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ARTICLE INFO ABSTRACT

MSC: We present a scanning tunneling microscopy study of decanethiol on Au(001) in the low coverage regime.
0000 As expected, the hex reconstruction is lifted, however, no ordered decanethiol phases form. We observe large
111 areas free of Au islands and covered with a disordered decanethiol phase. I(f) spectroscopy measurements
Keywords: suggest that this disordered phase is dynamic and most likely comprises diffusing Au adatoms, decanethiol
ST™M molecules, and/or Au-adatom-decanethiol molecule complexes. We have performed density functional theory
Decanethiol calculations and show that the activation barrier for diffusion is lower when Au-adatom-molecule complexes
Au-adatom are considered in comparison to the case of bare molecule. These findings suggest that although no vacancy
Au(001) . . ps . s

DFT pits form on Au(001), Au-adatoms expelled during the lifting of the hex reconstruction may be still important
Diffusion for the diffusion of thiol molecules on this surface.

1. Introduction

The (001) surface of Au reconstructs into the so-called hex phase: an
anisotropic hexagonally distorted pattern of ~25% higher atom density
compared to the underlying (1 x 1) lattice [1,2]. The hex reconstruction
has a complex unit cell, variations of which exist depending on the
preparation [3]. The unit cell is generally given by (5x N), where N ~
20 [4]. This complex reconstruction has been extensively studied in real
and reciprocal space, as well as in theoretical studies [1-16], and can be
easily manipulated in electrochemical environment, where a controlled
reversible transition between Au(001)-(1 x 1) and Au(001)-hex has
been established [17-24]. It was shown that the hex reconstruction is
sensitive to surface charging. When charge is accumulated at the Au
surface due to an applied electrode potential, the hex reconstruction
is lifted, a process that is most likely also sensitive to specific anion
adsorption [24-26].

The formation of thiol monolayers on Au(001) was also shown to
be accompanied by the lifting of the hex phase, even without electrode
potential control [27-32] and also in UHV conditions [33], a process
similar to the lifting of the herringbone reconstruction in the case of
thiol self-assembled monolayers (SAMs) on Au(111) [34,35]. However,
the thiol SAM formation mechanisms have been treated differently in
scientific reports concerning these surfaces, which is related to a key
difference between Au(111) and Au(001). In the case of Au(111), the
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thiol SAM formation proceeds along with the appearance of vacancy
pits [36] on the surface terraces, absent in the case of thiol monolayers
on Au(001).

It is widely accepted that the vacancy pits in the case of thiol
SAMs on Au(111) originate from thiol molecules forming a staple,
i.e. a molecule-Au-adatom complex (usually of the form RS-Au-SR),
which emerges after the deprotonation of thiol molecules and which
can diffuse on the surface as the basic building block of the SAM [37-
39]. The staple is generally excluded as a building block of thiol
phases on Au(001) as for this surface it was shown that the bridging
configuration (-RS-) is preferred over the staple motif [40]. A very
comforting argument in favor is given by a study of hexanethiol directly
adsorbed on the Au(001)-(1 x 1) surface [31], which cannot supply
0 ~ 0.25 of Au-adatoms, as the hex reconstruction is already lifted. The
adsorption of hexanethiol still does not lead to the formation of vacancy
islands, which would be required if staples were indeed the leading
moieties. For some ringed thiols like 6-Mercaptopurine, the adsorption
on Au(001)-hex also does not show evidence of the staple as a building
block of the SAM [41], although Au-adatom rows are part of some of
the phase models reported. This molecule also does not form staples on
Au(111), nor on Au(001)-(1 x 1) [42,43]. However, after its desorption
from the Au(111) surface, small Au islands form. Therefore, in all cases,

E-mail addresses: m.tsvetanova@utwente.nl (M. Tsvetanova), k.sotthewes@utwente.nl (K. Sotthewes).

https://doi.org/10.1016/j.apsusc.2022.153364

Received 14 December 2021; Received in revised form 24 March 2022; Accepted 8 April 2022

Available online 22 April 2022

0169-4332/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.elsevier.com/locate/apsusc
http://www.elsevier.com/locate/apsusc
mailto:m.tsvetanova@utwente.nl
mailto:k.sotthewes@utwente.nl
https://doi.org/10.1016/j.apsusc.2022.153364
https://doi.org/10.1016/j.apsusc.2022.153364
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2022.153364&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Tsvetanova et al.

