 and 8� where room temperature intermixing of the
two metals occurs readily. They also point up the marked
difference between the present case and Au/Ni�110� �Refs.
14 and 15� and Ag/Cu�110� �Ref. 16�, where an initial inter-
mixing stage is followed by chain growth only when the
coverage exceed 0.4 ML; here the simulations demonstrate
that isolated chains are stable—mimicking the experimental
observation that chains nucleate and grow even at the lowest
coverages attainable.

Static simulations were also run within 7�4 and
7�7 unit cells in order to mimic the process of chain growth
in the high coverage regime. First, the 7�1 structure was
constructed with complete 3-strand chains. Supercells of this
system along the �001� chain direction were then set up,
removing Au atoms so as to create gaps in the chains. Au
adatoms were then added at all high symmetry adsorption
sites. For the 7�4 unit cell a four atom gap is possible,
whereas for the 7�7 cell larger gaps are possible, as shown
in Fig. 5. These simulations reveal that growth does not pro-
ceed via attachment of additional Au atoms to the end of the
3-strand structure. Instead, Au atoms attached to the side of
the chain end at sites 1 and 2 shown in Fig. 5�a�, forming an

FIG. 2. �Color online� STM images showing evolution of sur-
face structure with increasing Au coverage. �a� 0.1 ML Au; �b� 0.13
ML Au; �c� 0.2 ML Au; �d� 0.4 ML Au �500�500 Å2, Vtip=−1 V,
I=2.5 nA�.

FIG. 3. �Color online� Consecutive scans of the same area taken
after deposition of �0.1 ML of Au on Cu�110� at room temperature
�500�500 Å2, Vtip=−1 V, I=2.5 nA�.

FIG. 4. �a� Plan view and �b� side view of the fully relaxed ab
initio structure. The structure derived from the use of Sutton-Chen
potentials is qualitatively similar.
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L-shaped object. Only with the addition of a third adatom did
the end of the chain become the stable point of attachment.
This accounts for the low coverage STM images �Figs. 2�a�
and 2�b�� in which the chains have a disordered, zig-zag
form. The zig-zag character is due to atoms being added to
the sides rather than the ends of incomplete chains. Only
when the coverage becomes sufficient to complete the chains
do they straighten.

Attempts were made to simulate the chain formation pro-
cess by using randomly distributed Au atoms as the starting
point for molecular dynamics simulations. These rapidly ag-
gregated to form amorphous clumps, elongated in the �001�
direction, roughly in agreement with observation. However,
our chain growth simulations show that the elongation step
requires simultaneous attachment of three Au atoms to the
end of the nucleated chain: this is likely to be a rare event,
inaccessible on the time scale of our calculations.

Finally, the three-strand chain was used as a starting ge-
ometry for a full structural optimization using ab initio plane
wave density functional theory. The calculation was per-
formed within the 7�1 unit cell using the CASTEP code13

and the equilibrium structure results are illustrated in Fig.
4�b�. The two center Cu atoms are depressed by 0.455 Å and
move towards each other by 0.13 Å; this buckling extends
into the bulk to a depth of at least three layers. Details are
given in Fig. 4�b� and Table I. Figure 4�b� reveals that the
presence of the Au chains leads to a significant distortion of
the Cu surface and gives rise to a “bowing” of the surface

layers. This relatively deep distortion of the underlying Cu
by the Au chain could transmit across monatomic step edges,
thus accounting for the experimentally observed mainte-
nance of chain registry across steps. In addition, the distor-
tion of the Cu lattice will give rise to significant stress within
the surface Cu layer. As the packing of the Au chains is
increased, this stress must also increase. It is likely that the
7� periodicity reached at the maximum coverage is limited
by the build up of this surface stress rather than by any long
range interactions between the adsorbed Au chains. The ab
initio structure is qualitatively similar to the Sutton-Chen
structure. The principal difference is that the Sutton-Chen
model produces a smaller buckling of the first copper layer
�0.29 Å compared to 0.455 Å from the ab initio theory� and
consequently the Au chain is less compact �extends further
into the vacuum� within the pair potential model.

In summary, experiment and theory show that the
Cu�110� /Au system possesses unusual characteristics that
differ substantially from apparently closely related systems.
Molecular dynamics simulations and electronic structure cal-
culations provide a satisfactory explanation of the principal
features, including stability against alloy formation, lateral
mobility of the Au chains, their mode of growth and the
transmission of chain registry across step edges.
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FIG. 5. Unit cells used to simulate chain growth; �a� 7�4 unit
cell with a four atom gap �b� a 7�7 unit cell with a 7 atom gap.
During chain growth the first adatom joins the chain at site 1 and
the second at site 2. Only when three atoms are added do they
attach to the end of the chain.
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