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Abstract

p
The low-energy surface vibrational structure of the 11:5  3 striped phase of 1-decanethiol (C10 H21 SH) chemisorbed on a reconstructed Au(1 1 1) surface has been studied using a high momentum- and energy-resolution helium
atom scattering apparatus. Energy-transfer spectra for this system exhibit a dispersionless inelastic feature at 8 meV.
We assign this to the frustrated translation of the entire molecule vibrating with polarization perpendicular to the
surface. These results are in contrast to the absence of inelastic peaks in the time-of-¯ight spectra of ordered shorter
chain alkanethiols chemisorbed on copper surfaces. Dierences in the phonon spectra between these systems are attributed to the longer chain length, the chain orientation, and the weaker S±Au interaction. These results further the
understanding of the forces that govern nanoscale self-organization. Ó 2001 Published by Elsevier Science B.V.
Keywords: Atom±solid scattering and diraction ± elastic; Atom±solid scattering and diraction ± inelastic; Self-assembly; Surface
relaxation and reconstruction; Surface structure, morphology, roughness, and topography; Vibrations of adsorbed molecules; Gold;
Low index single crystal surfaces

1. Introduction
Self-assembled monolayers (SAMs) have garnered signi®cant interest recently owing to their
broad spectrum of potential scienti®c and technological applications [1±4]. From a scienti®c
standpoint, such monolayers can serve as tunable
models for understanding soft materials, such as
biological interfaces. Many more applied functions have also been suggested including corrosion resistance, tribology, and nanotechnology,
i.e. chemical sensors and molecular electronics.
*
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The most heavily studied class of SAMs is alkanethiols and, among these, 1-decanethiol C10  adsorbed on gold is the archetype [5±8].
The majority of these studies have focused on
structural characteristics utilizing a large ensemble
of real- and reciprocal-space surface probe techniques. Taken together, these experiments have
mapped out the distinctive phase diagram for ultrathin alkanethiol ®lms. For the purposes of this
study, the salient result from these experiments
is that there are two principal thermodynamically stable ordered structures for C10 =Au(1 1 1):
a lying-down,
low-density ``striped'' phase with
p
11:5  3R30° symmetry (see Fig. 2 inset)pand
aphigh-density ``standing'' phase with c 4 3 
2 3R30° symmetry.
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Understanding the internal and external vibrational characteristics of SAMs is a direct route to
dissecting the interplay of forces involved in the
process of self-assembly. Development of more sophisticated and functional self-organizing structures will only be possible once these subtleties are
understood. Only recently, however, have experimentalists begun to probe the low-energy dynamics of these systems, although molecular dynamics
simulations have previously suggested an interesting vibrational structure for such systems [9].
Related physisorption systems, such as alkanes,
have been similarly characterized [10±12]. Speci®cally, a wide variety of hydrocarbon monolayers
have exhibited a frustrated translation of the
whole molecule normal to the surface (FTz mode),
while studies involving Langmuir±Blodgett ®lms
have tended to be dominated by multiphonon
scattering [13].
Vollmer et al. have searched extensively for
collective vibrations in several shorter chain-length
alkanethiols adsorbed on two copper surfaces [14].
Using helium atom scattering (HAS), they observed an FTz mode in the disordered, physisorbed
monolayers and multilayers but saw no quantized
inelastic features for the dense ordered phase of
either thiol chemisorbed on either surface. The
absence of such soft modes was attributed to two
characteristics: the short alkane chain length
(C2 H5 SH and C7 H15 SH, hereafter C2 and C7 , respectively) and the relatively strong sulfur±copper
interaction. By studying C10 =Au(1 1 1), both of
these concerns can be addressed. Furthermore,
vapor phase preparation and structural characterization of this particular SAM is well documented [8,15,16], but its low-energy vibrational
structure is an untapped source of information.
HAS is particularly well suited to this study since it
can study both structure and dynamics without the
threat of probe-induced damage to the SAM integrity [17].
2. Experimental
These experiments were carried out in a high
momentum- and energy-resolution HAS apparatus. Elastic and inelastic scattering events are ob-

