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Plasmon–plasmon coupling probed by ultrafast,
strong-ﬁeld photoemission with <7 Å sensitivity
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Tomasz Stefaniuk,d Zsuzsanna Márton,a,e Péter Ráczc and Péter Dombi *a,c
The coupling of propagating surface plasmon waves and localized plasmon oscillations in nanostructures
is an essential phenomenon determining electromagnetic ﬁeld enhancement on the nanoscale. Here, we
use our recently developed ultrafast photoemission near-ﬁeld probing technique to investigate the fundamental question of plasmon–plasmon coupling and its eﬀect on large ﬁeld enhancement factors. By
measuring and analyzing plasmon ﬁeld enhancement values at diﬀerent nanostructured surfaces, we can
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separate the contributions from propagating and localized plasmons. When resonance conditions are
met, a signiﬁcant ﬁeld enhancement factor can be attributed to the generation of localized plasmons on
surface nanostructures, acting as dipole sources resonantly driven by the propagating plasmon ﬁeld. Our
plasmon–plasmon coupling results can contribute directly to applications in surface-enhanced Raman
scattering (SERS) and the development of plasmonic sensors and nanostructured photocathodes.

Introduction
Nanoscale electromagnetic field localization in close proximity
to metal nanostructures is a phenomenon exploited in many
important applications. Field nanolocalization can have a geometric origin rooted in the nanometer-scale radius-of-curvature of surface features. This phenomenon inherently goes
together with the enhancement of the incoming (laser) field at
the sharpest features and it is well studied with metal nanotips.
Field enhancement factors of up to ×10 can be achieved this way
for direct optical excitation1–5 (even without plasmon coupling).
A more promising path toward large field enhancement is the
generation of surface plasmons in various environments. Both
propagating surface plasmon waves at metal films or localized
plasmon oscillations in metal nanoparticles are suitable tools to
achieve substantial field enhancement.6,7 This field enhancement represents the basis for many important applications such
as the development of templates used for surface-enhanced
Raman scattering (SERS),8–10 plasmonic biosensors11,12 also for
single molecule detection13 and many more.14–17
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Electromagnetic coupling phenomena represent essential
ingredients for tailoring plasmonic systems and devices. In
addition to the well-known light-plasmon and plasmon-light
coupling (scattering) processes, coupling between propagating
and localized surface plasmon modes can occur on suitable
samples strongly aﬀecting the achievable maximum field
enhancement. Signatures of plasmon–plasmon coupling can
be indirectly investigated with optical spectroscopy
methods.18,19 More direct information on this type of coupling
can be gained with scanning probe tools20,21 and photoelectron emission microscopy.22,23 However, what these
approaches all have in common is that they lack information
on the absolute value of nanoplasmonic field enhancement.
In a more general context, there are other methods for determining field enhancement, such as surface-enhanced Ramanscattering,24 two-photon photopolymerization,25 two-photon
photoluminescence,26 nano-ablation,27 measurement of DC
photocurrent in plasmonic gaps28 or determination of the
Purcell-factor.29 Although these provide a sound estimate for
field enhancement, they were not used for studying plasmon–
plasmon coupling.
Since the coupling eﬀect plays a key role in the eﬃciency of
plasmon-based devices, for proper plasmonic device engineering, one requires a direct and independent feedback both on
the magnitude and on the sources of plasmon field enhancement with the most relevant coupling phenomena considered.
This need is satisfied by our recently demonstrated method,30
which oﬀers a way to establish the field enhancement factor
for any nanostructured metal sample based on ultrafast photoemission from metal nanostructures.
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Here, we apply this method for the first time to investigate
the coupling of propagating surface plasmon waves and localized plasmon oscillations. We show that this method provides
an ultrahigh, <7 Å measurement sensitivity of the plasmon
near-field at the metal surface enabling us to exactly determine
the contributions of both localized and propagating plasmons,
keeping in mind that the former decay within only a few nanometers distance from the sample surface.