Applied Surface Science 594 (2022) 153364

o ~
.
28 100 pm
= I
g s
3 =
, £ 3
; F B B
$EE
FT T
E F F B |
T
i: ;- E, o
;: o - I li
- g o |
. .
g FE Ed
s & B B2
g BB i
5 ff. ’ - &
.f': -’-‘l _{ o
D 0.102
0.081
EO.OG—E
;0.04%
0.023
OE""""'\"""“'I""""'\"
0 1 2 3
X(nm)

Fig. 1. STM data from the Au(001) surface. (A) The Au(001) surface featuring the hex reconstruction, closely aligned with the substrate steps, set-points: —200 mV, —0.6 nA,
scale bar: 40 nm, inset: 22 x 22 nm”. (B) A zoomed-in image of the hex reconstruction, set-points: —90 mV, —500 pA, scale bar: 3 nm. (C) The hex reconstruction next to a small
Au(001)-(1 x 1) region, set-points: —300 mV, —400 pA, scale bar: 5 nm. The profile lines are color-coded and correspond to the height profiles in (D). The hex overlayer features
a slight rotation (<1°) w.r.t. the bulk-truncated surface. Arrows point to some of the first lateral switching effects taking place perpendicular to the hex rows. (D) Height profiles
corresponding to the analogously colored lines in (C), showing that the width of the hex overlayer corresponds to 5 Au lattice spacings of the unreconstructed surface.

even though the staple is not a majority motif on the surface, the role
of molecule-Au-adatom complexes cannot be ruled-out.

Based on our discussion so far, there is no general reason to exclude
the Au-adatom-molecule complex as a diffusing entity on Au(001).
Grumelli et al. [30] have shown that in the case of hexanethiol it
may be possible that Au-adatom-molecule complexes participate in
anisotropic diffusion process, which allows the formation of elongated
Au islands, decorated with a hexanethiol phase. They have also ob-
served serrated step edges in the vicinity of these islands. Moreover,
for S adlayers on Au(001) it was reported that sulfur dimers form S-Au
complexes with Au-adatoms [44].

Although, the basic building blocks of thiol phases on Au(001) may
not be the staples, we suggest that molecule-Au-adatom structures may
be still important for the transport of molecules. In this paper, we
present results concerning a low coverage regime, for which no or-
dered decanethiol phases form. Based on topographic and spectroscopic
measurements, we suggest the universal conjecture that irrespective of
the surface orientation, molecule-Au-adatom structures may always be

important diffusing entities on gold surfaces, even if not the majority

moieties.

2. Methods

In this research, a Au(001) single crystal is used as a substrate (pur-
chased by SPL, Zaandam, the Netherlands). The surface was cleaned
by several Ar* sputtering cycles with ion energy of 1 keV and a time
period per cycle between 20 and 45 min. The base pressure in the UHV
system was <1 - 10~° mbar, while the Ar pressure was ~3 - 10~ mbar.
After each sputtering cycle, the sample was annealed ex-situ in a quartz
tube oven for 12 h at a temperature of 600 °C under a constant N,
flow. After a few cycles were performed, the Au(001) surface featured

