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Determination of iodine adlayer structures on Au(111) by scanning
tunneling microscopy

Lin Huang, Peter Zeppenfeld,a) Sebastian Horch,b) and George Comsa
Institut für Grenzflächenforschung und Vakuumphysik, Forschungszentrum Jülich GmbH,
D-52425 Jülich, Germany

~Received 22 August 1996; accepted 31 March 1997!

Chemisorbed iodine adlayers on Au~111! films on quartz were studied using scanning tunneling
microscopy ~STM! at room temperature in air. The iodine was adsorbed by successive deposition of
droplets of a dilute solution of iodine in methanol. As a function of coverage, various adlayer
structures were obtained. By changing the tunneling parameters, either the iodine adlayer or the
Au~111! substrate can be imaged with atomic resolution. In this way, the adlattice properties such
as periodicity, orientation and the local absolute coverage have been characterized with high
accuracy. In the low coverage range (u,0.33), due to the high mobility of iodine atoms, only the
unreconstructed Au~111! substrate lattice could be imaged. At u;0.33, a (A33A3)R30É structure
is evident. With increasing coverage, a (p3A3) structure of higher iodine packing density is
observed, which can be described as a uniaxially compressed ~striped! phase. Finally, near
monolayer saturation coverage the iodine atoms form a hexagonal moiré-like pattern with
long-range height modulation. The results are compared with previous measurements on this system
under UHV and electrolyte conditions. � 1997 American Institute of Physics.
@S0021-9606~97!00126-8#
I. INTRODUCTION

Iodine adsorption on the Au~111! surface has been stud-
ied intensively since the early 1980s. The investigations were
performed under various conditions and using different ex-
perimental methods. The iodine structures were studied by
low energy electron diffraction ~LEED! in situ in UHV,1 and
ex situ following emersion from iodide solutions under po-
tential control.2 Recently, scanning tunneling microscopy
was employed to study this system in electrolyte solutions
under electrode potential control3,4 as well as in organic po-
lar solvents and in air.5,6 The results obtained from LEED
and surface x-ray scattering ~SXS!7,8 in reciprocal space
combined with those in real space using STM should, in
principle, enable the exact determination of the iodine ad-
layer structures. However, due to the complexity of this sys-
tem there are still some uncertainties in the published results.
In the low coverage range, the (A33A3)R30É structure re-
ported by LEED and STM was not observed in the SXS
measurements. At higher coverages, a (53A3) structure was
found by LEED and STM,2,3,5 while a (333) structure was
also observed.4 In the corresponding coverage range, SXS
measurements revealed a (p3A3) phase which compresses
continuously with increasing potential in the electrolyte cell.
Furthermore, near iodine monolayer saturation coverage,
SXS experiments found a rotated-hexagonal incommensurate
phase, whereas a high-order commensurate (737)R21.8É
structure was also suggested as a possible model to describe
the moiré-like pattern observed by STM.3,5
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The structure and phase diagram of iodine adsorbed on
Au~111! is to some extent comparable to that of physisorbed
rare gas adlayers on graphite9,10 and single-crystal metal
surfaces.11 Indeed, I/Au~111! can be viewed as a model sys-
tem to study 2D phenomena, such as commensurate-
incommensurate ~C-I! phase transitions of the surface struc-
tures. The study of iodine adsorption also finds practical
applications, for example, as protective coating of platinum
single-crystal surfaces.12 One important advantage of this
system is its stability: It can be investigated in UHV, as well
as in electrolytic solutions and under ambient conditions.
Comparing the phase diagram of I/Au~111! as a function of
coverage and temperature obtained under different experi-
mental conditions may further improve the understanding of
2D systems in general.