Results and discussion
Retrieving plasmon field enhancement
We achieve diﬀerent degrees of plasmon–plasmon coupling by
fabricating three diﬀerent plasmonic thin films (supporting
propagating plasmons) with highly controlled, varying surface
roughness. Typical surface nanostructures with diﬀerent sizes
on each sample support localized plasmon oscillations, too.
Here, we set out to measure the field enhancement contributions originating from propagating and from localized
surface plasmons on each nanostructured sample.
Our field enhancement measurement method is based on
the observation that if photoelectrons are emitted at a favorable phase of the electric field, after roughly a half optical
cycle they can return to the metal surface and elastically rescatter there, boosting their kinetic energy (Qmax) until up to
10 times the ponderomotive energy according to
Qmax ¼ ð10:01e 2 λ 2 Eloc;max 2 Þ=ð16π 2 mc 2 Þ þ 0:54W

ð1Þ

Here e and m are the electron charge and mass, respectively, λ is the laser wavelength, Eloc is the local electromagnetic
field, c is the speed of light and W is the work function of the
metal. Explanation for the numerical prefactors can be found
in ref. 31 and 32. The rescattering process is in complete
analogy with the above threshold ionization of atoms.33 Here,
by measuring plasmonic photoelectron spectral cutoﬀs experimentally, we can simply deduce the maximum near-field
enhancement value on a given sample illuminated by femtosecond laser pulses.
The measurement setup based on this concept is illustrated
in Fig. 1. We use femtosecond laser pulses with 38 fs pulse
length, 795 nm central wavelength and 1 kHz repetition rate to
generate propagating surface plasmon waves by focusing them
onto a 50 nm-thin Ag film evaporated onto the superpolished
face of a right-angle fused silica prism. Most importantly, by
precisely controlling the temperature during the electron beam
evaporation process and applying diﬀerent wetting layers (Ni,
Ge and no wetting layer),34–36 we could achieve highly controlled thin films exhibiting 0.8 nm, 1.6 nm and 4.5 nm rootmean-square (rms) surface roughness with a certain distribution of the Ag surface nanostructures. The left column in
Fig. 2 shows the atomic force microscopy (AFM) images of the
surfaces after applying tip shape deconvolution. In order to
determine the maximum field enhancement on each sample,
we acquired plasmonic photoelectron spectra using a time-of-

16262 | Nanoscale, 2018, 10, 16261–16267

Fig. 1 Measurement scheme for the investigation of plasmon–plasmon
coupling probed by photoelectron spectroscopy. Plasmons are generated on surfaces with precisely controlled roughness by femtosecond
laser pulses to achieve suﬃcient intensity for the photoacceleration of
the electrons in nano-optical near-ﬁelds.

Fig. 2 Surface morphology and the corresponding electron spectra.
(a–c) Atomic force microscope scans of plasmonic surfaces with controlled, diﬀerent rms roughness of 0.8 nm, 1.6 nm and 4.5 nm, after
applying a tip shape deconvolution procedure. (d–f ) Plasmonic photoelectron spectra (logarithmic scale) from the three surfaces by generating plasmons with a 38 fs laser pulse with diﬀerent focused intensities.
The black symbols correspond to electron spectral cutoﬀs. The cutoﬀ
error bars are determined according to the ﬁt uncertainty.

flight electron spectrometer at diﬀerent laser intensities at the
resonant angle of incidence (measured beforehand).
It can be seen in Fig. 2 that for each sample, the energy
cutoﬀs scale linearly with intensity, evidencing the ponderomotive nature of the generation of the most energetic elec-
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Table 1

Paper

Comparison of the maximum ﬁeld enhancement and plasmon-ﬁeld decay values for the 3 test surfaces with diﬀerent roughness

rms surface roughness of the sample (nm)

0.8

1.6

4.5

Measured max. field enhancement
Minimum/maximum focused intensity (GW cm−2)
Minimum/maximum electron quiver amplitude (Å)

