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The surface plasmon dispersion of gold films with and without chemisorbed, alkane thiol self-

assembled monolayers (SAMs) has been investigated using high resolution electron energy loss spec-

troscopy (HREELS). For a bare Au(111) film, the surface plasmon energy (2.49 eV at the zone center)

shows a positive dispersion. After adsorption of ethylbenzenethiol or dodecanethiol SAMs, the plasmon

energy at the zone center blueshifts and the dispersion switches sign to become negative, thus mimicking

the behavior of a free-electron system. This striking behavior represents a benchmark for models of the

electronic structure of the gold-sulfur interface, as manifest both in SAMs and in monolayer-protected

nanoparticles.
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There is considerable interest, both experimental and
theoretical, in understanding the electronic excitations
which control the response of a metal surface to external
stimuli [1–8]. The dispersion of the surface plasmon en-
ergy as a function of momentum parallel to the surface (qk)
manifests the fundamental nature of the charge screening
by the surface [4,8]. Similar considerations apply to metal
cluster plasmons as a function of cluster size [5,7]. Free-
electron metals [3,8] show a negative dispersion at small qk
(<� 0:15 �A�1), but Ag [4,6] shows a positive dispersion
as well as a large redshift in the plasma frequency at qk ¼
0 compared with that expected from the free-electron
model. Both effects are attributed to the screening of the
s electrons by the d band charge density [4,6]. In this work
we report the plasmon dispersion of the Au(111) surface,
before and after addition of SAMs, thus illuminating the
surface electronic structure of the planar sulfur-gold inter-
face [9–12]. We relate the results to the sulfur-gold inter-
face of thiol monolayer-protected nanoparticles [13–16]
and develop a benchmark for models of the electronic
structure of the gold-sulfur interface. Both the SAMs and
the nanoparticles are currently prominent both in science
and in applications [17] on the nanometer scale.

It is a curious fact that, although gold is exploited in the
surface plasmon resonance sensors now used extensively in
the biosciences [18], the plasmon dispersion of the Au
surface has not been reported. Moreover, the nature of
the bonding of SAMs to the Au(111) surface is again a
topic of lively debate [9–12]. Our HREELS measurements
show that the surface plasmon dispersion of bare Au(111)
is positive but the formation of SAMs blueshifts the plas-
mon energy at qk ¼ 0 and causes the initial dispersion to

switch sign, indicating a suppression of the screening of the
s electrons by the gold d band in the new surface complex.

Gold films around 90 nm thick were grown on mica by
thermal evaporation with the substrate temperature held at
350 �C. This procedure generates the low energy (111)

surface [19,20] and produces large terraces a few hundred
nanometers across, as observed in atomic force microscopy
(AFM) images. The gold films were introduced into an
ultrahigh vacuum (UHV) chamber and sputtered usingArþ
ions (500 V, 1 �A, 10 min), followed by annealing at about
400 �C (30 min). Several cycles were employed to obtain a
clean surface. The surface plasmon measurements were
performed using an (LK3000) HREELS instrument. For
these bare Au films, the incident energy was 20 eVand the
detection angle set at 60� or 70� with respect to the surface
normal (the monochromator is rotatable). Two kinds of
SAMs (4-ethylbenzenethiol [HSðC6H4ÞCH2CH3] and do-
decanethiol [HSðCH2Þ11CH3] were prepared by immersion
of similar gold films in 1 mM solutions for 24 h. After
drying the samples in air, the surface plasmon measure-
ments were carried out in UHV with incident energies in
the range 32.5–40.0 eV and detection angle 60� with re-
spect to the surface normal.
Representative energy loss spectra showing the surface

plasmon of the bare Au(111) surface are presented in Fig. 1
for different values of qk (obtained by rotating the mono-

chromator). The chosen energy resolution was normally 25
to 35 meV and the analyzer acceptance angle was 2.5�.
Figure 1(a) is an example of the raw data together with a
polynomial (in this case approximately linear) background
fitted�1 eV either side of the peak base. After background
subtraction, Fig. 1(b), the peak itself is fitted with an
(asymmetric) modified Gaussian function. All the spectra
in Fig. 1(b) show an asymmetric energy loss peak; the tail
on the higher energy side is possibly associated with inter-
band transitions.
Figure 2 displays the dispersion of the surface plasmon

