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In this work, we present a combined low-temperature scanning tunneling microscopy (STM) and density
functional theory (DFT) study of chlorine adsorption on Au(111) at low coverages. Our STM study of Cl/Au(111)
system has shown that at submonolayer coverages (θ < 0.1 ML) chlorine atoms form chainlike structures with
abnormally short distances of 3.8 Å between them. Our DFT calculations have shown that chlorine atoms can
interact with each other through distortion of the substrate and this indirect elastic interaction is strong enough
to affect their arrangement in the chainlike structures.
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I. INTRODUCTION

Halogens are known to form a large variety of surface
structures on metal surfaces [1]. Formation of a particular
surface structure at certain temperature is always a result of a
delicate balance between adsorbate-adsorbate and adsorbate-
substrate interactions. For such electronegative adsorbates as
halogens, repulsive dipole-dipole interactions are expected to
play a major role in the surface structure formation. This
repulsion has a natural tendency to lead to adatoms forming
a hexagonal lattice, with a period decreasing as coverage
grows. The densest commensurate lattice formed by halogens
on all the fcc (111) metal surfaces studied is described as
(
√

3 × √
3)R30◦ and corresponds to 0.33 monolayer (ML)[1].

Very little is known about submonolayer halogen coverage
(<0.33 ML) due to lack of the structural studies because
they have to be performed with low-temperature scanning
tunneling microscopy. There is only one work by Nanayakkara
et al. [2], in which authors demonstrated that taking into
account long-range electronic interactions mediated by surface
states makes it possible to explain arrangement of small
two-dimensional (2D) (

√
3 × √

3)R30◦ islands of bromine on
Cu(111) at coverage lower than 0.33 ML.

In this paper, we report a case of a structural paradox that
takes place in the Cl/Au(111) system: at submonolayer cov-
erage (<0.02 ML), chlorine forms a chainlike structure with
abnormally short interatomic distances 3.8 Å [if compared
to lattice constant, 5.0 Å in a (

√
3 × √

3)R30◦ structure].
The nature of this anomaly was found to be due to elastic
interactions through the substrate lattice distortion (up to 19%).

Elastic interactions between adsorbed particles on surface
have been studied for many years since the 1970s, mainly theo-
retically [3]. In the framework of the continuum approximation
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of elasticity theory, Lau and Kohn [4] showed that the energy
of elastic interactions decays as 1/r3. Elastic interactions were
found to be attractive or repulsive depending on the substrate
anisotropy [5]. The above-mentioned theories are generally
only valid at large adsorbate distances, while at short and
intermediate adsorbate distances, direct quantum-mechanical
calculations are required. According to DFT calculations,
the elastic part of the indirect interactions was found to be
important at short adsorbate distances in a number of systems:
Al/Al(111), Cu/Cu(111) [6], Ag/Ag(111) [7,8]. In all these
systems, however, electronic interactions were found to be the
dominant contributor to formation of surface structures.

Experimentally, the peculiarities of pair interactions
between adatoms on metal surfaces have been studied with
field-emission microscope for many years by Ehrlich et al.
[9–13]. In particular, for systems characterized by weak
dipole-dipole repulsion [metal heteropairs W-Pd and Re-Pd
adsorbed on W(110)], the dominant role of elastic interactions
at short distances was reported [10]. The elastic interactions
at short adsorbate-adsorbate distances were also found to be
important for the proper explanation of diffusion coefficients
extracted from the STM experiments on the N/Fe(100) system
[14,15]. However, according to the authors, the formation
of the surface structures was determined by electronic
interactions rather than elastic.

In this connection, the major role of elastic interactions in
a system with a strong dipole-dipole repulsion [Cl/Au(111)]
is of considerable importance.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

All experiments were carried out in a UHV setup
containing LT-STM Omicron operating at 5–77 K. The
Au(111) sample was prepared by repetitive circles of Ar+
bombardment at 1-keV ion energy and annealing up to 900 K.
Introduction of Cl2 gas (the partial pressure 1 × 10−10 Torr)
on Au(111) was done using a fine leak piezo valve.
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The density-functional theory (DFT) calculations have
been performed with the periodic plane-wave basis set code
VASP 5.3 [16–19] and Perdew, Burke, and Ernzerhof (PBE)
exchange-correlation functional [20]. All results have been
obtained with projector-augmented-wave [21] potentials using
a 400-eV plane-wave cutoff. The Au(111)-(1×1) substrate was
modeled by a six-layer slab of a 6×6 unit cell with the top three
layers allowed to relax and the bottom three layers remaining
fixed in the bulk positions. We used a Monkhorst-Pack [22]
k-point grid of 3×3×1 and 15-Å vacuum region between
the slabs. The van der Waals corrected calculations were
carried out using PBE functional with the semiempirical
dispersion correction of Grimme [23] (PBE-D2). Scanning
tunnel microscope (STM) images were simulated from the
DFT results using the simple Tersoff-Hamann approximation
[24] considering states between EF and EF − 0.5 eV.

