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Mapping the Diffusion Potential of a Reconstructed Au(111) Surface at
Nanometer Scale with 2D Molecular Gas *
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The adsorption and diffusion behaviors of benzene molecules on an Au(111) surface are investigated by low-
temperature scanning tunneling microscopy. A herringbone surface reconstruction of the Au(111) surface is
imaged with atomic resolution, and significantly different behaviors are observed for benzene molecules adsorbed
on step edges and terraces. The electric field induced modification in the molecular diffusion potential is re-
vealed with a 2D molecular gas model, and a new method is developed to map the diffusion potential over the
reconstructed Au(111) surface at the nanometer scale.
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Surface diffusion of adsorbates plays an important
role for surface mediated chemical reactions, especially
for surface catalysis in which the molecules diffuse to
the “hot spot” for the reactions to occur.[1−3] Gold
is an effective catalyst for chemical reactions such as
CO oxidation and NO reduction, and great efforts
have been made out to understand its fundamental
properties at the nanometer and atomic scales.[4,5]

Scanning tunneling microscopy (STM) studies have
revealed the adsorption and diffusion behaviors of var-
ious molecules on gold single crystal surfaces,[2,3,6−11]

particularly on the Au(111) surface which possesses
a complex 22×

√
3 herringbone reconstruction.[12,13]

The reconstructed Au(111) surface exhibits a grad-
ually varied diffusion potential landscape with dis-
crete strong bonding sites that serve as anchors for
molecular self-assembly.[8,9] Measuring the diffusion
potential over the whole 22×

√
3 unit cell, however,

still remains a challenge. This is because the tradi-
tional STM methods in studying surface diffusion, i.e.
real-time molecular tracking[14−16] and “image-anneal-
image” mode,[17] cannot be applied to the gradually
varied potential surfaces.

In this Letter, we report a new STM method to
map the diffusion potential of a herringbone recon-
structed Au(111) surface at nanometer scale with ad-
sorbed benzene molecules. At coverage below the
0.9 monolayer, benzene molecules are mobile on the
Au(111) terraces even at low temperatures of 10K,
forming a two-dimensional molecular gas.[2] Such
molecular gas occupies the surface area of low poten-
tial energy, and the pattern can be imaged. Further,
with the aid of the scanning tip, we are able to grad-

ually tune the diffusion potential directly beneath the
tip and thus the diffusion potential for the whole sur-
face can be mapped.

Our experiments were conducted using a home-
built ultrahigh-vacuum (UHV) STM operated at
10 K.[18] The Au(111) single crystal substrate was
cleaned by cycles of Ar+ ion sputtering and anneal-
ing at 900 K. Benzene was purified by several freeze-
pump-thaw cycles and then introduced into the cham-
ber via a variable-leak valve after the sample was
cooled to 10K. Chemically etched Ag wire was used
as the STM tip in this study. The bias voltages here
refer to the sample bias with respect to the tip.

Figure 1(a) shows a typical STM image of the clean
Au(111) surface before molecular deposition. Both
the surface reconstruction and the surface standing
waves are clearly resolved. The standing waves, in-
duced by the scattering of the surface electronic state
at the steps, are parallel to the edges. The 22×

√
3

herringbone reconstruction is exhibited as pairs of cor-
rugation lines. The periodicity of the paired lines is
about 63 Å and the vertical corrugation amplitude is
about 0.3 Å. The wider and narrower depressions be-
tween corrugation lines are associated with fcc and hcp
stacking regions, respectively.[12] Figure 1(b) shows
the herringbone reconstruction on large flat terraces,
with the inset showing an atomic-resolved Au(111)
surface image. The ±120∘ bending of the corruga-
tion lines results from the rotational domains of the
(22×

√
3) structure.[12]

At low coverage, benzene molecules prefer to ad-
sorb on the step edges of metal surfaces, as shown in
Fig. 2(a). The most preferred adsorption site is along
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the step edge of the fcc-stacked region. As a conse-
quence, one-dimensional benzene chain segments are
formed along the edges in the fcc region, while the hcp
region remains almost unoccupied. The average dis-
tance between molecules is about 8.2 ± 0.1Å. Due to
the Smoluchowski effect,[19] the electron flows from the
upper to the lower terrace and results in a relatively
higher unfilled local density of states (LDOS) at the
upper terrace than that at the lower terrace. Being nu-
cleophilic on the Au(111) surface, benzene is an elec-
tron donor and therefore prefers to bind at the upper
step edges.[2] By increasing molecular coverage, the
step edges of the fcc region are mostly filled up before
additional benzene molecules start to fill the hcp re-
gion, as indicated by the red circle in Fig. 2(a). A sim-
ilar adsorption site selectivity on the stepped Au(111)
surface has been reported for other larger molecules,
such as nitronaphtalene and fullerene.[20,21] According
to recent DFT calculations, the adsorption energy of
benzene along the step edge in the fcc region is 80 meV,
more stable than that in the hcp region,[22] which is
consistent with our experimental observations.

(a) (b)

Fig. 1. STM constant current images of the reconstructed
Au(111) surface at 10K. (a) STM image of the stepped
Au(111) surface (36 nm × 36 nm, 𝑉sample = −0.1V, 𝐼𝑡 =
0.1nA), (b) STM image of the Au(111) terrace (36 nm ×
36 nm, 𝑉sample = −0.5V, 𝐼𝑡 = 0.26nA). The inset shows
the atomic resolved herringbone structure.