of the bare Au(111) surface, obtained from the fitted peak
positions such as those shown in Fig. 1. The vertical (i.e.,
energy) error bars shown derive from the numerical fitting
error; the scatter of the data points (see Fig. 4 below, for
example) suggests a measurement error of up to about
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60 meV. The solid line is the best fit to the data of a second-
order quadratic function, which is given by !sp ¼ 2:49þ
0:40qk þ 1:70q2k. It is evident from the data that the initial

surface plasmon dispersion of Au(111) is positive. The
dispersion of the Ag(111) surface plasmon is also positive
and is explained by the s-d polarization model [6]. In this
scheme, screening of the 5s electrons by the 4d band
electrons explains the relatively low bulk and surface
plasmon frequencies compared with the free-electron
model. However, some of the 5s electrons spill out of the
surface beyond the more confined 4d electrons; large
values of qk correspond to the higher frequency s electron

oscillations in this outer surface region. Our experimental
results suggest that the same model holds good for gold
(i.e., for its 6s and 5d electrons). The relatively low energy
onset of the interband transitions in Au compared with
Ag [21,22] does not seem to disturb this picture, but is
reflected in an enhanced damping of the Au plasmon (the
measured width from Fig. 1(b) is�600 meV at qk ¼ 0 for
Au, but only �100 meV for Ag [4]). Moreover, the mea-
sured surface plasmon energy for Au in Fig. 1(b) at the
zone center (2.49 eV) is lowered by �60% from the free-
electron gas value (�6:4 eV [23]) by the d band screening.
For Ag the shift is only �40% [4]. This difference in the
degree of screening is confirmed by thermalization mea-
surements [24].
Figure 3 shows the surface plasmon dispersion for the

4-ethylbenzenethiol SAM on Au(111); the bare Au(111)
result is reproduced for comparison. Two notable changes
are induced by adsorption of the SAM. First, the initial
dispersion switches from positive to negative slope at small

qk (<0:13 �A�1). Secondly, the plasmon energy at qk ¼ 0
shifts from 2.49 eV for bare Au to 2.64 eV when the SAM
is adsorbed. Both effects are consistent with an enhanced
degree of free-electron behavior in the gold surface layer.
The best quadratic fit to the data is given by !sp ¼ 2:64�
0:45qk þ 1:73q2k. Figure 4 presents the dispersion of a

second SAM, an annealed [25] dodecanethiol monolayer
on the Au(111) surface. The experimental results, fitted by
the quadratic function !sp ¼ 2:62� 0:26qk þ 0:90q2k,
show exactly the same trends as the first SAM—a negative
dispersion at small qk and a blueshift of the surface plas-

mon energy at qk ¼ 0 (to 2.62 eV). We conclude that the

significant changes in the behavior of the Au(111) surface

FIG. 2. Surface plasmon dispersion of the bare Au(111) sur-
face as a function of parallel momentum transfer, qk. The

incident electron energy is 20 eV and the detection angle 60�
(circles) or 70� (squares) with respect to the surface normal. The
solid line is the best parabolic fit to the data.

FIG. 1. Electron energy loss spectra from the bare Au(111)
surface. (a) Example of raw data and background; (b) spectra for
different values of parallel momentum transfer, qk, after back-
ground subtraction. The incident electron energy is 20 eV and
detection angle 60� with respect to the surface normal. Each
surface plasmon peak energy (and associated error bar) is
determined by fitting the smoothed data to a modified (asym-
metric) Gaussian function.
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plasmon upon adsorption of the SAMs depend mainly on
the local electronic structure [26,27] at the sulfur-gold
interface, rather than on the electronic structure of the
molecular chain.

The dispersion of the surface plasmon of the
SAM-Au(111) system represents a new and sensitive probe
of the atomic or electronic structure of the sulfur-gold
interface. Ideally, one would like to compare the measured
plasmon dispersion with the competing theories of bonding
via first-principles calculations of the surface plasmon
dispersion based on the particular atomic models [9,11]
of the interface, e.g., the formation of gold-sulfur com-
plexes on top of the Au(111) surface [11]. In the absence to
date of first-principles calculations of surface plasmon
dispersion—except for a few elemental surfaces [3,4]—
we focus attention on those features arising from the
experiment (explicitly and implicitly) which the bonding
models will need to account for.

