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Fano resonance enhanced multiphoton photoemission from single plasmonic
nanostructure excited by femtosecond laser
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High-flux photoelectron pulses with femto-nano spatiotemporal properties enhanced with plasmonic metallic
nanostructures can provide possibilities for potential photoelectron-based devices. In this work, a large multi-
photon photoemission enhancement in a single plasmonic Au-heptamer nanostructure, which supports the Fano
resonance, is investigated using photoemission electron microscopy (PEEM). By exploiting the high spatial
PEEM resolution and performing calculations, it is found that the photoemission electrons are mainly emitted
from the junction area between the lower surface of the nanostructure and the indium tin oxide film on the
substrate. It is also observed that photoemission is strongly affected by the Coulomb field. Specifically, the
strong photoemission locates in the gap region with the Coulomb attraction rather than Coulomb repulsion,
even though the latter exhibits a higher charge density. The measured photoelectron enhancement achieved by
employing a Fano-resonant Au heptamer is supported by calculations, combining the photoemission effects of
both near-field intensity in the lower surface and nanostructure absorption.
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I. INTRODUCTION

Because of its localized near-field enhancement effects
and optical response control at the nanometer scale, plas-
mon resonance has attracted significant attention and has
been widely applied in the field of light-matter interaction
in, for example, nonlinear optical systems, optoelectronics,
and biochemical sensing [1,2]. Recently, the plasmon effects
in metallic-nanostructure arrays have also been employed to
improve the electron yield [3–9]. Even though the plasmon ef-
fects in a nanostructure array can greatly improve the electron
yield of a metal, the large lateral size of these arrays, generally
in the micrometer or even millimeter scale, will undoubt-
edly reduce the spatial resolution of a photoelectron-based
device (e.g., a photocathode). As a result, the application of
a photoelectron-based device to, for instance, high spatial and
temporal resolution electron microscopy is restricted [10,11].
By utilizing plasmon-induced strong photoemission enhance-
ment in a single nanostructure, the degraded spatial-resolution
problem of an electron source can be eliminated.

It is known that the photoelectron yield induced by surface
plasmons is closely related to the near-field enhancement and
absorption [3,12]. The plasmonic Fano resonance, which is a
plasmon mode induced by destructive interference between a
“bright” mode and a “dark” mode, is capable of significantly
reducing or even preventing the radiation damping pathway
[13,14]. Reduced radiative damping in a Fano-resonant nanos-
tructure will result in not only great near-field enhancement
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but also strong absorption around the Fano-resonant wave-
length [15–17]. Therefore, achieving an improvement in the
multiphoton photoemission yield in a Fano-resonant nanos-
tructure is particularly important. However, to the best of our
knowledge, the Fano resonance-enhanced multiphoton pho-
toemission in a single plasmonic nanostructure has not yet
been investigated.

In this work, the photoemission characteristics of plasmon
Fano-resonant Au-heptamer nanostructures are investigated
using photoemission electron microscopy (PEEM). PEEM
has been a powerful tool for investigating near-field proper-
ties of plasmonic nanostructures [18–24]. It is found that the
photoemission yield-enhancement factor of a Fano-resonant
single nanostructure illuminated by a femtosecond laser can
be up to six orders of magnitude higher than that of a gold flat
surface, reaching the enhancement level of a plasmonic array
[4] but with a greatly reduced lateral size of the photoelectron
pulse. By exploiting the high spatial resolution of PEEM, it is
deduced that the photoemission electrons are generated from
the junction between the lower surface of the Au-heptamer
nanostructure and the coated indium tin oxide (ITO) surface
on the substrate rather than from the upper surface of the
heptamer. More importantly, it is found that photoemission is
strongly affected by the Coulomb field, and the strong photoe-
mission locates in the gap region with the Coulomb attraction
rather than Coulomb repulsion, even though the latter exhibits
a higher charge density.

