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Understanding acoustic surface plasmons (ASPs) in the presence of nanosized gratings is necessary
for the development of future devices that couple light with ASPs. We show here by experiment and
theory that two ASPs exist on Au(788), a vicinal surface with an ordered array of monoatomic steps. The
ASPs propagate across the steps as long as their wavelength exceeds the terrace width, thereafter becoming
localized. Our investigation identifies, for the first time, ASPs coupled with intersubband transitions

involving multiple surface-state subbands.
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Acoustic surface plasmons (ASPs) originate from the
excitation of a 2D electron gas whenever it is effectively
screened by an underlying 3D electron gas [1]. Contrary to
sheet plasmons, characterized by a square-root-like depend-
ence on the wave vector [2], ASPs have a linear soundlike
dispersion and hence frequency-independent group and
phase velocities. These excitations are very promising for
future applications in plasmonics because the speed, and thus
the wavelength, of ASPs is 3 orders of magnitude lower than
that of light, permitting us in principle to locate plasmonic
excitations on the scale of a few nanometers. A hypothetical
polychromatic ASP signal would indeed propagate without
distortion, allowing for accurate signal processing.

Suitable 2D electron gases are associated with the
Shockley surface state (SSS) or any other 2D free electron
gas. Linearly or quasilinearly dispersing ASPs have indeed
been reported for bare and O-covered Be(0001) [3.4],
Cu(111) [5,6], and Au(111) [7,8], as well as for graphene
deposited on metal substrates. Generally speaking, they are
expected to exist whenever two slightly spatially separated
electron gases interact sufficiently strongly [9,10]. Ab initio
density-response calculations [3,7,11] confirmed their
existence on Be, Cu, Ag, and Au surfaces.

The dispersion curves of ASP and light do not, however,
per se cross at clean surfaces, so a momentum source is
needed to realize coupling of the ASP with photons; this
can be realized by, e.g., a grating. However, the short
wavelength of the ASP requires realization of this grating
on the atomic scale. For example, it can be generated
by a regular array of atomic steps, as provided by vicinal
surfaces of single crystals. Nanostructuring, however,
implies concomitant generation of atomic defects, so it
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is necessary to understand how defects and confinement
in nanosized regions modify the ASP dispersion. As a
first step, we recently demonstrated that the ASP survives
damage induced by heavy ion bombardment on Cu(111)
[12], at least as long as the SSS itself survives the treatment.
The question we address here is how the plasmonic
structure of a bare Au(111) surface is transformed by a
regular array of atomic steps. Combining experiment and
density-response calculations, we demonstrate the existence
of two plasmonic modes at the Au(788) surface both parallel
and perpendicular to the steps, due to the splitting of the SSS
band into separate subbands caused by the step potential.
On vicinal surfaces the wave functions of the electronic
states are scattered by regularly spaced atomic arrays that
may confine them in well-defined quantum wells (QW).
This is also expected for a SSS [13]. Because the slope of
the ASP dispersion is, as a first approximation, proportional
to the Fermi velocity, the ASP is directly affected. Indeed,
quantum confinement and energy gap opening become
visible on stepped Au and Cu surfaces once step-step
interactions become sufficiently small [13—15]. For stepped
Au(111) this occurs for terrace widths exceeding d. =
20 A [16]. From a simple theory one would expect a similar
gap opening in the ASP dispersion. However, this model
has to be strongly modified for stepped surfaces. As we
show, it is only valid for wavelengths much smaller than the
step separation, whereas at longer wavelengths the poten-
tial modulation by the steps is weak enough for the
plasmons to still effectively propagate. We therefore
studied the electronic excitations on Au(788) by energy
loss spectroscopy—low energy electron diffraction (ELS-
LEED) [17-19]. This surface consists of (111)-oriented
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FIG. 1 (color online). ELS-LEED spectra recorded for two
fixed momentum exchanges (0.07 A~! and 0.21 A7) in the
direction along the steps and parametric in E,. Three losses are
apparent. Inspection of the loss values observed under different
scattering conditions (see spectra at 13 eV in the right panel)
indicates that at least two different losses contribute to the low
energy-loss range.

terraces of width d about 40 A, ie., larger than 4.,
separated by monatomic close-packed steps. Au was
chosen for its chemical inertness and, thus, its importance
for future ASP devices.

In Fig. 1 we report ELS-LEED spectra recorded for two
different g in the direction along the steps and for different
E,. The losses are present in the energy regions around
2.5 eV and below 1 eV. The former corresponds to the
excitation of the conventional optical surface plasmon [20],
which shows the well-known positive dispersion character-
istic of noble metals [8,21,22]. We will not discuss it
further here, but note only that its intensity is largest at the
highest E,. As expected for a metallic system, the inelastic
intensity in the very low electron energy loss (EEL) region
is mainly associated with the Drude tail [23]. At low E,,
on the other hand, this plasmon is barely visible, while a
broad maximum is present in the low-frequency region,
as found in our previous investigations of the ASP on
different metals. The ELS maximum depends nonmono-
tonically on E, and the scattering geometry, typical for
impact scattering [24] and consistent with the multipolar
distribution of the excited charges (see Supplemental
Material [25]).