Recent x-ray diffraction measurements of thiol-
passivated gold nanoclusters reveal a gold core surrounded
by gold-containing thiolate complexes [15,16], while first-
principles electronic structure calculations [13] expose the
electron counting rules and closed electronic shells (magic
numbers) which stabilize these structures. Relevant to the
planar interface is the conclusion that the gold-thiolate
complexes cause 6s electron localization and withdrawal
(a polarized covalent bond is formed) from the gold core
(at the rate of one 6s electron per adsorbed complex). This
feature is (qualitatively) consistent with mainstream views

of SAM bonding to planar Au, and if replicated at the
Au(111) surface, such bonding would remove the low
density tail of the surface 6s electron spillout from the
surface plasmon [26]. The mean 6s electron density asso-
ciated with the plasma oscillation would therefore be
higher and—if we set aside for a moment d band screen-
ing—the zone center surface plasmon frequency would
blueshift (as observed). However, once we add in the
type of d band screening discussed earlier, we realize
that curtailing the s electron spillout would actually tend
to redshift the surface plasmon energy via enhanced 5d
band screening (assuming no change in the d band con-
finement). Therefore, if our reasoning is correct, the ex-
perimental blueshift requires of the bonding theory that the
5d bands of the gold surface must also be modified by the
SAM. Indeed, reported ultraviolet photoelectron spectros-
copy (UPS) measurements of octanethiol [CH3ðCH2Þ7SH]
monolayers on Au(111) [28] do suggest a modest shift in
the density of the Au 5d band states to deeper energies. If
such a shift were associated (reasonably) with increased
localization of the d band electrons, thereby reducing the
interband screening of the 6s electron plasmon, a blueshift
of the surface plasmon frequency at the zone center could
follow, together with a switch to the negative initial dis-
persion characteristic of s electrons which are more free
(i.e., less strongly screened by the d band) [4], i.e., the two
principal features observed experimentally could both be
accounted for. These new measurements thus present a

FIG. 3. Surface plasmon dispersion of a 4-ethylbenzenethiol
self-assembled monolayer on Au(111). The incident electron
energies employed are 32.5 eV (circles) and 35.0 eV (squares)
and the detection angle is 60� with respect to the surface normal.
The solid lines represent the best parabolic fits to the data (for
positive and negative values of qk). For comparison the surface

plasmon dispersion of bare Au(111) is also presented (dashed
line, from Fig. 2).

FIG. 4. Surface plasmon dispersion of a dodecanethiol SAM
on Au(111). The incident electron energies employed are
32.5 eV (circles), 35.0 eV (squares), 37.5 eV (upward-pointing
triangles) and 40.0 eV (downward-pointing triangles) and the
detection angle is 60� with respect to the surface normal. The
solid lines represent the best parabolic fits to the data (for
positive and negative values of qk). For comparison the surface

plasmon dispersion of bare Au(111) is also presented (dashed
line, from Fig. 2).
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challenge to quantitative models of the SAM structure and
bonding at two levels: (i) they have to predict the right kind
of screening behavior, and (ii) ultimately they need to
reproduce both the blueshift and the negative dispersion
of the surface plasmon.

In summary, we have presented experimental studies of
the surface plasmon dispersion for Au(111) and for SAMs
on Au(111) using HREELS. The results show two impor-
tant changes arising from the adsorption of SAMs. First,
the positive dispersion of the surface plasmon observed on
the bare Au(111) surface switches sign upon attachment of
the SAMs. Secondly, the surface plasmon energy at qk ¼ 0
blueshifts (a little) towards the ‘‘free-electron’’ surface
value. Both effects could in principle be explained by the
reduction of the Au 5d band screening of the 6s electron
surface plasmon oscillations, such that the gold surface
layer acquires an enhanced free-electron metal character.
These results will present a searching benchmark for quan-
titative theories of the bonding at the (ubiquitous) Au-SAM
interface.
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