III. RESULTS AND DISCUSSION

A. STM data

Figure 1(a) shows an atomic-resolution STM image of
submonolayer (≈0.02 ML) coverage of chlorine on Au(111)
obtained as a result of Cl2 adsorption at 300 K. Chlorine
atoms occupy positions exclusively in fcc domains of the
herringbone reconstruction and form chainlike structures, as is
seen in Fig. 1(a). The atomic structure is not the same along the
chains. Three different regions can be found in the STM image
in Fig. 1(a). Region I corresponds to the zigzag structure with
nearest-neighbor distances of 3.8 and 4.6 Å. Chlorine atoms in
regions II and III are separated by a distance of 5.0 Å and form
straight one-dimensional chains and compact (

√
3 × √

3)R30◦
islands, respectively.

A close-up STM image of regions I and III is shown in
Fig. 1(b). The STM image was superimposed by a grid with
nodes corresponding to positions of substrate gold atoms. We
placed chlorine atoms forming (

√
3 × √

3)R30◦ islands into
threefold hollow sites taking into account that fcc sites had
been found to be preferable in DFT calculations [25,26]. As
a result, the positions of Cl atoms in the zigzag chain can be
unambiguously identified to be fcc and bridge. Note that atoms
in bridge positions are imaged in STM brighter than those in
fcc positions. The measured corrugation between bridge and
fcc sites is about δz = 0.15–0.20 Å. The zigzag chains appear
to be of great interest because Cl-Cl distances in them are
shorter than those (5.0 Å) in a (

√
3 × √

3)R30◦ phase formed
at 0.33 ML [25,27].

Thus, our STM data have revealed the formation of chlorine
chains and abnormally short interatomic distances within the
chains. Note also that at higher coverages (0.09 ML) the gold
reconstruction disappears [28], leaving a foamlike structure
on the surface, which consists of the same kind of chains as
in Fig. 1. In this connection, we do not associate our findings
with anisotropy caused by initial gold reconstruction Au(111)-
(22 × √

3) and use unreconstructed gold (111) surface in our
DFT calculations.

B. DFT calculations

Previous DFT calculations performed for rather small
[(

√
3 × √

3)R30◦ [25] and (4×4) [26]] unit cells determine

III

(a)

I

II

III

I

5.0 Å

4.6 Å

3.8 Å

(b)

FIG. 1. (a) LT-STM image (230 × 230 Å2, Us = −1 V, It =
0.5 nA, 5 K) of submonolayer (0.02 ML) chainlike structures formed
by chlorine atoms on Au(111). Different local configurations are
marked as I (zig-zag chain), II (linear chain), and III (compact
(
√

3 × √
3)R30◦ configuration). (b) A close-up image of a single

chain demonstrating that configuration I corresponds to the alter-
nating fcc-bridge stacking of Cl atoms. A hexagonal grid of the
Au(111)-(1×1) lattice was placed in a such way that atoms from
configuration III appear to be in fcc threefold hollow positions.

the following ranking of adsorption energies of chlorine
atoms in different adsorption sites on Au(111)-(1×1): |Efcc| >

|Ehcp| > |Ebridge| > |Etop|. In our PBE calculations on a (6×6)
unit cell, the adsorption energies are ranked differently (see
Table I): the fcc site remains more energetically favorable
than the others, but the bridge is more favorable than the hcp.
Calculated with PBE-D2, the gap between the bridge and the

TABLE I. Adsorption energies of a single chlorine atom on
Au(111)-(1×1) calculated for the (6×6) unit cell.