II. EXPERIMENTAL SETUP

Focus PEEM with a spatial resolution of 40 nm was em-
ployed to display photoelectron emission from a heptamer
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FIG. 1. (a) SEM image of the Au-heptamer structure. (b) Far-
field scattering and absorption spectrum depicted by black solid and
red solid lines, respectively, of the Au-heptamer nanostructure simu-
lated using FDTD. Simulated charge distribution of the Au-heptamer
nanostructure at (c) 790 nm and (d) 880 nm. The black and red arrows
indicate the E and k vectors, respectively, which are the in-plane
projections of the excitation field and its k vector. (e) Near-field
spectrum of the Au-heptamer nanostructure obtained from PEEM
(red line) and simulated near-field enhancement spectrum (black
line) under s polarization light illumination. The simulated near field
spectrum is obtained by integrating the electric field intensity within
the whole structure.

nanostructure. In this experiment, a delay line detector was
used to accurately acquire the number of photoemission elec-
trons. A mode-locked Ti-sapphire laser oscillator (Coherent,
Mira 900) capable of delivering 150-fs-duration laser pulses
with a 76-MHz repetition rate and a tunable output wave-
length in the range of 700–900 nm was used to excite the
nanostructure. The sample was illuminated by an incident
laser pulse at 65° with respect to the vertical axis of the
sample. The bandwidth of the laser source was 12 nm. Details
of the experimental setup have been reported in [25]. The
heptamer sample consisted of a planar nanodisk monomer
with a 125-nm radius placed in its center and six planar
nanorods placed around the nanodisk with a 40-nm gap be-
tween each other. The area of each nanorod was 70×160 nm2.
A 150-nm-thick ITO layer coated on the glass substrate was
assumed to have a refractive index of 1.55. The Au-heptamer
nanostructure was fabricated using electron-beam lithography
(EBL) with a deposition of 40 nm Au and 2 nm Ti served
as an adhesion layer. The fabricated structures were arranged
in a two-dimensional square array with a 3-μm pitch size to
avoid near-field interaction between adjacent unit structures.
A scanning electron microscopy (SEM) image of an isolated
heptamer is presented in Fig. 1(a). In the experiment, five
regions from an intact flat Au film with a large area were
selected away from the heptamer to extract the photoelectron
yield. The size of these five regions was the same as that
extracted from the structure. Subsequently, the average value

of measurements calculated to obtain the photoelectron yield
of the Au flat surface was used for reference.

III. RESULTS AND DISCUSSION

The excitation of Fano resonance in the heptamer can be
estimated from the simulated far-field spectrum, charge distri-
bution, and absorption spectrum of the nanostructure [26,27].
Numerical simulation of the nanostructure was performed
using the finite-difference time-domain (FDTD) method. A
total-field scattered-field source was used with an incident
angle of 65° with respect to the vertical axis of the sample
to mimic the PEEM illumination geometry. The Au optical
properties were obtained using the data presented in [28], and
a refractive index of 1.55 was assumed for the ITO layer.
The simulated far-field scattering and absorption spectra of
the Au heptamer irradiated by s-polarized laser pulses are
illustrated by the black and red curves, respectively, as illus-
trated in Fig. 1(b). The simulated charge distributions of the
heptamer are illustrated in Fig. 1(c) for 790 nm and Fig. 1(d)
for 880 nm, respectively. It can be observed that the heptamer
exhibits a subradiative mode at around 790 nm [Fig. 1(c)]
and a radiative mode at around 880 nm [Fig. 1(d)]. The plas-
monic Fano resonance results from destructive interference
between the bright plasmon and dark plasmon modes (namely,
between the plasmon radiative and subradiative modes) [13].
The destructive interference between these two modes induces
a Fano resonance at around 790 nm. As a result, a dip ap-
pears in the scattering spectrum around the Fano-resonance
wavelength because of the strong scattering suppression by
the Fano resonance. Thus, a dip and two prominent scattering
peaks can be observed in the simulated scattering spectrum
of the heptamer. A detailed discussion regarding the Fano
resonance for a similar heptamer has been reported in previous
research work [29]. Note that due to the complexity of the
heptamer and the oblique incidence, the plasmon mode in the
heptamer is complicated, and, overall, the heptamer exhibits
a subradiative Fano resonance mode. The subradiative mode
results from the cancel of the electric dipole moment among
constituent units in the heptamer rather than only the subradia-
tive quadrupole mode in the central disk. In other words, the
Fano resonance is a result of the whole structure excitation
instead of any isolated part of the heptamer. Additionally, the
scattering spectrum presented in Fig. 1(b) indicates that the
spectrum bandwidth of the radiative mode is broader than that
of the subradiative mode.