Figure 2 reports spectra recorded at £, = 11 eV for
various g both across (red, left panel) and along (blue,
right panel) the steps. Figure 3 shows similar data recorded
with £, = 13 eV. Itis apparent that in both cases we excite
q)-dependent features. At any given g the loss is defini-
tively smaller at £, = 11 eV than at £, = 13 eV and, at
E, =11 eV, an evident anisotropy is present between the
direction across (Fig. 2, left panel) and along (Fig. 2, right
panel) the steps. It is therefore again evident that different
modes are present whose relative cross section depends on
E, and the scattering geometry, confirming their nondipolar
origin already highlighted in the discussion of Fig. 1.
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FIG. 2 (color online). ELS-LEED spectra recorded for various
q values across (left) and along (right) the steps. The ELS
maxima are anisotropic with respect to the direction of gj.

The position of the energy losses was determined by a
multicomponent fit of the EEL spectra, including a negative
exponential mimicking the Drude tail and two Gaussians
describing the two low-frequency losses. The resulting
peak positions are collected vs exchanged momentum in
Fig. 4. Minor peaks appearing as shoulders in the spectra
(see, e.g., the component at 844 meV in the E, = 13 eV
spectrum in Fig. 1, left panel) are omitted, since they are not
sufficiently well defined. Our data clearly indicate that two
losses with soundlike dispersion are present, denoted by I
and Il in Fig. 4(a). Across the steps the data points level out
at large g). The branch with the steeper slope originates
clearly from the ASP associated to the SSS of the (111)
terraces, which has a very similar slope as on flat Au(111)
(solid black line [7]), while the lower branches have no
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FIG. 3 (color online). Same as Fig. 2 for 13 eV. Note the
definitively higher energy losses at any given g compared
to Fig. 2.
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FIG. 4 (color online). EEL peak positions, as measured at room
temperature by ELS-LEED on Au(788) (a) along and (b) across
the steps, vs exchanged in-plane momentum g;; and comparison
with theory. The red lines correspond to the linear best fit to the
isotropic higher-energy branch. Blue and green lines are a similar
fit for the lower-energy branch along and across the steps,
respectively, where across the steps the fit was limited to
qy <0.16 A~". Open and filled symbols correspond to exper-
imental data collected, respectively, at positive and negative q;.
The solid black line is the dispersion of the Au(111) ASP [7].
Dashed and dotted lines indicate the theoretical plasmon-mode
dispersion (see text).

counterpart on pristine Au(111). Fitting the data with linear
functions, we obtain an intercept at the origin compatible
with zero within 2 standard deviations. Rerunning the fit
with the constraint of zero energy loss at vanishing momen-
tum transfer, we obtain along the steps slopes of 4.64 and
2.14 eV A for modes I and II, respectively. Across the steps,
we obtain nearly the same slope for the upper branch and the
larger value of 2.94 eV A for the lower one.

In order to model the physical scenario on the (788)
surface we took into account the transformation of the Au
(111) SSS band into the QW subbands observed in
photoemission experiments [13]. First, a nearly free elec-
tron gas model is employed to accurately reproduce the Au
(111) SSS dispersion (see Fig. S2 in the Supplemental
Material [25]), presenting deviations from a perfect para-
bolic shape above the Fermi level, as inferred from

Energy (V)

FIG. 5 (color online). Surface-state dispersion in the extended
band scheme for Au(788) calculated for the 1D model and used to
fit the photoemission data of Ref. [13]. The dotted lines show the
Fermi level in each quantum-well subband.

scanning tunneling spectroscopy (STS) experiments [27]
and previous ab initio band-structure calculations [7,28].
Second, a simple but realistic step potential (a plateau for
terraces and a short-range reflective potential at steps)
similar to that proposed in Ref. [13] was used to obtain the
SSS subbands. The resulting electronic structure in the
extended band scheme is shown in Fig. 5, where one can
observe the opening of energy gaps in the direction across
the steps. We find that only two QW subbands are
significantly occupied and produce relevant effects on
the excitation spectrum. Therefore, we shall consider
QW3 as totally unoccupied. This electronic structure
was then used to perform charge-density response calcu-
lations, the details of which are given in the Supplemental
Material [25]. These calculations produced the loss func-
tion and, from its peaks, information about the collective
excitations in the system was retrieved.