II. EXPERIMENT

The STM experiments were performed using a home-
made modified ‘‘beetle’’ type instrument.13 The microscope
was operated at room temperature either in rough-vacuum or
in a neutral gas atmosphere. A glass bell jar ~Leybold!,
which serves as the vacuum chamber for the STM, is placed
on the open flange of a metal pot. There are several openings
with flanges distributed around the side wall of the pot.
Through these flanges the pumping system and electronic
signals are connected to the chamber and the microscope,
respectively. The STM head is mounted on a lever-
micrometer, by which it can be positioned on top of or re-
moved from the sample. The sample is fixed on the sample
holder by a special ‘‘walk-ring’’ with a slope of 0.3 mm used
for the tip-sample coarse approach. The whole system is
placed on an air damped table for vibration isolation. Usu-
ally, the chamber is first evacuated and then either filled with
5855/7/$10.00 � 1997 American Institute of Physics
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586 Huang et al.: Iodine on Au(111)
neutral gas ~Ar, N2) or kept under vacuum. With this design
the influence of thermal drift and acoustic vibration can be
effectively reduced. Furthermore, the sample surface can be
kept free from water or other contamination in air for a much
longer period of time. Note, however, that during the sample
preparation and transfer to the STM, it is impossible to avoid
the exposure of the sample surface to the air in the labora-
tory. On the other hand, the design is still convenient to
change the tip and sample. The pumping system is usually
disconnected from the chamber during image acquisition in
order to minimize the vibrations.

All STM images were obtained using constant current
mode. One important feature of the electronics is the use of
an adjustable electronic high-pass filter for recording the im-
ages. This acquisition mode allows suppression of the aver-
age inclination of the sample and, thus, the full gray scale
can be used to display the surface morphology. Another ef-
fect caused by this high-pass filter is the impression that the
surface is illuminated from the left. In some particular cases,
the contrast of the images was artificially enhanced after data
acquisition. No other ‘‘filters’’ were used in the image pro-
cessing.

One of the major problems in STM is due to the un-
known structure of the tunneling tip during the measure-
ments. There are several ways to prepare tunneling tips, the
most popular methods are mechanical forming or electro-
chemical etching. In this study mechanically polished 0.25
mm diameter iridium tips were used. Since iridium is very
hard, the mechanical grinding method can be easily adopted.
Also, iridium is rather stable against oxidation. The high
quality atomic-resolution images obtained with Ir tips dem-
onstrate that Ir is indeed a good choice for use as tunneling
tip in air, and that the preparation method used here is suc-
cessful.

The Au~111! surface is a well-suited substrate for ad-
sorption studies. Although gold single crystals are the ‘‘bet-
ter’’ substrates for STM studies, high cost is the main prob-
lem that prevents them from being widely used. The search
for lower-cost, easy to handle substitutes has been the sub-
ject of many investigations. The interest has mainly focused
on gold thin films deposited on various kinds of substrates,
such as mica,14–17 quartz glass18 and silicon.19 In this study
we have used thin gold films deposited on quartz. After
proper preparation ~described below!, these Au~111! thin
films are indeed well-suited substrates, particularly for STM
studies in air.

The deposition of the gold films was carried out at the
Insititut für Schicht und Ion-entechnik ~ISI! at the Fors-
chungszentrum Jülich. The background pressure during
deposition was 531025 mbar. In order to improve the adhe-
sion of gold films to the quartz substrate, 20 � of chromium
were deposited on the clean quartz prior to the evaporation
of gold. The gold was evaporated at a rate of about 10 �/s;
during evaporation the substrate was held at room tempera-
ture. The film thickness ~about 2000 � ! was monitored by a
quartz crystal thickness controller. After short annealing in a
butane flame ~30–40 seconds at ;1000 K! and cooling
down in air, the average grain size increased considerably
J. Chem. Phys., Vol. 10
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and the 223A3 surface reconstruction could be observed on
the large ~a few hundred nanometers wide! Au~111! terraces.

From the results of a combined LEED and Auger elec-
tron spectroscopy ~AES! study,1 it is known that the desorp-
tion of iodine atoms in the monolayer coverage range from
the Au~111! surface starts at about 200 ÉC. Obviously, ad-
sorption at room temperature is essentially irreversible, and
the desired coverage can be reached by adding successive
iodine doses onto the gold substrate. The iodine adlayer was
formed by depositing droplets of an iodine solution in metha-
nol on the freshly annealed gold substrate. The concentration
of the solution was in the range of 0.1–1 mM. After depos-
iting the droplets we waited for the evaporation of the metha-
nol and the sample was transferred to the STM. The total
iodine coverage was controlled either by consecutive depo-
sition on the same sample between the STM measurements,
or by depositing more or fewer droplets on different samples.
Using this procedure various iodine adlayer structures corre-
sponding to different monolayer coverages can be obtained.
The exact local iodine coverage was determined a posteriori
by counting the number of iodine atoms in the STM images
and making use of the ‘‘selective imaging’’ technique de-
scribed in Section III B.

