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ABSTRACT: Understanding the physics of surface plasmons
and related phenomena requires knowledge of the spatial,
temporal, and spectral distributions of the total electromagnetic ﬁeld excited within nanostructures and their
interfaces, which reﬂects the electromagnetic mode excitation,
conﬁnement, propagation, and damping. We present a
microscopic and spectroscopic study of the plasmonic
response in single-crystalline Ag wires grown in situ on
Si(001) substrates. Excitation of the plasmonic modes with
broadly tunable (UV−IR) femtosecond laser pulses excites
ultrafast multiphoton photoemission, whose spatial distribution is imaged with an aberration-corrected photoemission electron
microscope, thereby providing a time-integrated map of the locally enhanced electromagnetic ﬁelds. We show by tuning the
wavelength, polarization, and k-vector of the incident laser light that for a few micrometers long wires we can selectively excite
either the propagating surface plasmon polariton modes or high-order multipolar resonances of the Ag/vacuum and Ag/Si
interfaces. Moreover, upon tuning the excitation wavelength from the UV to the near-IR spectral regions, we ﬁnd that the
resonant plasmonic modes shift from the top of the wires to selvedge at the Ag/Si interface. Our results, supported by numerical
simulations, provide a better understanding of the optical response of metal/semiconductor structures and guidance toward the
design of polaritonic and nanophotonic devices with enhanced properties, as well as suggest mechanisms for plasmonically
enhanced photocatalysis.
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theoretical description of the localized ﬁelds.21 Such division of
emphasis partially stems from the experimental limitations since
it is diﬃcult to obtain a single system with varying structures
sustaining both propagating and localized plasmons, as well as
to image their properties on multiple length scales. A large
number of parameters strongly aﬀecting the plasmonic
properties such as shape and size, dielectric properties of the
medium and environment, and the type of excitation, cause the
results to be often assigned to particular systems. Furthermore,
experiments tend to focus on the optically brightest dipole
modes, but in many systems higher order modes can be excited
to reveal rich physics of light−metal and metal−semiconductor
interactions, which require sophisticated spectroscopic and
microscopic techniques to illuminate.
A further challenge is to image plasmonic phenomena on
their natural temporal and spatial scales.22,23 Various ingenious
techniques have been developed to image ultrafast processes on
the nanometer scale.24,25 Conventional optical methods have
fast time resolution but are limited in spatial resolution,
according to the Abbe criterion, to approximately half the
wavelength of light. Scanning near-ﬁeld optical microscopy is
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oupled quasiparticles of photons and charge-density
ﬂuctuations, known as surface plasmon polaritons
(SPPs), have the potential to impact the next generation of
information-processing devices by combining electronics and
optics at the nanometer scale.1,2 Among the variety of diﬀerent
materials and structures being studied, crystalline Ag nanowires
are particularly germane because they support sharp plasmonic
modes in the IR to UV spectral regions and can simultaneously
act as plasmonic nanoantennas,3−5 resonators,6−9 waveguides,10−12 etc. Moreover, there is tremendous interest in
metal−semiconductor nanocomposites, which can support
hybrid plasmonic−excitonic modes and have the potential to
enhance solar energy conversion, for example, through hot
electron transfer,13 enhanced light scattering,14 and plasmon−
exciton dipole coupling.15−18
Numerous studies have been performed to demonstrate and
characterize the above phenomena in metallic nanowires.6−8,19,20 When studying plasmonic properties, the focus
has been either on subwavelength structures, with size features
much smaller than the excitation wavelength where strong
localization is observed and the system can be described within
quasistatic limit, or on structures comparable in size to the
wavelength, where in addition propagating plasmons can be
observed but retardation eﬀects must also be included for a
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Figure 1. (a) Schematic of an SPP excitation and observation in a PEEM experiment. The laser pulse excites an SPP propagating on top of a Ag wire
and interferes with it, forming the beating pattern with a period λB. The 3D PEEM image is acquired for a 20 μm long Ag wire upon longitudinal
excitation with TM polarized light with a photon energy of 2.6 eV. (b) Dispersion relation for Ag wires of diﬀerent lengths L. The experimental data
are compared to the dispersion relation for the bulk Ag/vacuum interface, using the dielectric constants from ref 42.

