VOLUME 90, NUMBER 6

PHYSICAL REVIEW LETTERS

week ending
14 FEBRUARY 2003

Adsorption of Thiolates to Singly Coordinated Sites on Au(111) Evidenced
by Photoelectron Diffraction
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The adsorption structure of methylthiolate (CH3S) adsorbed on Au(111), a long-standing controver-
sial issue, has been unambiguously determined by scanned-energy and scanned-angle S 2p photo-
electron diffraction. The methylthiolate molecules are found to occupy atop sites with a S-Au distance
of 2.42 + 0.03 A. The angular distribution of the S 2p photoelectrons due to forward scattering reveals
that the S-C bond is inclined by approximately 50° from the surface normal towards both the [211] and

[121] (nearest-neighbor thiolate) directions.
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Self-assembled monolayers (SAMs) of alkanethiols on
Au(111) are the prototypical SAM system, and their
structure and growth have been extensively studied with
many surface-science techniques [1]. Although a consen-
sus of the molecular-level picture for the growth mecha-
nism has already emerged [2,3], the structure of the
alkanethiol SAMs on Au(111), particularly the structure
at the molecule/substrate interface, has been controversial
both from the experimental and the theoretical points of
view [4-16].

In the early years it was usually assumed that alkane-
thiol molecules are dissociatively adsorbed in the form of
Au-thiolate at threefold hollow sites on the (111) surface
of gold. This picture has been first challenged by grazing-
incidence x-ray diffraction study [4], where it was pro-
posed that the surface thiolates form dimers and adsorb as
disulfides. Although this model was supported by subse-
quent studies using sum frequency generation [5], tem-
perature programmed desorption [6], and x-ray standing
wave (XSW) method [7], a high-resolution energy loss
spectroscopy study [8] reported that the disulfidelike sur-
face complex is not formed at room temperature (RT) but
at an elevated surface temperature (375 K).

As for the theoretical side, recent density functional
theory (DFT) studies on CH;S/Au(111), which is the
simplest alkanthiolate/Au adsorption system, reached
two different conclusions; Gronbeck et al [9] and
Yourdshahyan et al [10] concluded that the fcc-hollow
site is energetically the most favorable one and that the
S-C bond is aligned along the surface normal, while
Morikawa et al [11,12] found that methylthiolate is
bound at the bridgelike position, which is shifted from
the regular bridge position slightly toward the fcc-hollow
site (hereafter denoted by the fcc-bridge site) as shown in
Fig. 1, with the S-C bond significantly tilted from the
surface normal. The latter finding was further supported
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by subsequent DFT calculations using a Au(111) cluster
[13] and a slab [14]. Very recently, a STM study on
cysteine-adsorbed Au(110) revealed the existence of a
significant amount of surface vacancies, and it has been
proposed from DFT calculations that the S atoms of
cysteine sit at bridgelike sites on the defected surface
[15]. In connection to this study, the latest theoretical
work claims that the methylthiolate SAM on Au(111) is
also stabilized by a vacancy structure in the first Au layer
[16]. However, several theoretical groups have recently
pointed out that current DFT calculations do not always
give correct structural predictions particularly for adsor-
bates on nobel-metal surfaces [17]. It is strongly desirable
to determine the adsorption structure of the thiolate on
Au(111) experimentally.

In this Letter we report the structure of CH3S adsorbed
on a Au(l11) single crystal surface unambiguously
determined by scanned-energy and scanned-angle photo-
electron diffraction (PD) [18]. Contrary to the above
theoretical predictions, the results of the two PD mode
measurements indicate that CH;S is located at the atop

FIG. 1. Schematic illustration for high-symmetry sites on the
unreconstructed (111) surface of Au. The fcc-bridge site that is
considered to be energetically most stable according to the
recent theoretical studies [11-14] is also indicated.
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position of the defect-free Au(111) surface. It is also found
that the S-C bond is considerably bent from the surface
normal.

The PD experiments were carried out at the beam line
7A in the Photon Factory [19]. The end station at this
beam line is equipped with a hemispherical analyzer
(GAMMADATA-SCIENTA SES-2002) for collection of
photoelectron spectra, along with a five-axes sample
manipulator. A Au(111) single crystal surface was cleaned
by repeated cycles of Ar ion bombardment and annealing
at 820 K. The crystal axes of the Au(111) surface
were determined by low-energy electron diffraction
(LEED) and scanned-angle photoelectron diffraction.
Methylthiolate monolayers were prepared by exposing
the clean Au(111) surface to the vapor of dimethyldisul-
fide (CH3SSCH;) at RT, which is dissociatively adsorbed
on Au(111) as methylthiolate [11]. Saturated methylthio-
late monolayers on Au(111) gave (+/3 X +/3)R30° LEED
pattern which disappears within 60 s. High-resolution S
2p photoelectron spectra for the methylthiolate mono-
layers without electron-beam irradiation exhibited a
single spin-orbit component at 161.9 and 163.1 eV for
2ps/; and 2py ,, respectively. It was carefully confirmed
that no x-ray—induced decomposition took place after
each scan [20]. Scanned-energy data were collected
over the photon energy range of 190-550 eV (kg,, =
2.8-10.1 A™") for several polar and azimuthal emission
angles. The angular acceptance of the analyzer is *5°.
Scanned-angle data were obtained over the polar angle
range of § = 0-85° from the surface normal along the
major three azimuths, [211], [110], and [121] as indi-
cated in Fig. 1. All the data sets were acquired at RT
without any annealing. Each S 2p intensity was normal-
ized with the photon intensity for the scanned-energy
data and with the C 1s intensity for the scanned-angle
data, respectively. The diffraction modulation function
was extracted from the intensity-energy and intensity-
angle spectra using the y function, defined as y = (I —
1y)/1,, where I and I, are the diffractive and nondiffrac-
tive intensities [18].