III. RESULTS

A. Au(111) thin films on quartz

After deposition and prior to annealing, the STM analy-
sis revealed that the Au films consist of small grains with a
typical diameter of about 100–500 �, as shown in Fig. 1 ~a!.
After flame annealing, the average grain size is significantly
increased and large facets with ~111! orientation are formed
@Fig. 1~b!#. The large atomically flat terrace in the center of
the image extends over ;4000 �.

It is well known that the clean Au~111! surface under-
goes a characteristic 223A3 reconstruction at room tempera-
ture, which has been the subject of many studies. Using a
variety of surface science techniques, the reconstruction has
been observed and investigated not only under UHV
conditions,20,21 but also in air, organic solution18 and aque-
ous electrolytes.22 The observation of this reconstruction in
air and various solutions indicates that the Au~111! surface is
rather inert under ambient conditions. On the large terraces
of our flame-annealed samples, the 223A3 surface recon-
struction was routinely observed; the STM images presented
in Figs. 1~c! and 1~d! show the details of this reconstruction
pattern on a large and the atomic scale, respectively. The
223A3 unit cell is marked by the white rectangle in Fig.
1~d!. The STM results reveal that the morphology of the
reconstruction of Au~111! in air are indistinguishable from
those in UHV.20,21 Due to the unavoidable presence of ad-
sorbates under ambient conditions, the mobility of the recon-
struction patterns in air is higher. In rare cases, the decay of
the reconstruction and a phase transition from the (223A3)
into a ~131! phase were also observed on the freshly pre-
pared samples.

Since this reconstruction is very sensitive to contamina-
tion, the presence of the reconstruction can be taken as evi-
7, No. 2, 8 July 1997
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dence for the clean Au~111! surface. Also, we found that
after flame annealing, the samples which had been stored in
air for several months gave similar results as the freshly de-
posited samples. Therefore, these low-cost, easily prepared
samples can be used as ideal substitutes for gold single crys-
tals in STM studies.

B. Iodine adlayer structures on Au(111)

1. (p3A3) structure

After iodine adsorption the Au~111! surface was found
to be transformed into the unreconstructed (131) phase. At
small iodine coverage (u,0.33), iodine atoms could not be
directly imaged with STM presumably because of their high
mobility at room temperature. Apparently, iodine adsorption
leads to an enhanced mobility of the Au step atoms, similar
to the case of Na adsorption on Au~111!.23 The steps are no
longer straight and parallel to the @110# high symmetry di-
rections, instead, they meander on the surface and become
‘‘frizzy.’’ This situation is illustrated in Fig. 2~a!. At the
atomic scale @Fig. 2~b!#, a well-ordered hexagonal lattice
with nearest-neighbor spacing ~NNS! of a5c52.9 � and
b52.7 � is observed, which is ascribed to the atomic struc-
ture of the unreconstructed Au~111! surface. Due to the me-
chanical asymmetry of the STM-scanning head, there is a
slight distortion in the observed hexagonal structure which
could in principle be corrected for using the known lattice
parameter of the Au~111! surface (aAu52.884 � !. We have
measured the average NNSs and used these values to calcu-

FIG. 1. Surface morphology of gold thin films on quartz. ~a! After deposi-
tion without further preparation (600036000 � !. Tunneling parameters:
Vt 5400 mV, I t51.0 nA. ~b! After flame annealing for 40 s at ; 1000 K.
A large atomically flat terrace extends over almost the entire 450034500 �
scanned area. Tunneling parameters: Vt5400 mV, I t51.5 nA. ~c! Step and
terrace morphology of the reconstructed Au~111! surface (150031500 � !.
Tunneling parameters: Vt520 mV, I t520 nA. ~d! The 223A3 reconstruc-
tion at the atomic scale (52352 � !. Tunneling parameters: Vt510 mV,
It510 nA.
J. Chem. Phys., Vol. 10
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late the area of a unit cell and, hence, the number of Au
surface atoms in each image. The number of atoms in images
of the same scan size as in Fig. 2~b! is calculated to 400
610, which will be used as reference to determine the local
iodine coverage.