20.6 ± 2.0
67/225
4.7/8.6

22.5 ± 1.1
69/230
5.2/9.5

30.8 ± 2.4
58/173
6.5/11.3

trons. By evaluating the cutoﬀs according to (1), the maximum
field enhancement for each surface was assessed, yielding 20.6
± 2.0, 22.5 ± 1.1 and 30.8 ± 2.4 for the surfaces with 0.8 nm,
1.6 nm and 4.5 nm rms roughness, respectively.
Our near-field probing method has a remarkable feature
that it has ultrahigh sensitivity with the photoelectrons
probing the maximum local fields in a 5–7 Å thin surface layer.
This is evidenced by the quiver amplitude of the electrons in
the local fields. This oscillation amplitude is given by1 A =
eElocλ2/(4π2mc2); therefore, one can tabulate these amplitudes
for each surface and for each laser intensity value. The electrons contributing to spectral cutoﬀs perform a half-cycle
quiver motion before rescattering;17 as such, our near-field
probe is sensitive in an ultrathin surface layer with a thickness
comparable to the quiver amplitude. The tabulated quiver
amplitudes in Table 1 for each of our samples evidence that
for the lower laser intensity range, field enhancement can be
measured in a layer with some 5–7 Å thickness at the surface
that we probe. This is an unparalleled feature of our photoelectron probe.
Contributions of localized and propagating plasmons
Most remarkably, our measurements show that there is a nontrivial relationship between the experimental field enhancement values and the surface roughness of the samples. The
unexpected and significant increase of the field enhancement
for the probe with the roughest surface requires further analysis of the electromagnetic phenomena on these samples. To
analyze this relationship, the coupling of propagating and
localized plasmon modes has to be considered. In order to
separate field enhancement contributions from both types of
plasmons, we performed a numerical simulation of the
plasmon excitation and plasmon–plasmon coupling processes.
In order to determine electrons from which surface nanostructures contribute to the observed spectral cutoﬀs, we considered the actual surface nanostructure size distribution on
each surface (Fig. 3(a–c)). The field enhancement values
near the surface of the nanostructures were gained by evaluating field distribution maps (see Fig. 3(d–f ) representing
typical surface nanostructures). Our simulations revealed that
within the 20 nm–90 nm surface nanostructure size range,
the field enhancement continues to grow due to localized
plasmon resonance (Fig. 4). Since the surface nanostructures
which are still represented considerably in the size distribution
are smaller than 90 nm, we chose the largest surface nanostructure from each sample which is represented with at least
half of the maximum value of each distribution (Fig. 3(a–c)).
This way, we simulated typical nanostructures for each surface
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Fig. 3 Simulation of ﬁeld amplitudes. (a–c) Surface nanostructure size
distribution of the Ag surfaces with rms roughness of 0.8 nm, 1.6 nm
and 4.5 nm, respectively. Arrows indicate the surface nanostructure
sizes for which the ﬁeld distributions are presented in (d–f ) by simulating the AFM-scanned surface elements. White crosses show the location
of the hottest spots, where the corresponding decay curves were averaged. These averaged curves are plotted along the surface normal in
(g–i). (g–i) Simulated ﬁeld amplitude proﬁles with a clearly visible twocomponent decay in units of ﬁeld enhancement (F. E.).

that provide a measurable photoemission electron signal contributing to the cutoﬀ electrons.
For the smoothest surface, typical, AFM-scanned surface
nanostructures of ∼50 nm diameter give a maximum simulated field enhancement value of ×16.3, see Fig. 3(d). We analyzed the situation further by plotting the field amplitude (in
units of the amplitude of the incoming field) along surface
normals taken at the hottest spots of each surface nanostructure (white crosses in Fig. 3(d–f )). Averaging these lineouts reveals the simultaneous presence of propagating and
localized plasmons since two decay lengths are clearly visible:
one sharp component corresponding to localized plasmons
with 3.5 nm 1/e decay length and a shallow decay with 640 nm
length corresponding to propagating plasmons. We deduced
the field enhancement contribution of localized and propagating plasmons with the steps detailed in the Methods section
and we found that the propagating plasmon component
accounts for most of the field enhancement (×12.1). If the
same procedure is applied to typical surface nanostructures of
the other two surfaces with 1.6 nm and 4.5 nm roughness,
maximum field enhancement values of ×19.4 and ×25.4 are
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Fig. 4 Resonance behavior of ﬁeld enhancement contribution of localized plasmons and surface charge density as a function of nanostructure size. Black data points correspond to the simulations of actual,
AFM-scanned surface nanostructures with diﬀerent diameters, with the
black curve illustrating the resonance-like behavior. The maximum ﬁeld
enhancement was computed for diﬀerent surface nanostructures and
the propagating plasmon contribution was subtracted. The error bars
represent standard AFM resolution (±5 nm for a 10 nm radius-of-curvature of the tip). The dashed blue-green curve shows results (evaluated
the same way) on hypothetical samples with a single semi-ellipsoid positioned on an atomically ﬂat silver ﬁlm. In addition to ﬁeld enhancement
resonance, surface charge density resonance is also plotted for these
samples (dashed grey curve).