served through diraction and time-of-¯ight (TOF)
measurements, respectively. This instrument has
been described in detail elsewhere [18,19], and its
design will only be summarized here. It consists of
a supersonic helium beam source, an UHV scattering chamber equipped with appropriate surface
characterization tools, and a rotating, long ¯ight
path (crystal to ionizer distance of 1.005 m) quadrupole mass spectrometer based detector. The angular collimation yields a resolution of 0.22° and
the Dv=v for a 32.3 meV beam (Tbeam  150 K,
 is less than 1%. The Au(1 1 1) crystal
k  0:80 A)
used in these studies was cleaned by repeated cycles of sputtering with 0.5 keV Ne ions followed
by annealing above 1000 K until contaminant
levels were below our Auger detection limit and
helium re¯ectivity was maximized. Surface crystallinity was con®rmed byp high quality helium
diraction from the 23  3 ``herringbone'' reconstruction [20,21] showing an unusually robust
full ®ve Bragg orders of diraction with a concomitant low level of diuse background (Fig. 1).
The average domain size, extracted from the
FWHM of the specular diraction peak with the

instrument function deconvoluted, is P 400 A.
Relative intensities of the non-specular superlattice
peaks are consistent with those observed by Harten et al. [20], suggesting an approximate peak (This value may be
to-peak corrugation of 0.07 A.
an underestimate due to the ``anticorrugation effect'' in helium scattering [22].)
The 1-decanethiol (Aldrich, 97%) was puri®ed
by repeated freeze±pump±thaw cycles and dosed
to scattering chamber back®ll pressures of approximately 10 7 Torr via a stainless steel tube
directed at the gold surface. This directed doser,
situated 1 cm from the surface, delivers a higher
eective local pressure at the target surface and is
employed for vapor phase deposition of organics.
High quality SAMs with domain sizes as large
as the underlying gold terraces were prepared by
dosing at a surface temperature of 280 K followed
by a ten minute anneal near the desorption temperature (Tanneal  480 K). Diraction from the
SAMs was obtained at 70 K to optimize the signalto-noise ratio of the elastic diraction by minimizing Debye±Waller attenuation. TOF spectra
were measured at a surface temperature of 100 K
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p
Fig. 1. (a) Helium diraction scan of the 23  3 reconstruction of Au(1 1 1) in the h1 1 0i direction. Five orders of diraction are
observed on both sides of specular. Kinematic conditions: Ei  19:4 meV, hi  28:4°, Tcrystal  200 K. (b) Top view schematic of the
Au(1 1 1) reconstruction. Solid circles are the top layer and open circles are the second layer. The topmost layer is compressed by 4.4%
along the h1 1 0i azimuth leading to a smooth and periodic variation in the registry with the second layer from ABC to ABA to ABC
stacking. This compression creates an enhanced charge density corrugation easily detected by surface-sensitive helium diraction.

to allow for sucient thermal motion of the
monolayer while still maintaining a strong signal-

to-noise ratio. All data were recorded by scattering
along the h1 1 0i azimuth.
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3. Results
A characteristic diraction scan of the wellp
known, chemisorbed, low-density 11:5  3
striped phase of C10 =Au(1 1 1) obtained via a 20
L dose at the target is shown in Fig. 2. An average
 is inferred from the
domain size of at least 400 A
width of the diraction peaks as there is no
broadening added to the substrate specular peak
width. After verifying the quality of the SAM,
TOF spectra were obtained at incident beam energies of 21.5, 32.3, and 43.1 meV to ascertain the
optimal condition for phonon spectroscopy of this
system. Representative spectra are displayed in
Fig. 3.

At the lowest incident energy studied, approximately the same as that which resulted in an FTz
mode for C2 and C7 on Cu [14], inelastic features
were barely perceptible above the background
(Fig. 3a). Energy-transfer peaks emerged when the
incident energy was increased to 43.1 meV but the
multiphonon background intensity was signi®cant
(Fig. 3c). With the goal of measuring discrete lowenergy vibrations in mind, Ei  32:3 meV was selected as a compromise because a clear inelastic
peak was observed and the multiphonon intensity
was moderate (Fig. 3b). Dispersion measurements
performed at this beam energy reveal an Einstein
mode at DE  8 meV, where the creation event
is observed for all values of parallel momentum

p
Fig. 2. Helium diraction scan of one of the three equivalent domains of the 11:5  3 striped phase of 1-decanethiol on Au(1 1 1) in
the h1 1 0i direction. The other two domains are structurally identical and rotated 120° from this domain. Four orders of diraction
are observed on both sides of specular. Kinematic conditions: Ei  5:6 meV, hi  30:9°, Tcrystal  70 K. Inset: Top view schematic of
one domain of the striped phase.
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Fig. 3. Representative energy-transfer spectra at (a) Ei  21:5 meV, (b) 32.3 meV, and (c) 43.1 meV (hi  35:9°, Tcrystal  100 K) for the
striped phase of 1-decanethiol on Au(1 1 1). The principal inelastic feature at DE  8 meV, seen most clearly in (b), corresponds to the
frustrated translation of the entire molecule normal to the surface (FTz mode). The broad background in (b) and (c) is a product of
multiphonon energy exchange.

transfer, but annihilation events are only seen at
sub-specular angles (Fig. 4). We attribute this

feature to the external vibration of the entire
molecule with polarization perpendicular to the
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axes. Studies of this eect will be examined in future experiments.