■

EXPERIMENTAL DETAILS
All the experiments are performed within the aberrationcorrected low-energy electron microscope/photoemission
electron microscope (AC-LEEM/PEEM) instrument
(SPECS)34 with a base pressure of 2 × 10−10 mbar. A clean
Si(001) surface with (2 × 1) reconstruction is prepared by
repeated heating of the sample to ∼1500 K. The Si surface
quality is conﬁrmed by LEEM imaging in a dark ﬁeld mode,
which shows the contrast from alternating 2 × 1 domains with
orthogonally propagating dimer rows on terraces that diﬀer by
single atomic layer height.35 Deposition of Ag at elevated
temperature T = 800 K leads to a Stranski−Krastanov growth
mode consisting of a Ag-(2 × 3) wetting layer that is in
equilibrium with Ag pyramids and wires, which grow to
submicrometer height and width dimensions.36,37 The focus
here is on Ag nanowires, which can be grown to ∼20 μm
lengths before the plasmonic excitations of nearby nanostructures begin interfering with the imaging of the nanowire modes.
Several samples are grown to obtain a range of structures for
the reported data and conﬁrm reproducibility.
The excitation source for mPP measurements is a dual
noncollinear optical parametric ampliﬁer (NOPA) source
pumped by the second and third harmonics of an Yb-doped
ﬁber laser (Clark-MXR Impulse). The pump laser operates at
1035 nm with a variable pulse repetition rate from 0.2 to 2
MHz, 10 μJ per pulse energy, and ∼250 fs pulse duration. A
portion of the output is focused into a sapphire plate to
generate a white light continuum, which serves as a seed pulse
for the NOPA. The second and third harmonics of the pump
laser amplify portions of the white continuum to generate
tunable pulses in the 680−900 and 500−650 nm (1.82−1.38
and 2.48−1.91 eV) bands. Frequency doubling of the NOPA
light in a β-BaBO3 (BBO) crystal produces tunable excitation
pulses in the 270−420 nm (4.6−2.9 eV) band. Dispersion
compensation by matched pairs of negative dispersion mirrors
delivers typically ∼30 fs duration pulses to the sample. The
excitation light incident at 70° with respect to the surface
normal irradiates a 50 × 100 μm spot at the focal plane of the
LEEM/PEEM electron imaging optics. The laser polarization
with respect to the optical plane is adjusted with a λ/2 plate.
The total ﬁeld present in the sample, combining the
amplitudes of the external ﬁeld with those of the scattered
ﬁelds and excited plasmonic modes, drives the nonlinear

capable of both high spatial and temporal resolution, but suﬀers
from a low-throughput serial data acquisition.23 Electron beam
based methods oﬀer high spatial resolution in electron energy
loss and cathodoluminescence modes, but have diﬃculty
achieving few femtosecond temporal resolution.26,27 By
employing ultrafast optical excitation and photoelectron
imaging capabilities time-resolved photoemission electron
microscopy (TR-PEEM) uniquely combines the requisite
temporal and spatial resolution with highly parallel data
acquisition, making it ideally suited for studying dynamical
plasmonic phenomena on the nanofemto scale.22,28 By
combining TR-PEEM with a broadly tunable femtosecond
laser source we demonstrate its capability for spectroscopic and
microscopic studies of plasmonic nanostructures.
Speciﬁcally, we present a real-space TR-PEEM observation of
propagating and localized plasmons in epitaxially grown singlecrystalline Ag nanowires on a Si(001) substrate.20,29 The
broadly tunable ultrafast laser excitation reveals a wide range of
uniquely deﬁned resonances within in situ grown Ag/Si(001)
structures. The plasmonic modes are imaged by nonlinear
photoelectron emission whereby intense plasmonic ﬁelds drive
multiphoton excitation of electrons above the local vacuum
level [expected to be 4.6 eV30 above the Fermi level for the
exposed Ag(001) facets of the nanowires].22,31 Photoelectrons
produced through the multiphoton photoemission (mPP)
process are imaged with the high spatial resolution (<10 nm)
PEEM. Diﬀerent plasmonic modes are selectively excited, and
their spatial distributions revealed by recording mPP-PEEM
images for varying wavelengths, polarizations, and k-vectors of
the excitation light. In contrast to previous reports,6−8,32,33
where the longitudinal multipolar modes along the major axis
of nanowires have been observed, we mainly study the
transverse surface plasmon modes driven by the incident laser
light with the k-vector perpendicular to the major axis of the
wire for which the excitation mechanisms are less well
established. In particular we focus on the low-energy surface
plasmons that are localized at the Ag/Si interface and thereby
involve strong metal−semiconductor coupling. We show that
these modes possess antisymmetric character of the electric
ﬁeld component perpendicular to the surface and are bound to
the junction of the Si−Ag−vacuum media where the
trapezoidal Ag wires converge to an atomically sharp apex.
B
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Figure 2. (a) Geometric characterization of a Ag nanowire by LEEM in the mirror mode (incident electron energy close to zero) for a Ag wire with
dimensions: h1 = 200, h2 = 50, and L = 2500 nm. (b) PEEM images of the Ag wire (a) upon excitation with diﬀerent wavelengths and for two
polarizations: TM (left column) and TE (right column). (c) Dispersion relation of the TM and TE in-plane kSPP extracted from the PEEM images
such as shown in (b). The number of antinodes (nodes) for the TM (TE) mode is shown, and their energy span is marked by dashed horizontal
lines. For reference, the light line and bulk Ag/vacuum dispersion curves are shown.

photoemission corresponding to absorption of two, three, or
four photons (2PP, 3PP, and 4PP processes), as necessary to
overcome the sample work function. Due to the plasmonic ﬁeld
enhancement, mPP emission maps the local density of states of
the dominantly excited plasmonic modes through interference
between the external and plasmonic ﬁelds. The photoemitted
electrons are collected and their spatial distributions are imaged
with the AC-PEEM optics to generate maps of the local ﬁeld
enhancements and interferences generated by the nanostructured sample.38 In addition, 1PP PEEM images reﬂecting
the topographic and work function contrast can be obtained
with light from an Hg lamp (hν = 4.89 eV), which acts as a
linear photoelectron excitation source.