the expected hex reconstruction, measured with an RHK Technology
scanning tunneling microscope (STM) at room temperature. The STM
tips were electrochemically etched from a Pt-Ir wire. The SAM was
prepared via the solution-based method. The Au(001) single crystal
was submerged in a 1 mM 1-decanethiol (99% purity, purchased by
Sigma Aldrich) ethanolic solution for 1 h. Afterwards, the sample was
rinsed with copious amount of ultrapure ethanol and dried with N,.
The freshly prepared sample was loaded in UHV conditions as soon as
possible to avoid prolonged exposure to air and potential contamina-
tion. During an STM measurement, the tip is biased, and the sample is

grounded.
3. Computational details

The ab initio density functional theory (DFT) calculations of the
activation barriers for diffusion were performed using the Vienna
ab initio simulation package (VASP) [45,46]. The ion-electron in-
teraction was described using the projector augmented-wave (PAW)
technique [47,48]. We used the GGA-PBE density functional [49].
It has been demonstrated that the PBE-GGA functional achieves a
good balance between accuracy and computational effort for the gold—
decanethiol system [50]. We used a plane-wave basis set with a kinetic
energy cut-off of 400 eV. The substrate was modeled as periodically
repeated slabs, consisting of up to five atomic layers, separated by
a sufficiently thick vacuum layer. The bottom two layers of the slab
were fixed at their bulk positions. The top three layers were allowed
to relax upon optimization. The atomic positions were relaxed until
the force on the unconstrained atoms was less than 0.03 eV A~L. In all
our calculations we have used a (4 x 8 x 1) Monkhorst-Pack k-point
grid [51] to sample the Brillouin zone of the surface unit cell. The
contributions of van der Waals forces were estimated by using dDsC
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Fig. 2. STM data from the decanethiol-modified Au(001) surface. (A) Local molecular landscape. Because of a lot of interaction with the tip, the step at the top left corner appears
distorted, probably due to dynamics at the step-edge. The remaining areas feature disordered phase. Set-points: 500 mV, 80 pA, scale bar: 10 nm. (B) A zoomed-in image from
a flat area near the region in (A), showing the Au(001)-(1 x 1) lattice. Set-points: 500 mV, 80 pA, bar: 5 nm. (C) Another local molecular landscape, featuring a few islands
and occasionally a few hex stripes as shown in (D). Set-points: 500 mV, 80 pA, scale bar: 25 nm. (D) Set-points: 300 mV, 100 pA, scale bar: 30 nm, inset: 6 x 6 nm?. The
inset shows the lattice between the hex stripes, corresponding to the Au(001)-(1 x 1) lattice (upon increasing the current set-point to 300 pA). The scan angle was changed, the

Au(001)-(1 x 1) lattice is actually aligned with the hex stripes.

dispersion corrections [52]. To study the diffusion of a molecule on
the gold surface, we employed the nudged elastic band method [53,54]
implemented in VASP to locate the saddle points of the potential energy
surface and search for the minimum energy pathway of diffusion.
The minimum energy path was discretized by nine intermediate states
between two states. The atomic models were created using VESTA [55].

4. The Au(001) surface landscape

Before putting the Au(001) single crystal in the decanethiol solu-
tion, the surface features the hex reconstruction, as shown in Fig. 1(A).
We present a zoomed-in image of the hex reconstruction in (B) and a
zoomed-in image of the hex reconstruction next to a small Au(001)-
(1 x 1) region in (C). Perpendicular to the hex rows, we observe the
expected periodicity of 6 top layer atoms, on top of 5 atoms of the
unreconstructed substrate. Such small unreconstructed regions are rare
and easily “close-up”, the hex rows experience lateral displacement
in direction, perpendicular to the ribbons. Such displacements were
reported before in electrochemical environment [21-23]. Because of
that, the precise orientation of the hex ribbons with respect to the
main (011) crystallographic direction cannot be deduced, but using the
areas between lateral displacements suggests that any rotation of the
hex layer is below 1°, consistent with previous reports [3,7,9]. Along
the hex ribbons (Fig. 1(B)), the periodicity is about 17 atoms, which
is close to the generally accepted N ~ 20 atoms. Additionally, as our

measurements are performed at room temperature, there are always
signatures of dynamic processes: even at the smallest scale in Fig. 1(B),
clearly some areas feature atomic displacements, either due to the high
mobility of the Au atoms, or because of interactions with the STM tip.