The first stable iodine adlayer structure is observed when
the iodine coverage reaches u.0.33. At this coverage the
iodine adatoms are forced into registry ~most likely into
three-fold hollow sites! on the Au~111! surface to form a
(A33A3)R30É structure. The image shown in Fig. 3 ~a!
shows an approximate hexagonal lattice with the measured
NNS along the three high symmetry directions being
a55.1 �, b54.8 � and c55.0 �, respectively. These NNSs
are close to the value of A3aAu55.00 � expected for the
(A33A3)R30É structure. To determine the local coverage,
the number of the atoms in this image is calculated and di-
vided by the number of substrate atoms yielding
u50.3260.01. Thus, the observed structure is identified as
the commensurate (A33A3)R30É structure.

If the iodine coverage is only slightly increased above
u50.33, the adlayer structures change correspondingly. The
(53A3) structure reported in previous LEED and STM

FIG. 2. Surface morphology of iodine covered Au~111! (u,0.33). ~a!
‘‘Frizzy’’ monatomic steps meander on the surface after iodine adsorption
(160031600 � !. Tunneling parameters: Vt5200 mV, I t55.4 nA. ~b!
Atomic resolution image of the (131) Au~111! surface (52352 � !. Tun-
neling parameters: Vt510 mV, I t510 nA.

FIG. 3. Iodine adlayer structures: ~a! (A33A3)R30É phase (52 352 � !.
Tunneling parameters: Vt510 mV, I t53.8 nA. ~b! (p3A3) (p 5 5) struc-
ture (52352 � !. Tunneling parameters: Vt510 mV, I t57 nA. ~c! ‘‘Selec-
tive imaging’’ of the Au~111! substrate, same area as in ~b! (52352 � !.
Tunneling parameters: Vt510 mV, I t529 nA.
7, No. 2, 8 July 1997

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



588 Huang et al.: Iodine on Au(111)
studies,2,3 and the (p3A3) structure found in SXS
experiments8 both suggest a uniaxial compression of the
(A33A3)R30É structure to form a striped phase. This situ-
ation is similar to the behavior of the Xe/Pt~111! system,24

for which the symmetry breaking commensurate-
incommensurate ~C-I! transition from a commensurate
(A33A3)R30É structure into a striped domain wall phase
has been observed.11 Theoretical studies predict this transi-
tion to be of second order.25

At first glance, the STM image in Fig. 3~b! obtained for
slightly higher coverage is similar to its counterpart in Fig.
3~a! for u50.32. Further analysis, however, reveals that the
hexagonal lattice is slightly distorted. To determine this kind
of structure more accurately, the ‘‘selective imaging’’
method was used.5,26 By simply changing the tunneling pa-
rameters, either the iodine adlayer or the substrate lattice can
be imaged at the same place. In this way, the adlattice prop-
erties such as periodicity, orientation and local coverage can
be determined with high accuracy. Directly after the acqui-
sition of Fig. 3~b!, the tunneling current was increased from
7 nA to 29 nA at constant voltage, corresponding to a de-
crease of the tunneling gap impedance from 1.4 MV to 0.34
MV . The image then obtained is shown in Fig. 3~c!. It is
obvious that this image with the average NNS of 2.860.1 �
is very similar to the one in Fig. 2~b!: It represents the unre-
constructed Au~111! lattice. With this reference of the gold
lattice, the iodine structure in Fig. 3~b! can be easily deter-
mined. It is found that the distance between the atoms along
the rows running from the upper left toward the lower right
corner maintain the commensurate NNS ~5.0 � !, whereas the
atomic spacing along in the other two close packed direc-
tions are reduced to 4.460.1 �. This value is close to the
value of 4.39 � expected for the (5 3A3) structure reported
in the previous STM studies.3,5 The corresponding unit cell is
indicated by the white rectangle in Fig. 3~b!. Analysis of the
images yields a local iodine coverage of u50.4060.01. The
angle between the two compressed iodine rows and the near-
est gold close packed direction is measured to 26É, deviating
by about 4É from the value characteristic of the
(A33A3)R30É structure. The selective imaging process was
found to be reproducible with different samples and tips. We
could image the gold substrate by either lowering the bias
voltage at constant current or increasing the tunneling cur-
rent at constant voltage, which indicates that the decrease of
the gap impedance ~and hence the tip-sample separation! is
responsible for this interesting phenomenon.