λB =

λLλSPP
2

2

λL + λSPP − 2λLλSPP cos(γ )

(1)

where γ denotes the angle between the kL and the kSPP (γ = 0
for the geometry in Figure 1a; kSPP = 2π/λSPP; and kL = 2π/λL).
By recording the interference period λB for diﬀerent excitation
wavelengths, we determine a dispersion relation for the photon
energy vs kSPP over a wide energy range, as shown in Figure 1b.
These results show the spectroscopic advantage of our broadly
tunable excitation over the previous monochromatic interference imaging experiments.20 Figure 1b aggregates the results
for three diﬀerent lengths of wires, L = 3.1, 5.7, and 20 μm,
which are mutually consistent and in fair agreement with the
dispersion of Ag bulk/vacuum interface. The small deviation
from the vacuum/Ag interface dispersion relation for larger kSPP
is characteristic for wires and thus can be attributed to their
reduced dimensionality.32,41 Further details of the photon
energy dependent longitudinal imaging will be presented
elsewhere.
We note that Figure 1a shows weak modulations on the Ag
monolayer covered Si(001) surface. These waves are caused by
the diﬀraction of the incident light at the Ag nanostructures.43
Although an acoustic plasmon mode is known for the metallic
surface state band of Si(111)-(√3 × √3)-Ag with linear
dispersion reaching up to 800 meV in the high k-vector limit,44
a plasmon mode for the semiconducting Si(001)- Ag-(2 × 3)
wetting layer is not expected.45

■

LONGITUDINAL SURFACE PLASMON POLARITON
IMAGING
As a prelude to imaging of the transverse plasmon modes, we
ﬁrst describe the more familiar PEEM interference imaging of
the propagating longitudinal SPP modes. We conﬁne
“longitudinal” to mean that the in-plane k-vector component
of the laser light (kL) of the TM mode is parallel to the long
axis of a nanowire sample. In this geometry, the external ﬁeld
excites an SPP mode of the Ag/vacuum interface on
encountering the near edge of a wire and has a component
that is parallel to the SPP propagation k-vector, kSPP (Figure
1a). As the external ﬁeld and the SPP wave propagate along the
Ag nanowire surface with diﬀerent k-vectors,39,40 their ﬁelds
add coherently to create a spatial and temporal interference
pattern with a stationary envelope that is given by the diﬀerence
of the inverse of k-vectors of the two ﬁelds; the interference
pattern is detected with PEEM as a real-space modulation of
the nonlinear mPP signal. The PEEM image in Figure 1a,
therefore, represents a nonlinear map of the SPP and external
ﬁeld interference seen as strong modulation of the photoelectron yield emanating from the top of a Ag wire. Because the
kL of the incident ﬁeld is deﬁned precisely by the experimental
geometry, the kSPP of the SPP propagation can be determined.
The beat period of the periodically modulated photoemission
signal (λB) can be calculated as follows:38

■

TRANSVERSE SURFACE PLASMON POLARITON
IMAGING
The longitudinal excitation of SPPs in metallic nanowires is
intuitive and widely investigated.6−8,33,40,46 Launching and
imaging of SPPs in nanowires with other optical excitation
geometries is relatively unexplored, however. Here we focus on
the transverse imaging keeping in mind the lessons from the
longitudinal imaging. The eﬃciency of coupling into the SPP
modes is usually smaller for the transverse geometries than for
the longitudinal one because it results from additional
scattering by the structure walls.12 We estimate that in the
C
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Figure 3. (a) Line proﬁles along a 2.5 μm long Ag wire for TM polarization with diﬀerent excitation energies. At the top, a PEEM image taken at 3.3
eV is shown together with schematics of how SPPs are launched at the wire’s ends. (b) Polarization rotation dependence of the plasmonic mode
distribution for the same wire as in (a), measured at 3.1 eV. The rotation of the polarization is given in brackets (TM is at ±90°). The intensity of
the images and line proﬁles for the TE mode and the nearby angles is enhanced for better visibility.