It is known that the Fano-resonance effect generally pro-
duces two different kinds of phenomena: electromagnetic
induced transparency (EIT) [30] and strong nanostructure
absorption [16]. In the absorption mode, the photoemission
can be enhanced. By contrast, in the EIT mode, a significant
reduction in the photoelectron yield generally occurs [31]. In
fact, these two phenomena cannot be easily distinguished by
only considering the far-field scattering spectrum or charge
distribution. Especially, under oblique illumination (as used
in this paper), the scattering spectrum and charge distribu-
tion could be more complicated because of the emergence
of retardation effects [13,32,33]. Therefore, it is necessary to
obtain the absorption spectrum of the heptamer to confirm
the appearance of an absorptive Fano-resonance mode. The
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FIG. 2. (a) Photoemission electron yield of the Au heptamer as
a function of the incident light power. Inset: predicted trend of the
electron yield caused by an incident pulse intensity assuming four
photons photoemission when the incident pulse intensity increases.
(b) PEEM images of the Au-heptamer nanostructure with an 800-nm
fs-laser illumination under s-polarization excitation. The yellow cir-
cle represents the region of the extracted electrons from a single
structure.

simulated absorption spectrum of the heptamer is displayed
by the red curve in Fig. 1(b). An absorption peak near 850 nm
corresponding to the Fano dip in the scattering profile can be
clearly observed.

The far-field spectrum peak does not accurately correspond
to the near-field peak. Thus, the far-field spectrum cannot fully
represent the maximum near-field enhancement [34]. By inte-
grating the photoelectron signal and plotting it as a function of
the incident laser wavelength, the wavelength-dependent pho-
toemission (PE) intensity curve can be regarded as a near-field
spectrum because the photoelectron intensity is nonlinearly
correlated with the near-field intensity [20,31,35]. The nor-
malized PE spectrum of the Au-heptamer nanostructure at
oblique incidence using s-polarized excitation is illustrated by
the red curve in Fig. 1(e). To avoid the impact of nanostructure
defects, the PE-intensity curve was obtained by collecting
the electrons emitted from an Au-nanostructure array. The
simulated near-field enhancement in the whole structure is
represented by the black curve in Fig. 1(e) that presents a
peak at 790 nm. In Fig. 1(e), it can be observed that the ex-
perimental PE-curve results are consistent with the simulated
near-field enhancement results. The 10-nm shift in the near-
field spectrum between experimental and simulation data can
be attributed to errors in the structural dimensions during EBL
fabrication. It can be observed that the dip in the scattering
spectrum produced by the Fano resonance [Fig. 1(b)] does not
appear in the PE-yield curve in Fig. 1(e). This is because the
wavelength-dependent PE yield is a comprehensive result of
near-field intensity and nanostructure absorption [3,20], and
its profile does not directly reflect the scattering response of
the structure. The agreement among the simulated absorption
spectrum, the near-field enhancement spectrum, and the ex-
perimental PE profile in Fig. 1 demonstrates that the excitation
of the absorption plasmon Fano-resonance mode at 790 nm
can be achieved in the heptamer.