A large number of experiments were performed in the
coverage range between 0.33 and 0.4. The results show that
the adlayer structure is more complex than the simple
(53A3) structure. While one of the NNS of the iodine lat-
tice seems to always keep the commensurate value of 5.0 �,
the other two can take various values associated with the
continuous change of the local coverage. We found that in
the coverage range between 0.37 and 0.4, the compression
increases continuously with increasing coverage, with a cor-
responding change of the compressed NNS from 4.6 to 4.4
�. These two values are close to those expected for the
(p3A3) structures with p58 and 5 iodine atoms per unit
J. Chem. Phys., Vol. 10
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cell ~4.59 � ! and p55 with 4 atoms per unit cell ~4.39 � !,
respectively. The SXS measurements on I/Au~111! in elec-
trolyte under potential control yielded very similar results.
For the (p3A3) phase, SXS found coverages varying from
0.365 to 0.409 with corresponding compressed NNS between
4.62 and 4.32 �. It is remarkable that similar results are
obtained under such different experimental conditions. It can
thus be concluded that for the anionic iodine adsorbate, the
adlattice structures are determined by coverage and tempera-
ture rather than the particular environment. Although the
preparation method prevents us from varying the coverage
continuously, the data based on the large number of discrete
measurements can to some extent simulate this continuous
change of coverage.

The formation of domain walls during the C-I phase
transition has been predicted by theoretical studies,27 and
was observed experimentally for various systems.11,28 The
LEED study of the I/Au~111! system1 reported a splitting of
the original A3 beams into triplets at iodine coverage above
0.33, which may be caused by the formation of domain
walls.29 Although the uniaxially compressed structure was
identified in the previous STM studies, such domain walls
were not observed so far. The STM image shown in Fig. 4~a!
together with its Fourier transform @Fig. 4~c!# and a proposed
hard sphere model @Fig. 4~b!# provides evidence for the ex-
istence of such domain walls in this system. As seen in Fig.
4~a!, the NNS along the rows running from upper left to
bottom right varies periodically, forming a striped array with
stripes running along the perpendicular direction @white ar-
rows in Fig. 4~a!#. In the Fourier transform @Fig. 4~c!# of this
image, extra spots marked by white circles are observed near
the commensurate positions ~marked by white rectangles!.
Further analysis shows that this pattern corresponds to the
diffraction pattern expected for a striped phase with super-
heavy domain walls.29 Note that only one out of three
equivalent domains is present in the STM image. The above
results clearly demonstrate that the iodine adlayer, indeed,

FIG. 4. ~a! STM topograph showing a uniaxially compressed domain wall
phase (92392 � !. Tunneling parameters: Vt510 mV, I t53.8 nA. ~b! Pro-
posed hard sphere model. ~c! Fourier transform of the image in ~a!.
7, No. 2, 8 July 1997
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forms a uniaxially compressed domain wall phase at this
coverage.

To determine the structure more accurately, a (131)
grid is superimposed on the STM image in Fig. 4~a! in such
a way that the iodine atoms in the supposedly (A33A3)R
30É commensurate regions fall right into the three-fold sites
of the Au~111! substrate. The position of the atoms within
the domain walls can then be determined. A possible hard
sphere model for this structure is shown in Fig. 4~b!. Note
that the superstructure is discerned by a (53A3) unit cell. It
can be seen that due to the stress induced by the presence of
the wall, the atoms within the walls may relax by shifting
away from it ~probably toward the nearest bridge site!. This
situation is indicated by the small arrows drawn in the ball
model. By the atomic relaxation within the domain walls the
atoms take up positions close to those in a uniformly com-
pressed phase: Comparing the (53A3) model presented in
Fig. 3~b! with the ball model discussed above, it is clear that
the first one is derived from the second one after full relax-
ation of the domain walls. The strong relaxation and fluctua-
tions may explain why such domain walls are rarely ob-
served in the STM images.