4. Discussion

Fig. 4. Dispersion curve summarizing inelastic data
(DE  energy transfer with respect to the He beam) for the
striped phase of 1-decanethiol on Au(1 1 1) for Ei  32:3 meV,
hi  35:9°, and Tcrystal  100 K. The circles denote the FTz
Einstein mode and the squares represent the most probable
multiphonon energy transfer (multiphonon peaks were quite
broad: 6 meV FWHM). The multiphonon and creation
 1 are from the energyphonon data points at DK  0:09 A
transfer spectrum shown in Fig. 3b.

surface. Such dispersionless features have been
seen in atomic [23,24] and molecular systems
[10,14]. Moreover, internal modes of the hydrocarbon chain are expected to be somewhat lower in
energy [9].
It is not clear that the inelastic features observed
in this experiment arise solely from the domain
analyzed via diraction. The structure of this
overlayer consists of three equivalent domains of
molecules with stripes rotated by 120° with respect
to each other. The diraction data shown in Fig. 2
represent scattering from the domain in which the
beam impinges parallel to the molecular axes.
Broadside collisions arising from other domains
may also participate in inelastic encounters leading
to excitation of FTz vibrations. Note, however,
that the increased corrugation in this direction
dilutes the inelastic scattering. Broadside collisions
could be studied directly by scattering 30° away
from the diraction azimuth used here, since in
this geometry atoms would hit one of the other
striped domains perpendicular to its molecular

Similarity of the frustrated translational mode
to that seen for alkanes implies, despite the strong
chemisorption of the thiolate end group, that the
soft van der Waals interaction between the lyingdown hydrocarbon chain and the substrate dominates the observed low-energy phonon mode.
Following this assumption and using the harmonic
approximation, the ratio of the phonon energies
for ordered, chemisorbed C10 =Au and disordered,
physisorbed C7 =Cu should compare well with Eq.
(1):
r
nCH2 ;C10 mC10
 1:368
1
nCH2 ;C7 mC7
where nCH2 is the number of CH2 units participating in the van der Waals contact and m is the
molecular mass. Indeed, in strong agreement, the
ratio of the measured phonon energies is 1.333.
The fact that an external vibration is observed at
all (whereas none is observed for chemisorbed,
standing C2 or C7 on copper) suggests that neither
chemisorption nor order of the monolayer has a
signi®cant impact on the frustrated translational
mode. There are two plausible explanations for
the slight disagreement of the two ratios. A ¯at
molecule chemisorbed at one end will have a
somewhat shorter eective length than its fully
physisorbed counterpart. Perhaps more importantly, the minor discrepancy between the two
ratios is likely a product of the dierent substrates,
for which one would expect to have dierent effective force constants.
In fact, the substrate may be the key to understanding why a phonon is observed for C10
chemisorbed on Au(1 1 1) but not for C2 or C7
chemisorbed on Cu(1 0 0) and Cu(1 1 0). The sulfur-substrate interaction is much stronger for
copper than for gold, leading to a local relaxation
of the substrate atoms in the vicinity of the adsorbate and hence a stier bonding contact [25].
Furthermore, there is a qualitative structural dis-
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parity between these two systems, namely the orientation of the alkane chain relative to the surface
(parallel for this experiment and 13° from normal for the copper study). Unraveling the contributions from these two eects can be achieved by
probing the low-energy dynamics of the c(4  2)
standing phase for decanethiol on gold ± a current
area of study in our group. These experiments can
also serve to empirically assess a recent molecular
dynamics investigation of pentadecanethiol chemisorbed on Au(1 1 1) in the standing orientation
that reported a sizeable density of internal soft
modes below 10 meV [9]. It is presumably these
soft modes that inhibit helium diraction from
alkanethiol SAMs at surface temperatures above
200 K. The multiphonon background that partially masks the discrete features is a product of
scattering from many of these low-energy internal
vibrations. Freeing the hydrocarbon chains from
substrate interaction by forming the standing
phase may allow some of these states to be resolved.
In summary,
the dynamics of the well-ordered
p
11:5  3 striped phase of decanethiol chemisorbed on Au(1 1 1) were studied using highresolution helium atom scattering. In contrast
to ethanethiol and heptanethiol chemisorbed on
copper, a dispersionless low-energy vibrational
mode was observed at 8 meV and was attributed to
the frustrated external translation perpendicular to
the surface. Further investigations involving the
standing phase for this system will assist in identifying the source of this discrepancy. Together,
these studies will aid in the understanding of the
forces that control the organization of self-assembled structures and contribute to the development of novel nanoscale materials.