The Fano resonance-enhanced multiphoton photoemission
is demonstrated in detail in Fig. 2(a), which indicates the
average photoelectron yield obtained from the heptamer using
an incident laser pulse at the Fano-resonant wavelength of

800 nm. The region where the electrons are extracted from a
single structure is illustrated by the yellow circle in the PEEM
image of Fig. 2(b). The slope indicates that photoemission
from the Au heptamer is due to a four-photon photoemission
process. The photoemission yield reaches 104 counts at a
100 μW/μm2 laser intensity. To confirm the photoelectron
enhancement factor caused by the Fano resonance in the
heptamer, the electron yield from the Au flat surface with
an illumination of an 800-nm s-polarized femtosecond laser
pulse was obtained as a reference. The collection area of
the photoelectrons extracted from the Au flat surface is the
same as the one depicted by the yellow circle in Fig. 2(b).
It can be observed that due to the lack of plasmonic effects
in the flat Au surface case, a much higher laser intensity of
I = 0.56 mW/μm2 is required to ensure a reliable number
of photoelectrons for reference (28 electrons were measured
at I = 0.56 mW/μm2). However, it is obvious that the Au
heptamer cannot be directly irradiated by laser pulses with
such high intensity (0.56 mW/μm2) because of the saturation
of the PEEM image. To compare the photoelectron yield
at the same laser intensity, it is reasonable to extract the
photoelectron yield at a laser intensity of 0.56 mW/μm2 for
the Au-heptamer case under the multiphoton photoemission
assumption. For the case under investigation, the photoelec-
tron yield extraction using this process is reliable because the
only other possible photoelectron emission mechanism (i.e.,
field emission) can be eliminated based on the calculation of
Keldysh parameters, as shown below.

It is known that Keldysh parameters in Eq. (1) (given
below) can be used to identify the photoemission mechanism
in a multiphoton regime or in a strong field regime [36]:

γ = (ω
√

2m∅/eE1), (1)

where ω is the laser frequency, ϕ is the work function of
Au, E1 = βE is the electric-field intensity, β is the near-field
enhancement factor, E is the incident electric field, and e and
m are the electron charge and mass, respectively. Consider-
ing the near-field enhancement simulated using the FDTD,
γ ≈ 3.408 was calculated for an incident laser power density
of 0.56 mW/μm2. This means that it would be safe to assume
that photoemission still occurs in a four-photon photoemission
process, even if the incident power density is increased up to
0.56 mW/μm2, as the emission mechanism is still in the range
of multiphoton photoemission with γ > 1 [37]. Accordingly,
the electron yield Ynano of the heptamer is estimated to be
3.1×107 based on a four-photon photoemission process, as
illustrated in the inset of Fig. 2(a). Recalling that the measured
electron yield from the Au flat surface with the same area
is Ysurface = 28, the resulting photoemission electron yield-
enhancement factor obtained from the plasmonic heptamer,
which supports the Fano resonance over the Au flat surface,
can be as high as ϕ = Ynano/Ysurface = 1.1×106. Hence, it can
be concluded that the enhancement factor of the photoelectron
yield obtained from the Fano resonance in a single Au hep-
tamer (predicted by the measurements) can be up to six orders
of magnitude higher than that of the Au flat surface under the
same experimental conditions.

Notably, the photoemission electrons mainly concentrate
on the right side of the heptamer (near side of the light source),
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FIG. 3. (a) Simulated E 8 near-field distribution of the Au-heptamer nanostructure at 790 nm under s-polarization excitation. Note that Emax

(indicated by the green and red ellipses) represents the near-field enhancement maxima within the areas before the eighth power of E (E 8). (b)
Simulated charge distribution of the sample at 790 nm under s-polarization excitation. The dashed black ellipses and the purple dots represent
areas with a strong Coulomb attraction and strong Coulomb repulsion, respectively. The charge distribution in the central disk (shown by a red
dashed circle) is deliberately ignored because of the weak electric-field intensity of E 8. (c) Simulated absorption intensity spectra of the Au
nanostructure (black curve) and the Au flat surface (red curve).

which is contrary to the typical case of a hot spot preferentially
appearing on the far side when a nanostructure is obliquely
excited by a femtosecond laser [25,32,38]. Moreover, two
distinct hot spots located in the gap region (denoted by blue
circles) can be observed in the PEEM image.