2. Moiré-type structures at higher iodine coverage

Haiss et al.5 found a structure with long-range modula-
tion at iodine saturation coverage u50.44 and suggested a
(737)R21.8É structure as a possible model. Also, interme-
diate structures consisting of patches of local (53A3) and
moiré-like patterns at coverages around u50.42 were re-
ported. In the same coverage range, SXS measurements
found that the adlayer undergoes a first-order transition from
the (p3A3) to a hexagonal incommensurate rotated struc-
ture at a critical coverage of uc50.409. The NNS in this
hexagonally compressed phase first increases to 4.43 � then
decreases to 4.3 � at a coverage of 0.445.

Figure 5~a! shows an image of a well-ordered iodine
lattice at monolayer saturation coverage with clear long-
range periodicity. The zoom-in image in Fig. 5~b! reveals the
adlayer structure at the atomic scale. The analysis of the
Fourier transform ~FFT! of Fig. 5~a! @shown in Fig. 5~c!#
provides additional information about both the superlattice
and the atomic structure. Two sets of spots can be distin-
guished in the FFT image: The hexagonal set in the center
corresponds to the superstructure; the outer spots which are
split into triplets reflect the atomic structure. Although these
triplets resemble the LEED patterns obtained in UHV from
this system1 and from Kr/graphite,9 we find that this pattern
slightly differs from those LEED patterns. In the LEED pat-
terns, one of the spots in the triplets is displaced radially
outward along the A3 direction in reciprocal space. Also, the
off-axis splitting of the other two spots is highly symmetric
with respect to this direction, indicating a compression of the
adlayer along the A3 direction in real space. In the FFT
image shown in Fig. 5~c!, it is obvious that if we assume that
one of the spots is displaced along the A3 direction, the
triangle would not be symmetric with respect to this direc-
tion. This implies that either the compression is not along the
J. Chem. Phys., Vol. 10
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A3 direction or that the adlayer is rotated from the exact
A3 orientation in real space. Such a ‘‘rotational epitaxy’’ of
the adlayer above a critical misfit is, in fact, predicted by
theory,30 and has been observed in many experimental inves-
tigations of physisorbed adlayers.10,11 If we assume a uni-
form compression of a rotated lattice, this would imply that
the first-order diffraction spots were split from the commen-
surate A3 position in such a way that the center of the triplets
should remain at the A3 position in reciprocal space. This is,
indeed, verified by the results presented below. A symmetric
splitting of the A3 spot into triplets centered at the position
of the original A3 spot was likewise observed in a LEED
study of S/Ru~0001!.28 Then, the orientation and periodicity
of the superlattice is easily determined @see Fig. 5~c!#. As a
result, the superlattice is found to be rotated by about 3É
from the R30É direction and has a periodicity of ;19.5 �.
The NNS calculated from the triplet splitting is 4.460.1 �,
in excellent agreement with the values obtained in real space
from the STM topograph in Fig. 5~b!. The coverage is cal-
culated to be u50.4560.01, which is believed to be the
saturation coverage of iodine on Au~111!.8

The observed structure is very similar to the high-order
commensurate (737)R21.8É phase as suggested in previous
studies performed in air and electrolyte solution.3,5 It is
pointed out that these authors also realized the incommensu-
rate nature of this structure and have observed different pe-
riodicities and rotation angles of this hexagonal pattern.
Based on the FFT results and the STM images obtained in
real space, we propose the hard sphere model presented in
Fig. 5~d! for the structure observed here. The unit cell of the
(737)R21.8É is also indicated ~dashed lines!. It can be seen
that the proposed model deviates from the (737)R21.8É by
a rotation of 5É whereas the length of the unit cell is reduced
from 20.2 � to ;19.5 �.