On the terraces, benzene molecules are mobile
and can only be stably imaged in the herringbone el-
bow regions or around the point defects, as shown in
Fig. 2(b). At about 0.5 monolayer coverage, the mo-
bile molecules can be imaged when the sample bias is
increased from −2.0 V to −1.0 V, and appear as a uni-
form bright pattern in the STM image (Figs. 2(c) and
2(d)). This pattern results from the diffusion of the
benzene molecules under the STM tip,[7] and varies
as the sample bias changes. Figures 3(a)–3(d) show
a sequence of STM images on a flat Au(111) terrace
acquired with different sample biases. At −2.5 V, no
mobile benzene molecules can be observed, besides the
stationary molecules in the elbow regions, as shown in
Fig. 3(a). The uniform bright pattern gradually shows
up as the sample bias increases from −1.8 V to −0.5 V
(Figs. 3(b)–3(d)). For sample bias at or above −0.5 V,
the pattern fills up the whole surface except the cor-

rugation lines of the herringbone reconstruction.

hcp

fcc

(a)

(c) (d)

(b)

Fig. 2. Adsorption and diffusion of benzene molecules
on an Au(111) surface. (a) STM image of molecules on
Au(111) step edges (24 nm × 24nm, 𝑉sample = −1.0V,
𝐼𝑡 = 0.1nA). The dashed lines and the red circle indicate
corrugation lines and the molecule in the hcp region, re-
spectively. (b) STM image of molecules around surface
defect points and herringbone elbow sites (12 nm× 12nm,
𝑉sample = −2.0V, 𝐼𝑡 = 0.1nA). The STM images of the
molecules on the reconstructed Au(111) terrace with im-
age size 36 nm × 36nm: (c) for 𝑉sample = −2.0V and
𝐼𝑡 = 0.1nA, (d) for 𝑉sample = −1.0V and 𝐼𝑡 = 0.1nA.

(b)(a)

(d)(c)

Fig. 3. A sequence of constant current STM images taken
at (a) −2.5V, (b) −1.8V, (c) −1.0V and (d) −0.5V sam-
ple biases. The current is 10 pA, and the scan size is
45 nm× 45nm.

In order to interpret the evolution of the pattern
for mobile molecules, we consider the effect of the local
electric field induced by the STM tip. Due to the high
work function of the Au surface and the nucleophilicity
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of the benzene molecule, there is charge transfer from
benzene to the substrate upon molecular adsorption,
resulting in a local dipole moment 𝑝 pointing from
the substrate to the molecule. The dipole interacts
with the local electric field 𝐸 induced by an STM tip
directly positioned on top of the molecule. The ef-
fective surface diffusion potential 𝑈0(𝑟) is thus locally
modified as follows:

𝑈(𝑟, 𝑉 ) = 𝑈0(𝑟)− 𝑝 ·𝐸 = 𝑈0(𝑟)− 𝛼𝑉, (1)

where 𝑉 refers to the sample bias and 𝛼 is a constant.
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Fig. 4. (a) A schematic model for electric field modi-
fied diffusion potential. (b) Diffusion potential map of an
Au(111) surface created from a series of STM images taken
with sample biases from −2.0V to −0.1V.

Statistically, the molecules will fill into the area
where the diffusion potential is lower than a criti-
cal energy 𝑈𝐶 . The critical energy 𝑈𝐶 represents
the chemical potential of the 2D molecular gas, and
its value depends on the molecular coverage. For a
specific bias voltage 𝑉 , the imaged molecular pat-
tern is thus defined by 𝑈(𝑟, 𝑉 ) < 𝑈𝐶 . As the sam-
ple bias increases from −2.0 V to −0.5 V, the lo-
cal diffusion potential 𝑈(𝑟, 𝑉 ) is lowered gradually,
which results in the expansion of molecular patterns
(as shown schematically in Fig. 4(a)). The boundary
of the imaged molecular pattern is thus defined by
𝑈(𝑟, 𝑉 ) = 𝑈0(𝑟)− 𝛼𝑉 = 𝑈𝐶 , which is just the equal-
potential line for 𝑈0(𝑟) = 𝑈𝐶+𝛼𝑉 . Thus, the contour
map of diffusion potential 𝑈0(𝑟) can be obtained by
adding molecular pattern boundaries taken with var-
ious sample biases, as shown in Fig. 4(b).

By examining the obtained diffusion potential map
shown in Fig. 4(b), several features are revealed at
nanometer scale. First, the elbow site has the lowest
diffusion potential, where molecules can be steadily
adsorbed. Such a periodic elbow pattern has been a
good template for self-assembled molecular arrays.[9]

Second, the fcc region has a lower diffusion potential
than the hcp region. Third, in both the fcc and hcp
regions, the wide area has a relatively lower diffusion
potential than the narrow area. Lastly, the corruga-

tion lines have the highest diffusion potential, and no
molecules are imaged on the lines even with a bias
voltage of 3.0V at 0.5 monolayer coverage.

In summary, we have developed a new method of
mapping the diffusion potential of the Au(111) surface
by employing electric field induced potential modifica-
tion in 2D molecular gas. It is revealed that herring-
bone surface reconstruction plays an important role
in determining the diffusion potential of the Au(111)
terrace, as well as the step edges. The derived po-
tential map provides a comprehensive scenario of the
molecular diffusion dynamics on the Au(111) surface,
which is beneficial to the understanding of the related
surface chemical reactions and the design of electronic
nanodevices.[7,23]
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