To further reveal the underlying mechanism of photoe-
mission generation in the Fano-resonant nanostructure under
investigation, an effort was made to reproduce the experi-
mental PE hot-spot distribution image by simulating the E8

near-field distribution, as illustrated in Fig. 3(a). By com-
paring Fig. 3(a) and Fig. 2(b), it can be observed that the
simulated photoelectron distribution is somewhat different
from that obtained from the experimental results; i.e., the
region with a high local field (denoted by a green ellipse) is ex-
pected to emit more electrons. To identify reasons causing the
difference in the PE hot-spot distribution between experiment
and simulation, the charge distribution of the sample excited
by an s-polarized 790-nm laser is displayed in Fig. 3(b). It
can be observed that the hot spots in the experimental PEEM
image presented in Fig. 2(b) are exactly located in the gap
region with strong Coulomb attraction [as depicted by the
black dashed ellipses in Fig. 3(b)]. Meanwhile, by comparing
Figs. 2(b) and 3(b), it can be observed that there is almost
no photoemission from the gap region [denoted by the purple
dots in Fig. 3(b)] with strong Coulomb repulsion, even though
the corners of the surrounding bars exhibit high charge den-
sity. The Coulomb effects on PE can be explained as follows.
The Coulomb attraction provides oscillating electrons with
an additional force pointing out of the nanostructures. This
force makes the electrons escape from the nanostructures, thus
inducing strong photoemission. By contrast, Coulomb repul-
sion provides oscillating electrons with an additional force
pointing into the nanostructures, thus preventing photoelec-
tron emission.

Next, the contributions of both local-field enhancement
[the near-field region corresponding only to the Coulomb
attraction area is considered, as indicated by the black dashed
ellipses in Fig. 3(b)] and strong absorption due to the Fano
resonance are evaluated. These two are considered to be the

main factors contributing to the multiphoton photoemission
[3]. It is generally accepted that the multiphoton photoemis-
sion yield is proportional to the plasmonic near-field intensity
on the upper surface [39,40]. Accordingly, the photoemission
yield-enhancement factor obtained from the FDTD simulated
electric-field enhancement on the nanostructure upper surface
was estimated. This factor was compared to that obtained for
the flat surface, where the integration was performed over
the region marked by the yellow circle in Fig. 2(b). The
integration included the entire nanostructure surface; S f and
E f are the area and the electric-field intensity of the flat sur-
face, respectively [3]. The calculated results indicate that the
photoelectron enhancement factor arising from the local-field
enhancement at the upper surface is approximately 628 times
larger than that at the flat surface. Additionally, the strong
Au-heptamer absorption induced by the Fano resonance is an-
other factor responsible for photoemission enhancement. The
absorption spectra of the nanostructure and the flat surface are
illustrated in Fig. 3(c). The absorption parameters were sub-
stituted into the generalized Fowler-Dubridge equation [41],
and the predicted photoelectron yield enhancement due to
the strong absorption was YFD = A4

nano/A4
surface = 2.68×102.

Here Anano and Asurface correspond to the nanostructure and
flat surface absorptions, respectively. Therefore, by combin-
ing the contributions from both effects (strong absorption and
near-field enhancement at the upper surface of the heptamer),
a total photoelectron yield-enhancement factor of 1.68×105

was obtained. Obviously, the calculated PE-enhancement fac-
tor of the upper structure surface is much lower than the
experimental PE-enhancement factor of 1.1×106. Therefore,
it can be concluded that the photoelectrons are not mainly
emitted from the upper surface of the heptamer.