In summary, after sputtering and annealing, the surface is covered
with the hex reconstruction, closely aligned to the main (011) crystal-
lographic direction. Only rarely small Au(001)-(1 x 1) regions can be
found which close in the order of tens of minutes (after a few STM
images).

5. The decanethiol-modified surface landscape

After the sample is placed for 1 h in the decanethiol solution,
the surface landscape is drastically altered. The hex reconstruction is
lifted on a large scale. In Fig. 2 we show examples of the resulting
landscapes. In (A) we show a large area that seems to be covered by a
disordered decanethiol SAM. Upon zooming, sometimes the underlying
lattice can be seen, corresponding to the unreconstructed Au(001)-
(1 x 1) surface (see Fig. 2(B)). Such images could be rarely made, due
to the streaky appearance which we assign to diffusing species which
frequently interact with the tip (a disordered phase). Note that the
majority of the diffusing entities must be chemisorbed, as described in
the supplementary material, based on the fitting of the S2p region from
X-ray photo-electron spectroscopy data.

In Fig. 2(C) and (D), we present another locally available landscape,
in which monolayer-high Au islands have formed, and occasionally
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Fig. 3. STM data with enhanced contrast. (A) Image just before the enhanced contrast appeared. We observe 2 sets of hex stripes next to an island corner (indicated with an
arrow). Set-points: 300 mV, 100 pA, scale bar: 10 nm. (B) Image just after the enhanced contrast appeared. We observe 2 sets of hex stripes next to an island corner (indicated with
an arrow). Set-points: 300 mV, 100 pA, scale bar: 10 nm. (C) A zoomed-in STM image featuring the resulting pattern at the hex rows. A height profile is provided, demonstrating
that the repeating pattern has a width which is very close to the width of the hex reconstruction, shown in Fig. 1 (D). (D) An STM image from a region nearby, also featuring
Au islands, covered with analogous pattern as the rows shown in (C): partially hex-reconstructed islands. Scale bar: 20 nm. The inset is a 10 x 10 nm? STM image, close to the

edge of an island, where also ordering is clearly visible.

a few hex stripes can be seen. The fuzzy appearance can be again
assigned to a dynamic disordered phase. Nevertheless, upon increasing
the tunneling current (moving closer to the surface), we can again
resolve the landscape, shown as an inset in Fig. 2(D). The square pattern
again corresponds to the unreconstructed Au(001)-(1 x 1) surface.

An alternative view of the surface is provided in Fig. 3, where the
contrast in the STM images has changed, which we assign to potentially
picking-up an object by the STM tip or tunneling to another available
state (see Fig. 3 (A) and (B)). We observe a fuzzy appearance at the
surface, excluding the areas of a few hex rows. Note that the periodicity
of the hex ribbons is only partially resolved, but the width of the
repeating pattern corresponds closely to the expected width of the hex
reconstruction, as shown in (C). From Fig. 3(D) also becomes clear that
the nearby islands are covered with an analogous pattern, suggesting
that the islands are also already partially reconstructed. Finally, in the
inset in (D) we observe an island edge, which is clearly decorated with
an ordered pattern. Because the reason for the enhanced contrast can-
not be unambiguously determined, the nature of the pattern cannot be
identified, but it is important to note that this pattern does not change
in time. Therefore, at some places on the surface, the growth/decay of
Au-islands and step-edges has already taken place.