around 0.25 eV, assuming the approximation for the resonant
wavelength of the dipole as3,46 λ = 2L = 5 μm. The observed kvectors for a range of excitation energies are summarized in
Figure 2c along with the light line in the vacuum and SPP
dispersion for the bulk Ag/vacuum interface. The number on
the right side of the experimental data points gives the number
of antinodes (nodes) contained within the 2.5 μm long wire for
the TM (TE) mode. Note that in this analysis we do not
consider the beating pattern to arise from interference of
plasmonic modes with the external ﬁelds. The kSPP values
obtained in our experiment are shifted substantially toward
larger wavenumbers with respect to the Ag bulk dispersion. The
reason for that is twofold. First, the dispersion relation assumed
for a bulk Ag/vacuum describes the longitudinal excitation of a
surface plasmon (as in Figure 1), while kSPP values measured
here correspond to high-order surface plasmon modes excited
in the transverse geometry. Second, the dispersion relation of
nanowires depends on their width as in the longitudinal
excitation. On the basis of theoretical consideration for dipolar
resonances in metallic wires, we expect the resonant k-vector of
the plasmon mode to increase with decreasing of the wire
diameter.5,46 Therefore, it is not surprising that in the case of
narrow Ag wires (with diameter r ≤ 100 nm)6,8 the kSPP-vectors
are nearly twice as large the ones measured here. Fair
comparison of the plasmonic excitations in crystalline Ag
wires with similar dimensions can be made with the work of
Kang et al.:49 for 440 nm excitation the spacing between the
lobes obtained in their experiment49 and here is λSPP = 300 and
311 nm, respectively. By changing the incident angle of the
excitation and by analyzing the polarization of the near-ﬁeld
pattern with respect to the wire geometry, Kang et al.49 also
concluded that the observed modulations originate from surface
plasmon resonances.
Our tunable excitation laser allows us to examine in more
detail how the observed images form. A close inspection of line
proﬁle intensities for the TM excitation at three adjacent
energies, hν = 3.30, 3.22, and 3.16 eV shown in Figure 3a, leads
us to conclude that, apart from localized multipolar modes, SPP
wave packets are launched from opposite wire ends and
propagate toward the middle, where they meet and interfere.

2.2−3.0 eV excitation range the maximum signal strengths are
approximately 2 times stronger for the longitudinal relative to
the transverse TM excitation based on a comparison with the
photoemission strength from the Si(001)-Ag-(2 × 3) wetting
layer. For the longitudinal excitation, the charge induced by the
external ﬁeld piles up at the wire ends, driving the induced
dipoles to considerable strengths. Photon−plasmon coupling
eﬃciency and damping length can change signiﬁcantly for
diﬀerent directions of the excitation polarization, in particular
for wires with a diameter of around 100 nm or larger.12,40 Ag
wires presented here have nontrivial topography,47 with a
characteristic pyramidal shape. An advantage of the LEEM/
PEEM instrument is that we can characterize the crystalline and
geometrical structures of in situ grown nanoparticles during and
after the growth using the LEEM mode. According to the
LEEM image in Figure 2a, the nanowire imaged in Figure 2b
has an elongated, truncated pyramid structure deﬁned by
widths at the base (Ag/Si interface) of h1 = 200 nm and at the
pedestal (Ag/vacuum interface) of h2 = 50 nm. On the basis of
atomic force microscopy (AFM) measurements, the thickness
of the wire is estimated to be d = 70 nm, which corresponds to
47° inclination of the pyramid side walls with respect to the
surface plane, in agreement with previous reports.48 Plasmonic
wires with such dimensions, well-deﬁned single-crystalline
structure, and precisely formed interfaces are well suited for
studying the eﬀects of wavelength, polarization, and excitation
geometry on excitation of various surface plasmon modes.
Representative PEEM images obtained in the transverse
geometry with the laser light kL perpendicular to the long axis
of the wire for TM and TE polarizations are shown in Figure
2b. Resonant modes with periodic modulation patterns of
photoemission intensity along the wire can be clearly excited
for both polarizations. As hν energy is increased, the number of
evenly spaced intensity maxima increases for both polarizations.
The kSPP vectors for the TM (TE) excitation are extracted by
assuming that intervals between the antinodes (nodes) of the
modulations from experimental line proﬁles taken along the
wire long axis correspond to λSPP (see Figure 2b). The observed
series of modes in Figure 2 correspond to high-order multipoles
with the fundamental dipole response expected to appear at
D
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Figure 4. PEEM images for TM polarization and corresponding line proﬁles along the wire for TM and TE polarizations as a function of excitation
energy. The line proﬁles are taken in the middle of the wire for TE (no splitting observed) and separately at the top and bottom for TM, to display
the intensity proﬁles of two split modes. The Ag wire geometry is the same as in Figure 2.