FIG. 5. STM images of well-ordered moiré-like structures at saturation
iodine coverage. ~a! Large-scale overview (4003400 � !. Tunneling param-
eters: Vt520 mV, I t515 nA. ~b! Zoom-in image revealing the atomic struc-
ture (52352 � !. Tunneling parameters: Vt520 mV, I t515 nA. ~c! Fourier
transform of the image in ~a!. ~d! Proposed hard sphere model.
7, No. 2, 8 July 1997
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From our experiments, we cannot determine the exact
variation of the rotation of the iodine adlayer as a function of
coverage. However, the x-ray scattering results obtained by
Ocko et al.8 indicate a linear dependence of the rotation
angle on the incommensurability, in qualitative agreement
with the Novaco–McTague theory. To our knowledge, there
exists no theoretical study of the I/Au~111! system and the
relevant binding and corrugation energies are not known. A
quantitative comparison with theory is, therefore, not pos-
sible.

Besides the homogeneously compressed phase, other
structures which are not as well-ordered, were often ob-
served near saturation coverage. Figure 6 shows two ex-
amples of this kind of structures. As seen in Fig. 6~a!, the
adlayer structure differs from the (p3A3) structure by its
local height modulation. On the other hand, this modulation
is not as regular as in the case shown in Fig. 5. The Fourier
transform of this image reveals three sets of spots corre-
sponding to ~i! the gold substrate lattice, ~ii! the iodine ad-
lattice and ~iii! the iodine superlattice. Although the gold
substrate is not discernible in the STM image presented here,
it can be observed in the high magnification zoom-in image.
With the reference of the gold lattice, the average iodine
NNS is determined to be 4.460.1 �. The coverage is
u50.4360.01. The adlayer lattice makes an angle of about
26É with respect to the gold substrate. Using this FFT image,
we were able to test the assumption made earlier that the
center of the triangle should lie at the A3 position. Indeed,
we find that the angle between connections from the ~0, 0!
spot in reciprocal space to the center of the triangles and
those to the nearest spots of the gold lattice is 30É, and the
length ratio between them is 1.8, which is close to the value
being expected for the A3 position. As mentioned above, this
implies that the compression of the adlayer is isotropic,

FIG. 6. ~a! Intermediate structure composed of moiré-type and (p3A3)
patches (1003100 � !. Tunneling parameters: Vt5260 mV, I t510 nA. ~b!
Moiré-like structure across a ‘‘frizzy’’ step (52352 � !. Tunneling param-
eters: Vt510 mV, I t58.3 nA. ~c! Fourier transformed image of ~a!. ~d!
Fourier transformed image of ~b!.
J. Chem. Phys., Vol. 10

Downloaded 29 Nov 2005 to 192.38.67.112. Redistribution subject to
whereas the adlayer is rotated by a few degrees from the
commensurate R30É direction. Furthermore, this kind of
hexagonal rotated structure was found to coexist with the
(p3A3) structure on the same sample area. This coexistence
is suggestive of a first-order transition from the striped
(p3A3) to the rotated hexagonal incommensurate phase as
predicted by theory.25,27

Figure 6~b! depicts the moiré-like pattern near saturation
coverage on two adjacent terraces separated by a ‘‘frizzy’’
monatomic step. The local distortions in this image clearly
evidence the incommensurate nature of the adlayer structure.
A quantitative analysis reveals that the superlattice has a pe-
riodicity of ;21 � and is rotated about 7É from the R30É
direction. It is well known that the periodicity and orienta-
tion of moiré patterns are extremely sensitive to the local
misfit, and the relative orientation of the adlayer and sub-
strate lattices.31 Therefore, small distortions and local hetero-
geneities will result in a significant change of the local ori-
entation of the pattern.