revealed for typical nanostructures with ∼65 and ∼90 nm diameters, respectively. The corresponding decay components are
characteristically similar as mentioned above, and are summarized in Table 2.
The measured and simulated field enhancement values
correspond well with one another with a slight systematic
numerical underestimation. In general, our results show the
enhanced generation of localized plasmons for the roughest
surface and moderate field enhancement for the other two surfaces. This prompts us to conclude that the highest field
enhancement can be achieved for a surface where propagating
plasmons can couple strongly to localized plasmons on
surface nanostructures.
To support this claim, we computed and plotted field
enhancement on several surface nanostructures as a function
of nanostructure size as shown in Fig. 4. This shows the contribution of the localized plasmon component in the overall field
enhancement (by subtracting the propagating plasmon
component, c.f. Fig. 6 in the Methods section). The field
enhancement continues to grow in the 20 nm–90 nm nanostructure size range, where it saturates due to localized
plasmon resonance, showing that the coupling is more

Table 2

eﬃcient at larger surface nanostructures, also evidenced by
our experiments.
The fundamental nature of the plasmon–plasmon coupling
resonance shown in Fig. 4 is also illustrated by simulations of
a hypothetical sample containing a single semi-ellipsoidal
nanostructure lying on an atomically smooth plasmonic silver
layer. By separating the localized plasmon contribution to the
overall field enhancement in the same way, a similar plasmon–
plasmon coupling resonance is observed, peaking at around
75 nm nanostructure diameter (blue-green curve in Fig. 4).
Our simulations enable the determination of the surface
charge density distributions, as well. This provides a more fundamental representation of the coupling mechanism since
localization takes place due to the presence of resonantly
driven surface charges at surface nanostructures with favorable
size. As expected, the maximum surface charge density values
also show surface nanostructure size dependence and the resonance behavior is well visible (Fig. 4).
Coupling mechanism
Thus, the physical background of the observed phenomena
can be summarized as follows: ultrashort laser pulses launch
propagating plasmonic wave packets on the silver film. If these
waves reach a metallic surface nanostructure with a suitable
geometry, they can resonantly drive dipole-like oscillations
localized to the nanostructure, yielding an increased field
enhancement factor at the hot spots. The observed (experimentally measured) extra field enhancement evidences the
plasmon–plasmon coupling phenomenon.
In order to provide further confirmation of this picture, we
computed field distribution maps (i) for a dipole, oscillating
along the x-direction, (ii) an AFM-scanned ∼65 nm-diameter
plasmonic surface nanostructure and (iii) an artificial semiellipsoidal surface nanostructure with 65 nm diameter. We
compared the maps for the Ex, Ey and Ez components of the
field amplitude for cases (i–iii) in a plane positioned 2 nm
above the top of the nanostructure (see Fig. 5). The diﬀerence
between cases (i) and (iii) can be attributed to the fact that (i)
is a point source, whereas for (iii) we computed fields for an
extended nanoparticle. The good correspondence between the
dipole fields and the optical near-fields in Fig. 5 (both for the
AFM-scanned nanostructure and for the artificial surface
nanostructure) evidences that plasmons propagating along the
y-axis drive dipole-like charge oscillations on resonant nanostructures. Their field is superimposed on that of the propagating wave, shown by the color-scale oﬀsets in Fig. 5(e), (f), (h)

Comparison of the maximum ﬁeld enhancement and plasmon-ﬁeld decay values for the 3 test surfaces with diﬀerent roughness

rms surface roughness of the sample (nm)