■

PLASMON RESONANCES AT THE Ag/Si
INTERFACE
As Figure 2 demonstrates, the plasmonic response of nanowires
strongly depends on the excitation photon energy. With further
decrease of the energy below 1.8 eV, one would expect to
observe the excitation of the lower order modes that are
mandated by the dispersion behavior in Figure 2c. Instead,
within the range hν = 1.4−1.8 eV, we ﬁnd that the plasmonic
response of Ag nanowires deviates from the trend in Figure 2
and the PEEM images are dominated by a diﬀerent class of
modes with distinct spatial distributions. Representative PEEM
images together with their line proﬁles are shown in Figure 4.
Two new characteristics are observed with TM-polarized
excitation: the PEEM signal splits into top and bottom branches
with respect to the wire axis, and short-period oscillations
appear within each branch parallel to the wire axis. We attribute
these split plasmon images to high-order multipolar surface
plasmon modes of the Ag/Si interface. Because the dielectric
function of Si is larger than that of the vacuum, the Ag/Si
interface plasmons appear at a lower energy than the surface
plasmon of Ag. Similar plasmon modes have been observed by
electron energy loss spectroscopy (EELS) for Ag ﬁlms on Si in
the 1.3−1.7 eV range45,50,51 and have also been predicted to
mediate light tunneling through nanostructured Ag/Si ﬁlms.52
Thus, considering their spatial distributions and resonant
energies, we attribute the split modes to the Ag/Si interface.
For the TE excitation (see line proﬁles in Figure 4), no
modulations are present and only localized plasmons at the
wire ends are excited. Similar modes are also excited with the
longitudinal excitation, but only by the TE polarization. Thus,
the excitation of the Ag/Si interface modes appears to be a
general feature below hν = 1.8 eV when the incident ﬁeld has
an in-plane component normal to the Ag nanowire axis.
As can be seen in Figure 4, changing the excitation energy
modulates alternately the intensities of the top and bottom
branches, which indicates that either the resonant energies are
slightly diﬀerent for these two regions of the wire or their
coupling with the external ﬁeld is diﬀerent. This can be
explained by recalling the fact that for the wire dimensions
comparable with the excitation wavelength, and with asymmetrical (with respect to the top and bottom branches)
geometry of the excitation (70° oﬀ the surface normal),
retardation eﬀects are expected to signiﬁcantly aﬀect the
plasmonic mode excitation and, therefore, the observed PEEM

These SPP wave packets can be generated only at the wire ends
due to momentum conservation limitations. The intensity of
the wave packets decreases toward the wire center due to the
fast plasmon dephasing and therefore short propagating lengths
in the UV region. The modulation amplitude is also aﬀected by
the constructive (3.22 eV) and destructive (3.30 and 3.16 eV)
interferences that are evident in the wire center, where the
counterpropagating waves have approximately the same
amplitude and excitation wavelength dependent relative
phase. Hence, the PEEM modulations observed in the
transverse geometry consist of two contributions: localized
multipolar modes and propagating SPPs.
Another interesting observation is the π-phase shift between
the TM and TE excited oscillatory patterns. As shown in Figure
3b, rotating the polarization vector of the excitation light
continuously shifts the phase of the modulations between the
TM and TE limits. For TM polarization there is always one
more intensity maximum in the line proﬁles than for the TE
polarization. Moreover, the terminal TM maxima are
substantially enhanced with respect to the medial maxima,
whereas for the TE polarization the medial maxima are equally
intense and the terminal maxima appear to be suppressed. In
Figure 3b we show a progression of how the modulation
patterns evolve while changing electric ﬁeld direction with
respect to the long axis of the wire. We observe that already for
+8° (−8°) rotation from TE polarization, the right (left)
terminal peak rises and forces the medial peaks to oscillate with
the same phase, whereas at the left (right) end a weaker
terminal peak has a phase shift with respect to the medial peaks,
causing a characteristic doubled peak structure. With directions
deﬁned as in Figure 3b, a clockwise rotation of the polarization
results in the phase shift toward the right end, whereas a
counterclockwise rotation causes a shift toward the left. This
demonstrates that the measured images reﬂect a shift of the
surface charge distribution in the direction along the wire that is
driven by the two ﬁeld components. As shown by Zhang et al.40
and Li et al.,12 the phase of the charge distribution is related to
the phase of the incident wave. Because the change of
polarization of the incident wave from the TE to TM
corresponds to a phase shift of π, it naturally translates into
the phase shift by π of the charge distribution and, therefore,
the transposition of the nodes and antinodes.
E
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Figure 5. (a) Geometry for the FDTD simulations. The ﬁeld amplitudes are calculated for the YZ cross section cutting through the middle of the Ag
wire at the position of the dashed blue line. (b) Time-integrated distribution of the |Ez| component obtained for hν = 3.3 eV. (c) Time-integrated |Ez|
component for varying excitation energy showing the onset of plasmonic resonances at the Ag/Si interface. Note that diﬀerent scales for z and x,y
axes are used for better visibility of the interfaces. The color scales are logarithmic.