The calculated plasmon peak dispersion along the steps
is shown in Fig. 4(a) by dashed lines. Single-particle and
collective excitations can be distinguished from the form of
the dielectric function €, which in the latter case shows a
zero crossing in the real part associated with a minimum in
the imaginary part allowing us to identify unambiguously
the QWs from which they originate. We interpret mode A
along the steps, which closely follows the experimental
peak I, as an intrasubband plasmon associated with the
QW1 subband, characterized by the fastest Fermi velocity
in this direction, see Fig. 5. Hence, plasmon mode I results
from incomplete screening by carriers within this subband
of the slower-moving bulk carriers as it occurs at Au(111)
[7]. Its slope is very close to that of the ASP on Au(111)
because of the relatively small distortion of the SSS
dispersion at the wave vectors corresponding to the
QW1 subband. Despite rather small energy gaps between
the QW subbands, the effect is strong enough to give rise to
a second, weaker peak B at lower energies. This additional
intrasubband plasmonic peak, correlating with the exper-
imentally observed branch II, is associated with the QW2
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subband, characterized by the slowest Fermi velocity along
the steps. Hence, we interpret it as an ASP resulting from
the dynamical screening of the slower carriers in QW2 by
those moving faster at the Fermi level in QWI1. The
calculated initial slope of the dispersion of peak B is,
however, almost twice as large as in experiment, and theory
cannot reproduce its dispersion for g; > 0.15 AL we
expect that, in order to obtain reliable information on both
the energy dispersion and width of this as well as of other
modes, a full inclusion of the ab initio electron band
structure is required [3,7,11], which was computationally
not feasible for Au(788).

Across the steps, the situation is even more complex due
to the possibility of numerous intersubband transitions
involving different QW subbands. As seen in Fig. 4(b), at
qy <0.16 A~! the experiment shows two dispersing
modes: mode I, traced down to an energy of ~300 meV,
and mode II, observed down to ~200 meV. At large g,’s
the dispersion of both modes flattens out. The calculations
reveal that at vanishing ¢|’s the mode A1, corresponding to
the experimental mode I, has an energy threshold at about
100 meV. It is an intersubband plasmon involving the
QWI1, QW2, and QW3 subbands. In the larger momentum
region such a mode (denoted by the separate A2, A3, and
A4 branches) is an intersubband plasmon associated with
the intersubband transitions from the initial states within
the occupied part of the QW1 subband into the final states
in the QW3, QW4, and QWS subbands, respectively.
Calculations predict that minigaps exist in its dispersion
at the Brillouin zone boundaries of the superlattice, thereby
opening the possibility of exciting the ASP by light.
However, these gaps might be obscured due to lifetime
broadening (underestimated by current calculations), which
is expected to be similar to that found by ab initio
calculations for Au(111) [7], in agreement with our experi-
ments. As evident from the high resolution EEL spectra,
the width of the peaks is comparable with their energy,
thus precluding the observation of small gaps in the
dispersion. Indeed the experimental FWHM is comparable
to that observed for Au(111) [7], implying that steps
do not significantly affect the lifetime of the excitation.
Additionally, theory predicts weaker plasmon peaks at
q, > 0.08 A~!, denoted C and D, whose dispersion shows
breaks at ¢ values that are multiples of z/d.
The measured peak I results therefore likely from such
unresolved contributions. Mode C is associated with the
QW2 —» QW4 intersubband transitions, whereas mode
D is determined by the intersubband transitions involving
several QW subbands, which makes an assignment
of its origin more dubious. The manifold of these plas-
monic excitations is reflected in the experimental loss
spectra as a broad peak with flat dispersion centered
at 1050 + 80 meV.

At small g|’s the experimental lower-energy mode II
corresponds to the calculated acousticlike plasmon mode B.

It is associated with the intrasubband transitions within the
QW?2 subband, which has the fastest carriers at the Fermi
level in this direction. As seen in Fig. 4(b), at larger
qy’s the experimental dispersion of mode I levels
off (at 420 £ 50 meV). According to theory, in the
0.16-0.24 A~! momentum range this mode is an intersub-
band plasmon involving the QW1 — QW2 transitions,
whereas at larger g the relevant intersubband transitions
are QW2 — QW3. The calculations show that the collec-
tive response of the QW1 subband in this direction is too
weak to be experimentally detected.

In conclusion, these findings lead to the following
remarkable physical scenario: (a) Along the steps we
observe two ASP modes with different group velocities
determined by the maximal Fermi velocities of two partly
occupied SSS subbands. (b) The anisotropy introduced
by the steps on Au(788) does not automatically lead to
plasmon localization normal to the terraces, e.g., as found
for the Ag monolayer on Si(557) [29], but the SSS subband
formation is reflected by a splitting of the ASP also normal
to the steps. (¢) The QW1 and QW2 subbands are still
able to generate propagating plasmonic modes across the
steps at wavelengths longer than the terrace width. The
slightly different slopes of the modes parallel and normal
to the steps reflect the anisotropy of the system. (d) Across
the steps, signs of plasmon localization become visible
when g, exceeds G, = 0.078 A7, the reciprocal lattice
vector of the periodic step array, and become increasingly
dominant when multiples of G, can be transferred.
Together with an increasing efficiency of momentum
transfer at steps with decreasing plasmon wavelength
[19], this leads to nearly complete localization at the
highest g, of our measurements.
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