The unexpected photoelectron emission position observed
in the PEEM image and the much lower calculated PE
yield from the upper surface with respect to the experimen-
tal measurements indicate that there are other pathways for
photoelectron emission. It is known that the photoelectrons
emitted from a plasmonic nanostructure are possibly ejected
from the ITO substrate or from the junction region between
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the lower surface of the nanostructure and ITO substrate
[42,43]. Naturally, it is reasonable to assume that the pho-
toelectron emission from the ITO surface is due to direct
exposure to laser irradiation and plasmonic energy transfer
from Au to ITO [42]. However, since the work function value
of ITO is close to 4.1 eV, the photoelectron nonlinear order
should be 3 under 800-nm (1.55-eV) pulse irradiation. This re-
sult is in contrast to the measured four-photon photoemission
process illustrated in Fig. 2(a). It is obvious that the photo-
electrons in this study are still emitted from several points
in the Au nanostructure. The other photoemission pathway
originates from the junction region between the nanostruc-
ture’s lower surface and the ITO substrate, and the near-field
enhancement on the lower surface is generally higher than that
on the upper surface [43]. The electric-field intensity in the
region that is above 2 nm from the sample’s lower surface
was simulated at a 790-nm excitation. The results indicate
that the enhancement factor of the photoelectrons induced by
the electric-field enhancement in these areas is approximately
7.58×103. Considering the 2.68×102 absorption contribution,
an enhancement factor of 2.1×106 over the Au flat surface
can be obtained. This is in agreement with the experimen-
tal results. The foregoing results suggest that the observed
photoelectrons are mainly emitted from the junction region
between the nanostructure’s lower surface and the ITO sub-
strate. Similar phenomena (photoelectrons emitted from the
junction region) have also been observed by other research
groups [22,43].

To further demonstrate the advantage of Fano resonance-
enhanced multiphoton photoemission, the PE enhancement
achieved by the nanostructure with the Fano excitation was
compared with that achieved by the nanostructure with the
non-Fano excitation. The simulated far-field scattering spec-
trum of the Au heptamer illuminated under a p-polarization
excitation is presented in Fig. 4(a). In this figure, no clear
Fano-resonant profile can be observed. The PEEM image
and charge distribution of the structure are presented in
Figs. 4(b) and 4(c), respectively. By recording the pho-
toemission electron yields of the Au flat surface and the
heptamer nanostructure under p-polarized light illumination
and comparing with the case of the s-polarized light illu-
mination, it can be deduced that PE enhancement under s
polarization (with Fano-resonance excitation) is 197 times
higher than that under p-polarization (with non-Fano plasmon
excitation).

The influence of the Coulomb effects on photoemission can
also be observed under a p-polarization light excitation. Fig-
ures 4(b) and 4(c) indicate that exactly the same influence of
the Coulomb effects on photoemission can be observed under
a p-polarization excitation with that of an s-polarization exci-
tation. The PEEM image of the sample with a p-polarization
light excitation is presented in Fig. 4(b). It can be observed
that the hot spots appear at the upper and lower positions
[denoted by the blue ellipses in Fig. 4(b)]. By comparing
Figs. 4(b) and 4(c), it can be observed that the PE hot spots
are located in the regions corresponding to strong Coulomb
attraction [denoted by the black dash circles in Fig. 4(c)].
Additionally, there is almost no photoemission from the gap
region with Coulomb repulsion [denoted by the purple dots in
Fig. 4(c)]. These results clearly demonstrate that the Coulomb

FIG. 4. (a) Simulated far-field scattering spectrum of the sample
under a p-polarization excitation. The brown dot indicates the cor-
responding wavelength of the charge distribution shown in (c). (b)
PEEM image of the Au-heptamer nanostructure under a p-polarized
800-nm fs-laser illumination. (c) Simulated charge distribution of the
sample under a p-polarized 790-nm excitation. The dashed black
ellipses and the purple dots represent the gap areas with strong
Coulomb attraction and strong Coulomb repulsion, respectively. (e)
Simulated near-field E 8 distribution of the Au-heptamer nanostruc-
ture at 790 nm under a p-polarization excitation. Note that Emax

denoted by green and red circles represents the maxima of near-field
enhancement within the regions before the eighth power of E (E 8).

effect has a strong impact on photoemission in this heptamer
structure.