Figure 6. FDTD simulations of E-ﬁelds excited on a Ag nanowire on Si for TM excitation with 800 nm (hν = 1.55 eV) light. The wire dimensions
are as deﬁned in Figure 2a. (a) Time-integrated total electric ﬁeld intensity Etot across the XZ plane in the middle of the Ag wire. (b) Simulated
PEEM image in the XY plane for Etot evaluated 2 nm below the Ag/vacuum and Si/vacuum interfaces. (c) Line proﬁles taken from the simulated
PEEM image in (b) along “top” and “bottom” edges of the wire. For comparison, line proﬁles from the experimental PEEM images in Figure 4 are
plotted. (d) Snapshots of the electric ﬁeld components Ex, Ey, and Ez at the YZ plane, 10 nm away from the front edge, as indicated by the black
dashed line in (a). The enlarged area in the inset illustrates the phase shift between the Si and Ag regions for the Ez component. (e) Time evolution
of the |Ez| component integrated over 4 nm around the Ag/Si interface. Note that diﬀerent scales for z and x,y axes are used for better visibility of the
interfaces. (a), (b), (c), and (e) are in a logarithmic scale, while (d) is in a linear color scale.

nanowires, we present ﬁnite-diﬀerence time-domain (FDTD)
simulations of electromagnetic ﬁelds excited within Sisupported Ag nanowires, from which we can extract the Ex,
Ey, and Ez components of electric ﬁelds at diﬀerent wire cross
sections for excitation with various incident polarizations and
excitation energies. Ag wire with dimensions comparable to the
experimental one in Figure 2a is simulated by a total ﬁeld
scattered ﬁeld source assuming a pulse duration of 30 fs. The
simulation duration is 300 fs.
In Figure 5 we present time-integrated distribution of the |Ez|
component at the wire cross section along the YZ plane
(marked by the dashed blue line in Figure 5a), obtained with
diﬀerent excitation energies for TM-polarized transverse
excitation. Although the mechanism of plasmon excitation
and its time evolution are similar for all three components, the
simulations show that the Ey makes negligible contribution to
the total ﬁeld, except at the wire ends, being one order of

signal. In addition, even small deviations in the wire geometry
can result in diﬀerent lengths of the top and bottom branches
and, hence, aﬀect their resonances. By changing the photon
energy we can selectively excite the bottom (hν = 1.7 eV) or the
top (hν = 1.44 and 1.39 eV) wire edges. At hν = 1.55 eV, the
bottom and the top branches resonate simultaneously, with
averaged periods (excluding the edge peaks) of the modulations
λSPP = 195 and 225 nm (±15 nm), respectively.

■

NUMERICAL SIMULATIONS AND DISCUSSION
On the basis of our experimental ﬁndings we report two types
of plasmon resonances in the transverse geometry: (i) pedestal
plasmons at the Ag/vacuum interface (Figures 2 and 3), which
dominate for hν ≥ 1.9 eV; and (ii) Ag/Si interface plasmons at
the wire base (Figures 4), which dominate for hν ≤ 1.8 eV. To
obtain further insight into the various plasmonic modes of Ag
F
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magnitude smaller than the Ex and Ez amplitudes. Ey is small
because the external ﬁeld has no component in the y direction,
and therefore it is purely of surface plasmon origin. At hν = 3.3
eV (λ = 376 nm; Figure 5b), the calculated |Ez| amplitude
modulations are visible at the Ag/vacuum interface; their
period, determined by the Ex and Ez intensities, is constant
along the wire and equal to λSPP = 260 nm. This value is in
good agreement with our experimental period λSPP = 234 nm.
We note that there are no indications of resonances at the Ag/
Si interface at this excitation energy.
Next we examine the |Ez| component as a function of the
excitation wavelength in Figure 5c. We ﬁnd that the Ag/Si
plasmons start to appear at hν = 1.8 eV (λ = 690 nm) and are
clearly present upon decreasing the excitation energy to hν =
1.65 eV. The energy threshold of hν ≤ 1.8 eV for the Ag/Si
resonance obtained from the simulations corresponds exactly to
the energy at which splitting of the wire into two branches
appears in the PEEM images. Note however that the Ag/Si
interface cannot be observed at the YZ plane (blue dashed line
in Figure 5a) in the PEEM images because the electron escape
depth (<5 nm) is much smaller than the 70 nm pyramid height.
The signal attributed to the internal interface can be observed
experimentally only by photoemission from the selvedge region
where the Ag pyramid sides terminate in the atomically sharp
Ag-(2 × 3) wetting layer on Si terraces. This naturally leads to
splitting of the PEEM signal into two branches, as observed in
Figure 4, and corresponds to the enhanced photoemission from
the selvedge regions.
To grasp the distribution of the Ag/Si interface plasmon in
three dimensions and its correspondence to the PEEM images,
other cross sections from the FDTD simulations are presented
in Figure 6. The time-integrated total electric ﬁeld