To determine the registry of the iodine lattice with the
substrate more accurately, Gao and Weaver used the method
of changing potential in the midway of the scan in the elec-
trolyte to obtain ‘‘composite’’ images,3 which show the io-
dine adlayer and the Au~111! substrate in the same image.
We have adopted this idea in our experiment. Instead of
changing the potential, the tunneling impedance Rt was
changed roughly midway during the STM scan, which en-
abled us to obtain similar ‘‘composite’’ images through the
selective imaging effect. The image shown in Fig. 7 was
recorded with a bias voltage of 10 mV; the tunneling current
used for imaging the top half and bottom half was 25 nA
(Rt50.4 MV) and 2.1 nA (Rt54.8 MV), respectively. Two
different well-ordered hexagonal lattices are observed, which
correspond to the gold and iodine structure, respectively. The
registry between the iodine adlayer and substrate can be ac-
curately determined. The angle between the adlattice and
gold substrate in this case is 24É, the NNS of the adlayer
structure is 4.360.1 �. The selective imaging process is
found to be reversible, i.e. the iodine adlayer seems to be

FIG. 7. ‘‘Composite images’’ revealing the registry between the iodine
adlayer and the gold substrate (1003100 � !. Tunneling parameters: Vt 5
10 mV, It 5 25 to 2.1 nA.
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only temporarily affected by the stronger interaction between
tip and sample at the lower gap impedance.

The complete understanding of the selective imaging re-
quires a calculation of the tip-sample interactions and the
bonding strength between I–I and I–Au atoms, as well as
further experiments. At present, we can only speculate about
the possible mechanisms: ~i! An electronic state effect can be
excluded because the phenomenon is observed by either
changing the bias voltage or the tunneling current, i.e. simply
caused by the reduction of the tip-sample separation through
the lowering of the tunneling gap impedance. ~ii! From a
theoretical study on the energy dissipation in STM,32 it was
inferred that the tunneling processes may induce a rise in
surface temperature by as much as 30 K at Rt5105 V and
Vt51 V on metal surfaces. In our case, the tunneling imped-
ance is of the order of 105 V , but the voltage used is much
smaller than 1 V. Thermal annealing experiments of the io-
dine monolayer1 indicate that the desorption of the iodine
from Au~111! only starts at about 200 ÉC. Therefore, it is
unlikely that the heat transfer associated with the tunneling
process could account for the observed phenomenon. ~iii!
The reduction of the tip-sample distance leads to an increase
of the tip-sample interaction, which in some cases will
modify the sample surface.33 In fact, the ‘‘critical’’ gap im-
pedance needed for selective imaging is of the order of 0.5 M
V which is similar to the threshold impedance required to
slide individual atoms on metal surfaces by means of the
STM tip.34,35 It is, therefore, conceivable that by strong
enough interactions between the tip and the iodine atoms, the
latter will be forced to temporarily leave the adsorption sites
underneath the scanning tip. Due to the high mobility of the
iodine atoms, the adlayer may re-order itself quickly and
look as if it was unperturbed once the tip has moved away.

IV. CONCLUSIONS

Three distinct iodine adlayer structures on Au~111! have
been observed under ambient conditions: ~i! At low iodine
coverage, a commensurate (A33A3)R30É structure is ob-
tained; ~ii! In the coverage range between 0.33 and 0.4,
uniaxially compressed (p3A3) structures were observed.
The rarely observed domain-wall structure indicates that a
rather uniform compression is favored within this phase. The
domain walls are ordered in a striped array and the phase
transition appears to be of second order. ~iii! Near iodine
monolayer saturation coverage, a hexagonally compressed
structure is observed, which is found to be incommensurate
with the substrate. The adlayer is more uniformly com-
pressed and rotated by a few degrees with respect to the
commensurate phase. The coexistence of the moiré-type and
(p3A3) structures reveals that the corresponding phase tran-
sition is of first order. The observed sequence of phase tran-
sitions is similar to that found for rare gas monolayers, e.g.
Xe/Pt~111!, and is entirely consistent with the theoretical
prediction: The transition is expected to be second order as
J. Chem. Phys., Vol. 10
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the (A33A3)R30É commensurate phase first transforms into
a uniaxially compressed (p3A3) phase and first order as the
compression becomes isotropic in the hexagonally com-
pressed phase. Finally, we note that the ‘‘selective imaging’’
method has been successfully used to determine the local
iodine coverage and the adlayer structure.
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