Considering the local landscapes that we have shown, the Au islands
do not amount to 25% of the total surface. However, to obtain exact
statistics is beyond the scope of this study. If the fuzzy areas that we
measure contain Au-adatoms and Au-adatom-molecule complexes, then

we would expect to observe at least sometimes growing Au islands or
hex reconstruction areas. We note that such a place was discovered also
as a locally available landscape on the sample (Fig. 4). However, the
growth still did not proceed until total coverage with the hex phase.
Some of the hex stripes grow at the expense of already present Au
islands, while the area in between islands and hex rows remains less
nicely resolved. This process resembles the already reported hex phase
growth observed in electrochemical environment [17,23], and may also
be enabled by the desorption of thiol molecules which is known to take
place in UHV conditions [56]. The effect of the electric field of the
STM tip may be responsible for the onset of the growth. The lifting
of the hex reconstruction in UHV conditions was reported earlier [57].
Although we do not use a high voltage set-point, we cannot exclude
the possibility that not only the lifting but onsetting the hex growth
in UHV is possible due to the local field of the STM tip. Nevertheless,
because such a region was observed only once and very locally, we are
inclined to believe that most of the remaining adatoms released during
the lifting of the hex phase are still obstructed by molecules.

In summary, we have examined a few available surface structures on
the decanethiol-modified Au(001) surface in the low coverage regime.
In all of these locations, a disordered phase on top of unreconstructed
gold was observed, coexisting with partially reconstructed Au islands
and occasionally a few hex stripes. We assign the fuzzy appearance of
the disordered phase to diffusing species. If the molecular coverage is
high enough, we must observe the formation of ordered decanethiol
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Fig. 4. (A)~(G) Sequence of 100 x 100 nm?> STM images from a local area where the hex reconstruction experiences changes and growth in time. Set-points: 300 mV, 100 pA,

scale bars: 30 nm. Each image is recorded in 6 min.

phases, while if the number of molecules is too low, then the surface
must be slowly reconstructing again, as then the Au-adatoms can re-
unite with the hex stripes and the islands. However, this was generally
not observed: the landmarks in Figs. 2 and 3 are unaffected for hours,
while the growth presented in Fig. 4 is an isolated local phenomenon.
That is why, we are inclined to believe that the molecules on the surface
participate in complexes, together with Au-adatoms. Further support
for the higher dynamics in the disordered areas is provided in the next
section.

6. Surface dynamics

To further support our observations from the previous section, we
have performed I(r) spectroscopy. We have previously used this pow-
erful technique to study the dynamics of molecules and Ge dimers [50,
58-61]. In the current case this is an unambiguous method of indicating
if the fuzzy areas presented so far indeed are more dynamic.

A grid measurement (Fig. 5(A)) was performed by disabling the
feedback loop at each of the spectroscopic locations and recording an
1(¢) trace for about 4 s. We selected an area where a hex stripe is visible,
next to the typical disordered region.

Combining all the I(z) traces, we have obtained a spatial heat map,
i.e. a map of the dynamic activity, see Fig. 5(B). Based on the local
mean for each /() trace, we detect a switching phenomenon if the cur-
rent difference between any two levels corresponds to at least 10% (10
pA) of the current set-point that we start with (100 pA). Additionally,
the switch was counted as valid if the current levels participating in it

are of given minimum length in time (about 60 ms), in order to avoid
counting switches when the data is simply experiencing a sudden spike.

Because the grid is not as dense as the topographic image, we
cannot resolve all the areas with great precision. However, the heat
map in (B) directly correlates to the topography in (A). There is more
variation in the current over time in the areas next to the hex stripes.
This is consistent with the discussion presented in the previous section:
at the non-reconstructed areas dynamic phenomena, probably due to
the diffusion of molecules and adatoms or molecule-adatom complexes,
take place.