together with the experimental line proﬁles in (c). The
averaged period of the modulations in the simulation
(excluding the edge peaks and the beating long period in the
center) equals λSPP = 202 and 204 nm (±5 nm) at the bottom
and the top edge, respectively, in good agreement with the
corresponding experimental values of λSPP = 195 and 225 nm
(±15 nm). In addition, in both the experiment and simulation,
the amplitude of the modulations decreases toward the middle
of the wire. In fact, in particular in the simulation, the
oscillatory behavior along the edges is nearly entirely
suppressed in the middle of the wire (y = 0). One has to
realize, however, that integrating over time averages some of
the oscillations of the excited ﬁelds.
To understand the origins of the calculated modulations in
the time-integrated signal, it is valuable to analyze the time
evolution of the electric ﬁeld distribution. In Figure 6d, the Ex,
Ey, and Ez components for hν = 1.55 eV are shown for two time
frames, t = 33 and 66 fs (t = 0 fs corresponds to the maximum
amplitude of the external ﬁeld passing through the structure).
To access the Ag/Si plasmons localized at the wire edges, the
cross sections along the wire are taken at the YZ plane, 10 nm
away from the wire base edge, as indicated by the black dashed
line in Figure 6a. This plane corresponds to the cross section of
the bottom edge. Upon excitation with a laser light, multipolar
modes are excited at the Ag/Si interface with the period of the
modulations equal to λSPP = 194 nm. The amplitude of the
oscillations is the largest at the wire ends and decreases toward
the center of the long axis of the wire. All three components
travel toward the center of the wire with a group velocity Vg =
∂ω/∂k. By tracing the displacement of peak maxima as a
function of time, we obtain the group velocity Vg = 0.24c
(where c is the speed of light in a vacuum) of the Etot wave
packet in the direction along the long axis of the wire. To
visualize how the SPPs move in space and time, time evolution
of the Ez component integrated over a 4 nm area around the
Ag/Si interface is plotted in Figure 6e. The peak maxima move
toward the center of the wire with a velocity Vg = 0.24c deﬁned
by the slope Vg = distance/time (as marked by the black dashed
lines in Figure 6e). Because with every optical cycle (2.67 fs at
this wavelength) the multipolar modes are excited at the same
positions of the wire, there is no movement of the peaks in a
time-integrated picture. Only when the external driving ﬁeld is
of negligible strength (longer than ∼50 fs) can the counterpropagating peak maxima be seen to travel freely along the wire
and eventually overlap at ∼70 fs, resulting in an enhanced
amplitude in the middle of the wire. Such interference of SPP
wave packets can explain the long/beating period, superimposed on the short-period modulations (see line proﬁles in
Figure 4 and Figure 6c).
In the case of Ag/vacuum plasmons, time evolution of the
ﬁeld components as seen in the FDTD simulations is
qualitatively similar; that is, the peaks are observed to travel
toward the center of the wire and interfere only after the
external driving ﬁeld has decayed to a negligible strength. In the
case of the Ag/vacuum interface, however, the wave packets
excited with hν =1.55 eV travel with a speed Vg = 0.5c, i.e.,
roughly 2 times faster than the ones at the Ag/Si interface. One
should note that eﬀective velocities Vg of the total signals Etot
contain multiple contributions from scattered ﬁelds and
internal plasmon ﬁelds and cannot be unambiguously
interpreted as the surface plasmon group velocities.
Another property, which is particular to the Ag/Si plasmon
mode, is the symmetry with respect to the interface. It is well

Etot = Ex 2 + Ey 2 + Ez 2 is shown in Figure 6a for the wire
cross section in the XZ plane. Strong enhancement of the
electric ﬁeld at the wire base corners can be attributed to the
atomically sharp base vertices. Thus, the observation of Ag/Si
interface plasmons can be attributed both to the existence of
such modes for hν ≤ 1.8 eV and to their enhancement at the
Ag/Si selvedge. To make a direct comparison with the
experimental PEEM images, the PEEM intensity, IPEEM, from
the simulation is calculated by
IPEEM =

∫0

T

(Etot(x , y , t ))2n dt

(2)