Figure 2(a) shows scanned-energy PD modulation
functions taken at several emission directions for a satu-
rated methylthiolate monolayer formed on Au(111) at RT.
The normal-emission function exhibits strong oscilla-
tions with almost a single period, while the grazing-
emission functions show significant decrease of the
oscillation amplitudes. Since single-period strong oscil-
lations are characteristic of a 180° scattering from a near
neighbor [18], such angular dependence suggests exis-
tence of a Au atom beneath the S atom of the thiolate.
This is further supported by comparison between the
experimental functions and theoretical simulations. The
simulations were performed using the multiple scattering
calculation of diffraction (MSCD) package developed by
Chen and van Hove [21], which is based on the spherical-
wave multiple-scattering theory. A cluster with more than
200 atoms was used to model the adsorption geometry.
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FIG. 2. (a) Solid curves: scanned-energy S 2p PD modulation

functions y(k)s recorded in different emission directions for a
saturated CH3S monolayer adsorbed on Au(111) at room tem-
perature. Dashed curves: theoretical simulations for the best-fit
atop adsorption model. (b) k>-weighted R factors of the simu-
lations for the normal-emission curve as a function of the S-Au
distance. Simulations are for the (v/3 X +/3)R30°-S adlayer on
Au(111) at five possible adsorption sites. Inset: R-factor change
for a (v/3 X +/3)R30°-CH;S structure bonding to the atop site
with the S-C axis tilted by 50° from the surface normal and
aligned along [211] azimuth (see text) as a function of the S-
Au distance. Horizontal arrows at the top indicate the possible
range of S-Au distance for each site obtained from geometrical
optimization in the previous DFT studies [11-14].

Based on the LEED observation, the (+/3 X +/3)R30°
periodicity was assumed for the two-dimensional ar-
rangement of methylthiolate in all the simulations. We
have investigated the optimum S-Au distance for each site
through the R-factor analyses [18] for the normal-
emission data. Since the difference between the simulated
functions with and without the carbon moiety is fairly
small, carbonless models were used for a rough survey
for the optimum S-Au distance. Variation of the
k*>-weighted R factor for each site is shown as a function
of the S-Au distance in Fig. 2(b). Obviously, only the atop
model presents a clear minimum of the R factor at 2.42 A,
while the other models give no apparent minimum. In the
inset is shown the R-factor change obtained by simula-
tions for a carbon-including atop model where the S-C
bond axes are tilted by 50° from the surface normal and
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aligned along [211] azimuth. The direction of the S-C
axes was deduced from the scanned-angle experiments
described below. The R-factor minimum was further low-
ered by including the C atom and found at 2.42 + 0.03 A
again. These results provide firm evidence for the atop
adsorption contrary to the previous DFT studies where the
atop site is energetically the most unfavorable [11-14].
This atop model gives the best fit to all the scanned-
energy PD modulation functions as shown in Fig. 2(a)
(dashed curves).