From the residence times distribution in Fig. 5(C) we observe a lin-
ear dependence which indicates that the detected switching is stochas-
tic. Moreover, from the slope of the curve (v = 2.6 Hz) we obtain that
there are on average a bit less than 3 events per second, which take
place between the tip and the surface. If we use that v = vye=E¢/*T then
we can obtain an upper limit for the diffusion barrier E,. If we use v, to
be in the order of 10! Hz, we obtain E, ~ 0.7 €V at room temperature.
However, the attempt frequency that we use here is typical for atoms.
For molecules, the attempt frequency v, can easily go down a few
orders of magnitude, which considerably lowers the upper limit of the
diffusion barrier relevant in order to observe the switching phenomena
as reported here. Moreover, if we deal with more than one type of
diffusing species, the interpretation of the data becomes a challenge.

That is why, in order to interpret further the contrast in dynamic
behavior as presented in Figs. 5 and 3, we decided to perform DFT
calculations of the activation barriers for diffusion for different de-
canethiol configurations, and then compare these for the reconstructed
portion of the surface and the unreconstructed Au(001) surface.
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Fig. 5. (A) I(r) grid (topography), set-points: 300 mV, 100 pA, scale bars in (A) and (B) correspond to 5 nm. Spectroscopy locations are set at each Au lattice spacing, about
0.3 nm apart. (B) I(r) heatmap of the detected switches. We show interpolated data for clarity. In the inset, the original data is shown. (C) Distribution of residence times. The

linear fit corresponds to the formula —2.62x + 8.88.
7. DFT results

To explain the dynamics on the surface we performed DFT cal-
culations of the diffusion barriers for a few configurations. Based on
the findings in the previous sections, we assume that we do not deal
simply with the diffusion of Au-adatoms, as the surface would then
slowly reconstruct at all locations on the sample. Therefore, in all of the
configurations that we considered, a decanethiol molecule participates.

First, we found possible adsorption sites for the bare decanethiol
molecule, then the Au-SR complex (the gold-decanethiol complex),
and finally the RS-Au-SR complex (a gold atom with two decanethi-
ols). All possible adsorption sites (upper, bridge, and hollow) on the
unreconstructed surface were tested. It was found that the bridge sites
are the most stable adsorption sites for the decanethiol molecule on
Au(001), where the S atom binds to two neighboring surface gold atoms
(the bridging motif). Similar behavior was found for methylthiolate on
Au(100) [40]. The activation barriers for diffusion from one bridge site
to another one for this system is 0.409 eV (see Fig. 6(A)).

Next, we investigated the diffusion of the Au-SR complex on the
unreconstructed surface. The most stable structure was found when the
Au-adatom is positioned in a hollow site. Note that the S atom is located
next to one of the four gold surface atoms. As in the previous case, a S
atom binds with two neighboring gold atoms. However, in this case, the
activation barrier for diffusion is one and a half times smaller and equal
to 0.285 eV (see Fig. 6(B)). The decrease in the value of the activation

barrier of the Au-SR complex is probably due to the weaker interaction
of the S atom with the gold atoms of the surface.

The more complex system (RS-Au-SR complex) was also investi-
gated. Fig. 6(C) shows two optimized configurations for the RS-Au-SR
complex. The most stable configuration (on the left panel in Fig. 6(C))
has the Au-adatom at the bridge site and the decanethiols are located
diagonally across two neighboring opposite bridge positions. The sec-
ond configuration (on the right panel) has the Au-adatom at the hollow
site and decanethiols lay diagonally across one Au square unit cell. The
activation barriers for diffusion from one configuration to another and
back are 0.308 eV and 0.117 eV, respectively. Therefore, a comparison
of the values of all activation barriers shows that the Au-SR complex is
the most mobile on the surface than the other presented configurations.
Note that the value of 0.285 eV is very close to the diffusion barrier of
~0.3 eV obtained in the study of Kim et al. for a bare Au-adatom on
the unreconstructed Au(001) surface [62].