where T designates the time for the coherent ﬁelds to die out,
which for the purpose of the simulation equals 300 fs, and n is
the photoemission order corresponding to the number of
photons required to excite electrons above the vacuum
barrier.39 Etot includes both the excitation and the internal
plasmon ﬁelds. In Figure 6b, the simulated PEEM image for a
3PP process (n = 3) with hν = 1.55 eV is shown. As the
polarization occurs within the material, the plane for evaluating
the PEEM intensity is deﬁned by following the geometry of the
wire and evaluating the ﬁelds exactly 2 nm below the Ag/
vacuum and Si/vacuum interfaces. The white dashed line
deﬁnes the edges of the wire base. The strongest enhancement
of the PEEM signal is observed at the Ag/Si edges, in
agreement with the experiment (see PEEM image at 1.55 eV in
Figure 4). Due to high localization of the ﬁelds at the bottom
apexes of the Ag wire, the periodicity of the modulations is
hardly noticeable just by looking at the PEEM image. The line
proﬁles taken along the top and bottom edges are plotted
G
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due to very short propagation lengths, the results of Norrman
et al.58 show the possibility of the transition of higher order
modes into dominant modes with long propagation lengths. An
estimation for the existence of higher order modes, εr1 ≤ εr2,
where εr1 and εr2 denote relative permittivity of the metallic slab
and the surrounding media, respectively, is indeed fulﬁlled for
our Ag/Si structure.
Considering that the Ag/Si plasmons exist above the indirect
band gap of Si, the transfer of energy from the interface
plasmons to electron−hole excitation in Si should be eﬃcient.
Thus, the Ag/Si interface plasmons are more likely to be
important for plasmonically enhanced photochemistry than the
Ag/vacuum plasmons, which contribute to excitation of the Si
substrate mainly through scattering processes. The Ag/vacuum
plasmon modes are likely to be brighter in optical scattering
experiments, however, and thereby give a misleading
impression of being the dominant mode of coupling external
ﬁelds into semiconductor electron−hole pair excitation. The
spectrally broadband characteristic of plasmonic resonances we
have investigated might therefore be particularly beneﬁcial in
the area of research concerning plasmon-enhanced solar energy
conversion and photocatalysis in metal/semiconductor hybrid
structures.

established that thin metallic structures below 100 nm support
coupled modes of the dielectric−metal ﬁlm−dielectric
structure.53,54 When the top and bottom dielectrics are
identical, these are rigorously antisymmetric ab and symmetric
sb bound modes, with the sb ﬁelds predominantly existing in the
dielectric and the ab mode in the metal. The symmetry of the
bound mode is deﬁned with respect to the transverse, i.e.,
perpendicular to the interface electric ﬁeld distribution.53,54 As
the metal ﬁlm thickness is reduced, the sb mode experiences
weaker interaction with the metal ﬁlm and consequently is
named the long-range plasmon, whereas the ab mode
experiences stronger conﬁnement, and therefore faster damping, and thus is known as the short-range surface plasmon.55 In
the case of Ag nanowires on a Si substrate, the dielectric
structure is not symmetric because bottom and top dielectrics
are made of diﬀerent materials, and the Ag ﬁlm thickness varies
continuously in the selvedge region. Because Si is a high-index
material relative to a vacuum, substantial deviations from the
symmetric structure model are expected.56 We see in the inset
of Figure 6d that the Ez component is odd with respect to the
vacuum/Ag/Si interface; that is, it undergoes a sign (phase)
change, whereas the Ex, Ey components are even. This behavior
is expected for the antisymmetric ab mode of the vacuum/Ag/Si
construct. Because the skin depth of Ag for the visible light is in
the range of 20 nm, the eﬀect of coupling between the
plasmonic ﬁelds from the bottom Ag/Si and the top Ag/
vacuum interfaces is of negligible strength at the pedestal of our
70 nm thick Ag wire.
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CONCLUSIONS
In summary, we performed a spectromicroscopic study of the
plasmonic resonances excited in epitaxial Ag nanowires on a
Si(001) substrate. Our results show that Ag wires with
dimensions comparable to the excitation wavelength and
characteristic pyramidal shape are very versatile plasmonic
systems possessing both propagating and multipolar surface
plasmons, which can be selectively excited depending on the
excitation geometry and light polarization. In particular, we
demonstrated the excitation of the transverse higher order
surface plasmon modes driven by the incident laser light with kvector perpendicular to the major axis of the wire. By tuning the
energy of the excitation laser light we distinguish two types of
bound modes, localized at the Ag/vacuum and the Ag/Si
interfaces. Although both modes can be excited with near-IR
light, the Ag/Si modes make the dominant contributions to the
photoemission signals in part due to a much stronger ﬁeld
conﬁnement. By combining the real-space imaging using PEEM
together with FDTD simulations we explain the mechanisms of
the plasmon excitation and propagation.
Previous studies on plasmonic modes in metallic nanowires
have been mostly limited to the longitudinal excitations where
Fabry−Perot-like interferences of the counterpropagating SPP
waves were observed in the quasistatic limit.6−9 Such
interferences result in standing wave patterns with periodicity
deﬁned by λSPP/2, but they do not represent truly localized
high-order modes. PEEM experiments are not very sensitive to
Fabry−Perot modes, because they require time to establish
through propagation, reﬂection, and interference of counterpropagating SPP waves and therefore are weaker than the
primary interferences between the traveling waves. Nevertheless, in wavelength size structures Fabry−Perot modes can
modulate the PEEM intensities.57 Although localized highorder plasmonic modes are usually neglected in the literature
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