0.8

1.6

4.5

Measured max. field enhancement
Calculated max. field enhancement at the surface nanostructure
Decay length of the localized plasmon (nm)
Decay length of the propagating plasmon (nm)

20.6 ± 2.0
16.3
3.5
640

22.5 ± 1.1
19.4
4.5
670

30.8 ± 2.4
25.4
9.1
590
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at samples where strong plasmon–plasmon coupling is realized. These experiments open a pathway not only toward the
investigation of plasmon coupling processes, but also toward
better exploitation of these phenomena in real-world environments and engineering of plasmonic samples with experimental
field enhancement feedback. In the future, nanostructured
surfaces can be directly optimized for plasmonic field enhancement in applications where this is crucial, such as single-molecule spectroscopy and SERS,8–10,13,37 plasmonic sensors,11,12
switches38–40 and nanostructured photocathodes.41–45 Plasmon
field probing with ultrafast photoemission provides relevant
physical insight into the emergence of electromagnetic field
enhancement; it is suitable for time-resolved measurements4,46,47
and as such, it is expected to lead to better nanofabrication and
further discoveries in the field of ultrafast plasmonics.

Fig. 5 Dipole-like behavior of the surface nanostructures. Scheme of
(a) a modeled dipole, (b) modeled rough silver surface (rms roughness of
4.5 nm) with a ∼65 nm-diameter surface nanostructure in the centre
and (c) silver surface with a semi-ellipsoid (diameter: 65 nm and height:
6.5 nm). (d), (g) and ( j) Normalized ﬁeld distribution maps for the x, y
and z-components of the electric ﬁeld of a dipole being parallel to the
x-axis. (e), (h) and (k) Field distribution maps in a plane 2 nm above a
65 nm-diameter surface nanostructure on the Ag layer with 4.5 rms
roughness. (f ), (i) and (l) Field distribution maps in a plane 2 nm above a
65 nm-diameter surface nanostructure on a smooth Ag layer. The color
bars are oﬀset in (e), (f ), (h) and (i) to indicate only the dipole component, and the residual background in the Ex and Ey ﬁeld amplitude
components can be attributed to the presence of propagating plasmons
on the surface. They propagate along the y-axis and have 0 electric ﬁeld
components in the z-direction, as expected.

and (i). This, together with the good agreement between the
measured and simulated enhancement values, indicates that
plasmon–plasmon coupling is well accounted for by the ultrafast photoelectron probing method.

Methods
Experimental setup
38 fs pulses were delivered using a regenerative Ti:sapphire
amplifier (“Legend Elite” from Coherent Inc., 1 kHz repetition
rate at 795 nm central wavelength). The electrons emitted from
the plasmonic samples were collected using a time-of-flight
(TOF) spectrometer (designed and built by Kaesdorf GmbH
with a flight tube of 45 cm length and an acceptance angle of
37°). The Kretschmann-prism acted as the vacuum window of
the TOF chamber with the thin film samples being on the
vacuum side. The axis of the flight tube of the TOF spectrometer is normal to the surface of the sample where the plasmonic thin film is situated (see Fig. 1). Electron counts from a
microchannel plate detector at the end of the magnetically
shielded flight tube were recorded with a fast multiscaler card
(100 ps time resolution). The discrimination level for these
signal pulses was set to 4 mV. After calibration, electrons
having kinetic energies in the 3 eV to 100 eV range could be
accurately measured with this setup.
Plasmonic samples

Conclusions
In summary, we probed field enhancement attributed to
plasmon–plasmon coupling with a recently demonstrated,
ultrafast experimental method. Ultrasensitive near-field
probing revealed maximum field enhancement factors
between ×20 and ×31 for silver surfaces with controlled roughness. The coupling of localized plasmons to propagating ones
results in a distinctive resonance phenomenon on ∼95 nm diameter surface nanostructures providing a sudden increase of
the measured field enhancement from a factor of ∼20 to ∼30.
The simulation results corresponded well to the measured
maximum field enhancement values and this way, the field
enhancement contribution provided by the localization of propagating plasmons on surface nanostructures could be clearly
identified, amounting to ∼50% of the total field enhancement