Finally, we aim to explain the contrast observed in the heat map
in Fig. 5(B), or the generally more fuzzy appearance at the unrecon-
structed areas in all the data. We selected the most mobile Au-SR
complex and investigated its diffusion on top of the hex reconstruc-
tion. In Fig. 6(D) we present the results for diffusion along the [011]
direction, parallel to the hex row. Note that the hex reconstruction
features quite a large unit cell which is a challenge to model. That
is why, we present a simplified picture, based on Figure 1 from the
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Fig. 6. Values of activation barriers for diffusion and atomic model of the adsorption configuration on Au(001)-(1 x 1) for decanethiol (A), decanethiol with a gold adatom (B),
and a gold adatom with two decanethiols (C). Color code: Au (bottom) = light gold, Au (top) = dark gold, S = yellow, C = blue, H = white. (D) Activation barrier for diffusion
and atomic model for adsorption in the case of the Au(001)-hex surface and decanethiol with a gold adatom. Note that the molecule diffusion leads to distortions in the Au layers.

With red dots the unperturbed locations for the unreconstructed square lattice are given.

study of Hammer et al. [3]. We have modeled only a ridge area (la-
beled with “R” in the source). We have also assumed a commensurate
structure, without mismatch between the top hexagonal layer and the
second square layer of the Au surface. The obtained diffusion barriers
for the presented configuration are higher compared to the barriers
obtained for this complex on the unreconstructed surface. Therefore,
the presence of complexes on the surface is not in contradiction with
the contrast that we obtain in our data. Even for the configuration of
lowest diffusion barrier on the unreconstructed surface, diffusion will
be less likely on top of the hex portion of the surface. Note that the
diffusion of the molecule on top of the surface in (D) leads to distortion
of the whole structure as well (we have marked with red circles the
location of the unperturbed unreconstructed surface). This is still in
agreement with our data: the presence of too many molecules should
then lead to the total lifting of the hex reconstruction and the formation
of ordered phases. This is, however, not yet the case everywhere on
the surface. Also, as for the unreconstructed surface, the obtained here
diffusion barriers for the hex surface are also comparable to the self-
diffusion barrier for an Au adatom. Trembulowicz et al. have obtained

in an STM study a 0.32 eV barrier for the one dimensional diffusion
along the hex rows [63].

8. Discussion

The fuzzy appearance in the STM images presented in this pa-
per can be assigned to diffusing species: Au adatoms or decanethiol
molecules. At this stage, Au-adatom-molecule complexes cannot be
excluded. While these species diffuse quite fast, judging by the lack of
ordering, the coverage is probably too low in order to form ordered
decanethiol phases. The disordered regions are also confirmed to be
more dynamic based on I(t) spectroscopy data.

It can be speculated that some of the Au-adatoms released during
the lifting of the hex reconstruction have been already ejected back
to the surface: partially reconstructed Au islands are present, as well
as the occasional few hex rows. However, the remaining Au-adatoms
are still in the phase of diffusion on top of the surface, probably
participating in molecular complexes. Only very locally the growth of
the hex reconstruction was observed.
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Exactly after the lifting of the hex reconstruction, we are provided
with an adatom coverage of 6 ~ 0.25. In the case of lifting the
herringbone reconstruction, the coverage is only about § ~ 0.04. To
form enough staples, established as the building blocks of thiols on
Au(111), additional Au atoms are picked from the terraces (and step-
edges), which explains the presence of vacancy pits. As the Au(001)
surface provides higher adatom coverage, it may not be necessary to
create additional vacancy pits in the substrate terraces.