Functional fcc Eads (eV/atom) hcp Bridgea

PBE −0.950 −0.873 −0.885
PBE-D2 −1.075 −1.014 −1.035

aNote that no local minimum was found in a bridge position (chlorine
atom shifts into fcc position in the coarse of coordinates optimization).
To obtain values of adsorption energies, x and y coordinates of
chlorine atom were kept fixed.
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FIG. 2. (Color online) Adsorption energies calculated for differ-
ent configurations of two chlorine atoms on Au(111). The interatomic
distances indicated for each configuration correspond to the cal-
culated bulk values of gold crystal aPBE = 4.157 Å and aPBE-D2 =
4.078 Å (the table bulk value of 4.0782 Å [30]).

hcp is even larger. For smaller unit cells, the bridge position
appears to be less preferable, in agreement with previous
calculations. The substitutional adsorption was found to be
strongly unfavorable [25,29].

In the next step, we calculated adsorption energies of two
chlorine atoms placed at different distances (see Fig. 2). In
PBE calculations, configurations fcc-bridge (≈3.8 Å) and
fcc-fcc (≈5.0 Å) appear to be preferable, with very similar
adsorption energies. For configuration fcc-hcp (≈4.5 Å), no
local minimum was found: it transforms into configuration
fcc-bridge in the course of coordinates optimization. The
results of PBE calculations are in agreement with LT-STM data
demonstrating coexistence of two structures at low chlorine
coverage. For a pair of atoms, the adsorption energy at the
interatomic distances ≈3.8 Å and ≈5.0 Å are almost the same,
which is surprising, because a single chlorine atom prefers
an fcc position to a bridge one (see Table I). PBE-D2 calcu-
lations show similar results, with the configuration fcc-bridge
(≈3.7 Å) being even more preferable. Thus, our results indicate
the presence of a specific interaction between chlorine atoms
at short (≈3.7–3.8 Å) interatomic distances.

To determine the nature of this interaction, we used
pair interaction energy (�Epair) given by �Epair = ES+a+b −
Ea − Eb + ES , where ES+a+b is the total energy of a slab
containing two chlorine adatoms; Ea , Eb are the total energies
of a slab with one chlorine atom placed in positions a or b; ES

is the total energy of a bare slab.
The total pair interaction energy calculated using PBE

functional is shown in Fig. 3 as a function of the distance
between chlorine adatoms on Au(111) (blue triangles). There
is a noticeable attraction at a short distance of ≈3.8 Å
(configuration fcc-bridge). The increase of the distance to
≈5.0 Å leads to a slight repulsion between chlorine atoms.
At larger distances, the repulsion goes up, as is seen in Fig. 3.
Similar results were obtained in PBE-D2 calculations (blue
squares).

Although the attraction found at ≈3.7–3.8 Å explains
the similarity of the adsorption energies for configurations
(a) and (c) in Fig. 2, its origin is not clear. Indeed, the

FIG. 3. (Color online) Total interaction energies (blue curves)
and their electronic parts (red curves) shown as functions of the
distance between two chlorine atoms adsorbed on Au(111)-(1×1).
Solid and dashed curves correspond to calculations performed
using PBE and PBE-D2 functionals, respectively. The electronic
contribution was obtained by freezing the substrate.

dipole-dipole interaction is always repulsive and the Cl-Cl
distance is too large for the direct interaction (since the bond
length in molecular chlorine is equal to 1.99 Å [31]). The
helpful information was found in the results of coordinates
optimization for atomic configurations listed in Fig. 2. Ad-
sorption of chlorine seems to induce a significant distortion
of gold atomic lattice. In particular, the change of gold-gold
interatomic distances after adsorption of chlorine atoms can
reach 19% (see Fig. 4). In this connection, we suggested that
in the system in question, an important contribution to �Epair

could be given by an indirect interaction through the substrate
distortion.

Distinguishing between electronic and elastic contributions
to �Epair is possible in DFT calculations [6,8]. To obtain the
electronic contribution to �Epair, atoms in the top layers of
the bare slab were relaxed to their equilibrium positions, then
these positions were kept frozen during further calculations of
�Epair. In this way, any elastic interaction was suppressed.
The results of calculations with the PBE functional are
presented in the plot by red diamonds (see Fig. 3). The local
minimum at ≈3.8 Å is not there in a frozen substrate (one

�r/r=19%

�r/r=18%

(a) (b)

fcc-bridge fcc-fcc

FIG. 4. (Color online) Model drawings corresponding to config-
urations fcc-bridge (≈3.7–3.8 Å) (a) and fcc-fcc (≈4.9–5.0 Å).
(b) Positions of gold atoms in the upper layer before and after
optimization of coordinates are shown by orange and yellow balls,
respectively. Chlorine atoms are shown by green balls. The maximum
values of the relative distortion of the Au(111)-(1×1) lattice are
shown for both cases.
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FIG. 5. (Color online) (a)–(f) Adsorption energies calculated us-
ing PBE-D2 functional for different configurations of four chlorine
atoms on Au(111). Switching on a full optimization of coordinates
resulted in different adsorption energies, with a zigzag geometry
(c) being energetically preferable. Calculations for frozen system
lead to the similar energy of adsorption for all shown configurations.