Acknowledgements
We thank Thomas Pearl for useful discussion
and we acknowledge input from Paul Fenter and
Peter Schwartz on the experimental details of diffraction from alkanethiols. This work was sup-

L319

ported by the NSF-MRSEC at the University of
Chicago (Award no. DMR-9808595) and an
award from the University of Chicago-Argonne
National Laboratory Collaborative Seed Grant
Program.

References
[1] A. Ulman, An Introduction to Ultrathin Organic Films:
From Langmuir-Blodgett to Self Assembly, Academic
Press, Boston, MA, 1991.
[2] A. Ulman, Self-Assembled Monolayers of Thiols, Academic Press, San Diego, CA, 1998.
[3] G.M. Whitesides, P.E. Laibinis, Langmuir 6 (1990) 87.
[4] L.H. Dubois, R.G. Nuzzo, Ann. Rev. Phys. Chem. 43
(1992) 437.
[5] P. Schwartz, F. Schreiber, P. Eisenberger, G. Scoles, Surf.
Sci. 423 (1999) 208.
[6] M. Toerker, R. Staub, T. Fritz, T. Schmitz-H
ubsch, F.
Sellam, K. Leo, Surf. Sci. 445 (2000) 100.
[7] P. Fenter, Thin Films 24 (1998) 111.
[8] G.E. Poirier, Langmuir 15 (1999) 1167.
[9] J. Hautman, M.L. Klein, J. Chem. Phys. 93 (1990) 7483.
[10] G. Witte, C. W
oll, J. Chem. Phys. 103 (1995) 5860.
[11] F.Y. Hansen, H. Taub, Phys. Rev. Lett. 69 (1992) 652.
[12] W.L. Manner, A.R. Bishop, G.S. Girolami, R.G. Nuzzo,
J. Phys. Chem. B 102 (1998) 8816.
[13] J.R. Manson, J.G. Skofronick, Phys. Rev. B 47 (1993)
12890.
[14] S. Vollmer, P. Fouquet, G. Witte, C. Boas, M. Kunat, U.
Burghaus, C. W
oll, Surf. Sci. 462 (2000) 135.
[15] F. Schreiber, A. Eberhardt, T.Y.B. Leung, P. Schwartz,
S.M. Wetterer, D.J. Lavrich, L. Berman, P. Fenter, P.
Eisenberger, G. Scoles, Phys. Rev. B 57 (1998) 12476.
[16] F. Balzer, R. Gerlach, G. Polanski, H.G. Rubahn, Chem.
Phys. Lett. 274 (1997) 145.
[17] M. Zharnikov, W. Geyer, A. G
olzhauser, S. Frey, M.
Grunze, Phys. Chem. Chem. Phys. 1 (1999) 3163.
[18] B. Gans, S.F. King, P.A. Knipp, D.D. Koleske, S.J.
Sibener, Surf. Sci. 264 (1992) 81.
[19] L. Niu, D.D. Koleske, D.J. Gaspar, S.J. Sibener, J. Chem.
Phys. 102 (1995) 9077.
[20] U. Harten, A.M. Lahee, J.P. Toennies, C. W
oll, Phys. Rev.
Lett. 54 (1985) 2619.
[21] J.V. Barth, H. Brune, G. Ertl, R.J. Behm, Phys. Rev. B 42
(1990) 9307.
[22] D. Farias, K.-H. Rieder, Rep. Prog. Phys. 61 (1998) 1575.
[23] K.D. Gibson, S.J. Sibener, Phys. Rev. Lett. 55 (1985) 1514.
[24] K.D. Gibson, S.J. Sibener, J. Chem. Phys. 88 (1988) 7862.
[25] A. Imanishi, K. Isawa, F. Matsui, T. Tsuduki, T. Yokoyama, H. Kondoh, Y. Kitajima, T. Ohta, Surf. Sci. 407
(1998) 282.