It can be observed that the hot spots observed in the PEEM
images under s polarization [Fig. 2(b)] and p-polarization
[Fig. 4(b)] excitations correspond to the aligned split-dipole
antenna producing great local-field enhancement. This ob-
servation seems to suggest that the aligned nanorod dimer
model is responsible for the observed hot spots in the PEEM
image due to the high local-field enhancement. After care-
fully checking the local-field enhancement in the heptamer,
other positions with even higher local-field intensities in the
heptamer [denoted by the green circles in the near-field dis-
tribution in Figs. 3(a) and 4(d)] can be observed. However,
no hot spots appear to emanate from these positions, which
exhibit a much stronger local field. Therefore, the split-dipole
antenna model is incapable of explaining the experimental
results obtained.

To further confirm that the split nanorod dimer model is
incapable of interpreting the observed PEEM images, a fur-
ther experiment with the hexamer (which is formed by only
removing the central disk from the heptamer and leaving the
remaining parameters unchanged) was performed. An SEM
image of the hexamer is presented in Fig. 5(a). The scattering
and absorption hexamer spectra are presented in Fig. 5(b).
It can be observed that the scattering and absorption peaks
of the structure appear at around 790 nm, which does not
correspond to the Fano resonance. The calculated E8 of this
structure is illustrated in Fig. 5(c), and the maximum near-
field enhancement (denoted by green circles) is shown on the
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FIG. 5. (a) SEM image of the Au hexamer [the central disk has
been removed from the heptamer in Fig. 1(a)]. (b) Simulated far-field
scattering and absorption spectrum of the hexamer. (c) Simulated
near-field E 8 distribution of the Au hexamer at 790 nm under an
s-polarization excitation. (d) PEEM images of the Au hexamer with
an illumination of 800-nm fs laser under s polarization.

left of the structure. The experimental PEEM image of the
hexamer illuminated by an 800-nm laser pulse is presented in
Fig. 5(d). It is clearly observed that the hot spots appear on
the left side of the structure, which is quite different from the
PEEM image of the heptamer supporting the Fano resonance,
as illustrated in Fig. 2(b), where the hot spots appear on the
right side of the structure. Therefore, the missing central disk
has a large impact on the photoemission. The experimental
results demonstrate that the central disk plays a key role in the
photoemission of the heptamer structure, and the split nanorod
dimer model is incapable of interpreting the observed PEEM

images. This suggests that the plasmon Fano-resonant mode
is critical to the photoelectron enhancement in the heptamer.

IV. CONCLUSIONS

In summary, it was demonstrated that a significant (six
orders of magnitude) photoemission enhancement from a
heptamer supporting the Fano-resonant mode over an Au
flat surface can be achieved. The experimental results were
supported by calculations, considering the strong absorption
and local near-field enhancement effects. The experimental
results, which were assisted with FDTD simulation and cal-
culations, revealed that the photoelectrons are mainly emitted
from the junction area between the lower surface of the Au
heptamer and the ITO film on the substrate rather than the
upper surface of the nanostructure. Moreover, it was found
that the photoelectrons are emitted from regions with strong
Coulomb attraction rather than from regions with Coulomb
repulsion, even though the latter exhibits higher near-field
intensity. Our findings provide a deep understanding of the
multiphoton photoemission mechanism in a plasmonic Fano-
resonant nanostructure, thus offering a platform to explore the
energy exchange between plasmons and electrons, eventually
paving the way for potential photoelectron-based devices.
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