This journal is © The Royal Society of Chemistry 2018

Sample preparation. Silver thin film samples were produced
by electron beam evaporation of Ag. By precisely controlling
the temperature during the electron beam evaporation process
and applying diﬀerent wetting layers (Ni, Ge and no wetting
layer),34–36 we could achieve thin films with 0.8 nm, 1.6 nm
and 4.5 nm root-mean-square (rms) surface roughness with a
well-controllable distribution of Ag surface nanostructures.
Surface characterization. AFM measurements under tapping
mode in air were carried out utilizing an Ntegra NT-MDT
microscope equipped with sharp etalon probes with a 10 nm
tip curvature radius. The resonant frequency of the probes is
equal to 140 kHz, which corresponds to a force constant of 3.5
N m−1. The averaged RMS value was measured on several areas
of the samples. A tip shape deconvolution procedure was
carried out supposing a typical tip shape (cone opening angle
of 30 degrees on the last 200 nm of the shank).
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Simulations
For modeling the measured samples, representative areas with
300 nm × 300 nm lateral size were chosen from deconvoluted
AFM images. We used a finite-diﬀerence time-domain
approach to model the test surfaces (FDTD Solutions/
Lumerical Inc.). A 50 nm silver layer thickness was set. The
refractive index of fused silica was described with constant n =
1.45. We used optical constants of silver that were measured
on samples deposited under the same conditions as our
samples under study.34,35 This way, the eﬀect of the inner
structure ( polycrystalline nature) of the layers is taken into
account phenomenologically. First, we checked the optimum
excitation angles in the model by looking for the angular
reflection minimum in the Kretschmann-type illumination
geometry. These angles from the simulations are 44.5°, 44.6°
and 44.9° for the surfaces with increasing roughness, being in
good accordance with the experimental observations, yielding
44.5°, 44.5° and 44.9° for the same values, respectively. The
presented results were calculated at resonant angles of incidence with a 3D non-uniform mesh with step sizes between
0.25 and 0.5 nm near the surface region. The field distributions were recorded with a 3D frequency domain field and
power monitors, while the surface charge density distributions
were deduced from time monitoring data. The same simulation conditions were applied for the artificial semi-ellipsoids.
The FDTD simulation parameters given above were set according to a strict convergence check.
Separation of localized and propagating plasmon fields. For
calculating the field enhancement contribution of localized

Nanoscale

and propagating plasmons, we plotted the field amplitude
along surface normals taken at the hottest spots of each
surface nanostructure and averaged these lineouts. Field contributions of the propagating plasmons were calculated by
fitting an exponentially decaying curve to a section of the
averaged curve with a distance between 50 nm and 1000 nm
from the edge of the surface structure since the localized
plasmons aﬀect the field amplitude only within a much
shorter distance from the surface. By subtracting the contribution of the propagating plasmons from the overall field
amplitude, we can determine the rapid decay of localized
plasmons.
Fig. 6 shows this process for two cases. When the decay is
studied on a perfectly smooth surface element far from the
semi-ellipsoid, we observe an exponential decay consisting of
only one exponential term, since far from the structure there is
no localization and only the propagating plasmons contribute
to the field. When we are on the surface structure supporting
field localization, the decay curve cannot be represented with a
single exponential term anymore; therefore, we have to introduce an additional, rapidly decaying exponential term which is
attributed to the localized plasmon contribution to the field
decay curve.
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Fig. 6 (a) and (b) Field distribution maps computed for an artiﬁcial
semi-ellipsoid lying on a perfectly smooth silver layer. Blue crosses indicate the positions where the ﬁeld amplitude lineouts were taken, which
are plotted in (c) and (d) along the surface normal. In (c) and (d) red lines
show the overall ﬁeld amplitude, blue curves represent the contribution
of localized plasmon components while dashed green ones correspond
to propagating plasmons. Note that for (c) the red and green curves
overlap indicating that by moving away laterally far from the surface
structure, the ﬁeld component associated with the plasmon localization
on the surface nanostructure disappears.
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