of the chlorine atoms shifts from bridge to hcp position).
However, the calculations performed for fixed bridge positions
of chlorine atoms show a slight repulsion at ≈3.8 Å. At
≈5.0 Å, no appreciable change in the interaction energy was
found in the case of the frozen substrate. At distances larger
than 5 Å, the repulsion appears to be several times smaller
than that in the case of full relaxation. Note also that PBE-D2
calculations lead to quite a similar behavior of �Epair (see
red circles in Fig. 3). Therefore, the attraction at ≈3.7–3.8 Å
found in the case of full relaxation is due to indirect interaction
through the substrate lattice distortion (or elastic interaction).

We also analyzed the role of indirect elastic interactions in
the formation of the chains. For this purpose, the adsorption
energies were calculated for different configurations of four
chlorine atoms on Au(111) (see Fig. 5). The calculations
performed with full relaxation of atomic coordinates show
that chains fcc-bridge–fcc-bridge with interatomic distances
≈3.8 and ≈4.6 Å are preferable [see Fig. 5(c)]. A compact
structure with a (

√
3 × √

3)R30◦ geometry [Fig. 5(b)] and a
linear fcc-fcc structure [Fig. 5(a)] are slightly less preferable,
with their adsorption energies being lower than those for the
other geometries in Fig. 5. This result is in agreement with
experimental data shown in Fig. 1. Calculations performed
for a frozen system (atoms of the substrate were fixed at
equilibrium positions of the bare slab and chlorine atoms were
fixed at positions corresponding to single atom adsorption) do
not show any preferable configuration of four chlorine atoms.
Thus, the formation of the chainlike structures is also due to
the presence of indirect elastic interactions.

C. STM image simulation and height positions
of chlorine atoms

According to our PBE calculations, the height difference
for chlorine atoms adsorbed in fcc and bridge sites is equal
to 0.23 Å. We also simulated STM images for fcc-bridge and

FIG. 6. (Color online) Tersoff-Hamann simulated STM images
and corresponding structural models: (a) fcc-bridge chain; (b) fcc-fcc
chain.

fcc-fcc chains of chlorine atoms using the simple Tersoff-
Hamann approximation [24] (see Fig. 6). The height difference
between fcc and bridge sites measured on the simulated STM
image was found to be ≈0.20 Å in an agreement with the
experiment (0.15–0.20 Å). Note also that we did not find any
visible change in the fcc-bridge height difference depending on
the bias voltage. Thus, we have demonstrated that in the case
of the Cl/Au(111) system experimental STM images reflect
the real-space geometry of chlorine atoms.

D. Reliability of computational results

In this section, we describe convergence of our computa-
tional results with respect to the unit-cell size and the thickness
of the slab.

Figure 7 shows results of �Epair calculations performed
for different sizes of unit cell: 4×4, 5×5, 6×6, and 7×7 (the
equivalent k-point sampling was used). According to plots, a
decrease of the size of the unit cell results in the disappearance
of the attraction effect at 3.8 Å. Therefore, the agreement
between calculations and experimental data can be achieved
by taking a large unit cell N × N (N > 5). This fact should

FIG. 7. (Color online) Total interaction energies between two
chlorine atoms on Au(111)-(1×1) at distances 3.8 and 5.0 Å shown
as functions of the unit cell size (N ).
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be kept in mind while carrying out calculations of the elastic
contribution to the interaction energy at any surface.

Calculations performed with a four-layer slab (two re-
laxation layers) show no principal differences with respect
to a six-layer slab [29]. This result is not surprising, since
relaxation of gold lattice occurs mainly within the first atomic
layer, leaving other layers almost unaffected.

IV. CONCLUSIONS

In summary, this work demonstrates experimentally and
theoretically that indirect elastic interaction can play a dom-
inant role in the formation of surface adsorbate structures at
low coverage. For the Cl/Au(111) system, we have found that

this kind of interaction is responsible for both abnormally short
Cl-Cl interatomic distances and the chains formation. These
results are of general interest also for understanding of many
other adsorbate systems that have not been studied in detail at
low adsorbate coverage.
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