Scanned-angle PD data were taken at a wave number of
9 A~!, where photoelectron diffraction is dominated by
the forward scattering by the carbon atoms [18]. From the
data recorded at the forward-scattering mode the orien-
tation of the S-C bond is elucidated. Figure 3(a) shows S
2p intensity change as a function of polar emission angle
(0) taken at k =9 A~ in the planes along [211], [121],
and [110] azimuths. Each S 2p intensity is normalized by
the corresponding C 1s intensity. Although the signal to
noise ratio is relatively poor due to the high wave number
used here, the angle dependence taken for[211]and[121]
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FIG. 3. Scanned-angle S 2p PD data for a CH3S monolayer
saturated on Au(111) at room temperature. (a) Polar angle (6)
dependence of the S 2p intensity normalized by the C 1s one
(solid circles) at a wave number of k = 9 A~" recorded along
three different azimuths, [211], [121], and [110]. Solid lines
are guides for the eye. Dashed lines show multiple scattering
simulations for atop CH;S structures with the S-Au distance of
2.42 A and with the S-C axes tilted by 50° from the surface
normal and aligned along [211], [121], and their symmetri-
cally equivalent four azimuths. (b) Scanned-angle PD modu-
lation functions y(@)s (solid line) at a wave number of
k=3 A" recorded along the three different azimuths.
Simulated modulation functions are shown as dashed
lines for tlhe same geometries as used in the left panel but at
k=3A"".
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azimuths, i.e., the nearest-neighbor (NN) direction of the
(\/§ X \/§)R30° lattice, exhibits a broad peak centered at
around 50°. On the other hand, no apparent peak is
observed for the [110] azimuth, i.e., second-nearest-
neighbor direction. This clear difference in angle depen-
dence leads us to conclude that the S-C bond of the
methylthiolate prefers tilting towards the NN directions.
Dashed lines in Fig. 3(a) are results of the simulations
assuming that the S-C bond is tilted by 50° from the
surface normal along [211], [121], and their symmetri-
cally equivalent four azimuths. It is confirmed from the
simulation that the tilting towards the NN directions
causes no prominent peak along the [110] azimuth. The
observed angle dependences for the (211) azimuths are
broader than the simulated ones. This suggests that the
S-C tilt angle has a static and/or dynamic distribution in
the plane perpendicular to the surface at RT. In fact, the
previous STM observations of methylthiolate monolayers
formed on Au(111) at RT revealed significant molecular
motion faster than the scanning rate of STM tips [22],
supporting the dynamic distribution of the tilt angle.

In Fig. 3(b) is depicted scanned-angle modulation
functions y(6)s recorded along the three azimuths at k =
3 A~! where backward scattering from Au atoms domi-
nantly contributes to diffraction. This gives information
about the adsorption site. R-factor analyses for the y(0)
functions were performed to determine the most favor-
able site, and the results are listed in Table I. As evidenced
in the comparison of the R factors, the atop site model
gives the best fit to the experimental results again.
Simulated y(#) functions using the atop site model are
shown as dashed lines in Fig. 3(b). Both of the scanned-
energy and scanned-angle PD analyses for the methyl-
thiolate monolayers indicate that the atop site is the most
probable site. A structure model thus determined by the
present PD analyses is shown in Fig. 4. The methylthiolate
molecules are bound to the atop sites with the S-Au
distance of 2.42 + 0.03 A and with the S-C bond axes
tilted by approximately 50° from the surface normal
towards the (211) (NN) directions. It should be noted
that in the previous XSW study on the structure of a
C10-thiolate/Au(111) system Fenter et al. proposed the
asymmetric dimer model in which one of the two sulfur
head groups is located at the atop site with a vertical
height of 2.21 A and the other one at the fcc-hollow site
with 2.97 A [7]. From the large difference in vertical

TABLE L. R factors for the best fit to the y(6) functions from
the scanned-angle data obtained for three azimuths with a
fixed wave number of photoelectron of k =3 A~

fcc hep Bridge Atop

[gll] 0.507 0.712 0.837 0.185
[121] 0.946 1.334 0.524 0.547
[110] 0.962 1.394 1.264 0.400
Average 0.805 1.147 0.875 0.377
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FIG. 4. Schematic side and top view of the best-fit adsorption
geometry of (v/3 X +/3)R30°-CH;S on Au(111). The hydrogen
atoms are indicated at tentatively assumed positions.

height between the two sulfur atoms they considered that
the dimer is bound primarily through only the atop sulfur
atom, which is consistent with the present result.
Although we carefully investigated the dimer model
[7], evidence for the sulfur pairing was not found, at least
in the present system.

Very recently the STM study on a thiolate adsorbed on
Au(110) revealed that the thiolate adsorption causes regu-
lar vacancies in the first Au layer [15]. The subsequent
DFT study of CH;S-induced vacancy on Au(111) found
that adsorption of CH3S at low-coordination sites on the
(/3 X \/3)R30° vacancy structures in the topmost Au
layer is energetically more stable with respect to the
best model (fcc-bridge model) on the perfect Au(111)
surface [16]. Simulated y(k) functions for the vacancy
models were compared with the present experimental
results, but the predicted structures do not reproduce the
experimental functions. Furthermore, preliminary STM
observation for a CH;S-covered Au(111) surface con-
firmed that the topmost Au layer consists of a defect-
free (1 X 1) hexagonal lattice [23]. Thus the defect
models are excluded.

In conclusion, we have determined by PD the structure
of CH;3S molecules adsorbed on Au(111), which has been
under controversy, and found that they are adsorbed at the
singly coordinated sites with their molecular axes signifi-
cantly tilted from the surface normal towards (211) azi-
muths. Although the comparability of this result with
long-chain thiols is limited due to difference in intermo-
lecular interactions, the present study contributes to the
fundamental understanding of the Au-thiolate bond.
Detailed molecular-level measurements of the nature of
the binding of organic molecules to metallic surfaces,
such as those described in this Letter, may become
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important to the development of molecular electronic
devices.
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