The highest coverage reported for alkanethiol phases on Au(001)
corresponds to the so-called « phase [27,28,30,31]. The highest cover-
age reported for this phase is § = 0.44 ML [30,31]. Assuming that this
phase coexists with other ordered phases, such as the g phase (6 ~ 0.33),
it becomes clear that the adatoms available upon lifting of the hex
reconstruction would not be quite enough to be the building blocks
of these phases. Even if we assume that two thiol molecules bind to
the same Au-adatom, then the surface must remain mostly free of Au
islands, while such are, however, frequently observed for thiol SAMs
on Au(001). Additionally, some phases that we mentioned are reported
to grow in regions where the hex reconstruction is not fully lifted.
Therefore, assuming the staple as a building block of decanethiol phases
on Au(001) is a challenging view. However, when we take into account
that adatoms can be supplied by pre-existing step-edges or incorporated
locally into new Au-adatom-island reservoirs, suddenly the constraints
regarding the formation of the complexes are loosened. Of course, when
the coverage of decanethiol molecules is high enough, it would be
crucial how the potentially present Au-molecule complexes interact
with each other. Considerable re-arrangements may still take place,
which does not in particular negate the presence of molecule-adatom
complexes as transport units.

Because Au(001) is a more open surface compared to Au(111), it is
likely to expect that in the bridging motif, preferred on Au(001), the
S-Au bonds are stronger and thiols are more strongly bound [40]. The
higher stability of thiols on Au(001) w.r.t. SAMs on Au(111) has been
already confirmed [64]. It is, therefore, not likely to have molecules
on the Au(001) surface which participate in an ongoing diffusion
process. Our results are in agreement with these previous reports: the
diffusion barrier for bare decanethiol molecules is the highest among
the configurations that we have considered. At the same time, we took
a step further and considered two types of Au-molecule complexes.
Even the complicated 2-molecule complex, shown in Fig. 6(C) is more
mobile than a bare decanethiol molecule. These results are also in
agreement with studies for thiols on Au(111): it was shown that the
staple has lower diffusion barrier than the bare thiol radical [65]. The
diffusion barriers that we obtain are also higher than the barriers for
Au(111) [50]. Our results can also explain the contrast in dynamic
behavior in the STM data presented. The Au-SR complex, which apart
from bare Au-adatoms, based on the obtained diffusion barriers, is the
most likely diffusing complex on the unreconstructed Au(001) surface,
features a lower diffusion barrier for the unreconstructed surface as
compared to the reconstructed portions of the surface.

9. Conclusion

We presented a study of decanethiol SAM on Au(001) in the lowest
coverage regime for which no ordered phases form. Based on the
observed dynamics in the STM data, we suggest that molecule-Au-
adatom complexes continuously diffuse on top of the surface, but the
coverage is too low in order to form nucleation centers and onset the
growth of phases. Based on DFT results, we showed that the most likely
diffusing moieties are Au—-SR complexes in which a single decanethiol
molecule binds to a Au-adatom. Even if two molecules bind to a single
Au-adatom, the diffusion barrier remains lower compared to a bare
thiol.

Considering the theoretically available Au-adatoms after the lifting
of the hex reconstruction, it is clear that at higher coverage there
would be hardly enough complexes to build the generally reported thiol
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phases if we consider that each molecule (or each two molecules) are
bind to a Au-adatom. However, adatoms can be also supplied from step
edges, which is hard to trace when the growth is not observed in real
time. How ordered decanethiol phases exactly form is beyond the scope
of our research. Such information will be accessible by depositing the
thiol molecules in-situ in UHV conditions, preferably both on Au(001)-
hex and Au(001)-(1 x 1) at various coverage limits. This comparison
will be crucial while observing the growth in real time. Nevertheless,
our results suggest the universal conjecture that irrespective of the
surface orientation, molecule-Au-adatom complexes may remain the
main diffusing units on the gold surfaces. We speculate that the lack
of Au-vacancy pits should no longer be considered a sufficient proof
for the lack of complexes formation.

The complexes should be also more frequently addressed in com-
putational studies. Even if it is not likely to have all phases build up
by complexes, exploring the interactions between neighboring entities
on the surface is still crucial for the understanding of how phases may
form and stabilize. The low coverage regime is especially interesting,
as the supplied atoms by the lifting of the hex reconstruction are still
enough to form complexes with most of the molecules.
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