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We investigate the superposition properties of the dipole and quadrupole plasmon modes in the near field both
experimentally, by using photoemission electron microscopy (PEEM), and theoretically. In particular, the asym-
metric near-field distributions on gold (Au) nanodisks and nanoblocks under oblique incidence with different
polarizations are investigated in detail. The results of PEEM measurements show that the evolutions of the
asymmetric near-field distributions are different between the excitation with s-polarized and p-polarized light.
The experimental results can be reproduced very well by numerical simulations and interpreted as the super-
position of the dipole and quadrupole modes with the help of analytic calculations. Moreover, we hypothesize
that the electrons collected by PEEM are mainly from the plasmonic hot spots located at the plane in the interface
between the Au particles and the substrate in the PEEM experiments. © 2017 Chinese Laser Press

OCIS codes: (240.6680) Surface plasmons; (180.4243) Near-field microscopy; (190.4180) Multiphoton processes; (300.6410)

Spectroscopy, multiphoton; (320.7090) Ultrafast lasers.
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1. INTRODUCTION

Along with the development of nanotechnology, nanophoton-
ics and plasmonics have drawn much attention over the last few
decades. In particular, localized surface plasmon resonance
(LSPR) has been extensively investigated because of the wide
range of applications [1–4], including in sensors [5,6], photo-
current conversion [7–11], and artificial photosynthesis
[12–14]. Recently, many experiments have been reported to
provide direct visualization of LSPR using several approaches,
such as scanning near-field optical microscopy [15–17], cath-
odoluminescence microscopy [18,19], electron energy-loss
spectroscopy [19–23], and photoemission electron microscopy
(PEEM) [24–31]. Among these near-field detection tech-
niques, PEEM utilizes local variations in electron emission
to generate image contrast under the excitation of an external
light source. PEEM has been demonstrated to be an effective
method to investigate the near-field properties of LSPR because
of its high spatial resolution (∼10 nm). The near-field en-
hancement effect of LSPR can promote the process of multi-
photon photoemission on the surface of a nanoparticle at the
plasmonic hot spots. Therefore, the near-field intensity

distribution of LSPR can be directly obtained at a high spatial
resolution. Moreover, PEEM also has been used to study the
dynamics of dipole and quadrupole LSPR modes integrated
with the femtosecond laser pump-probe technique. Using this
technique, we previously demonstrated that the quadrupole
mode has the longer dephasing time than the dipole mode
on the same gold (Au) nanoblocks [25].

The quadrupole mode can be excited for metal nanoparticles
such as nanospheres or nanocubes, due to the phase retardation
along the light propagation direction [32,33]. For thin planar
symmetric metal nanoparticles, the quadrupole mode is nor-
mally forbidden with linearly polarized light at normal inci-
dence because of the symmetry selection rules. However, the
quadrupole mode on the planar nanoparticles becomes acces-
sible upon the oblique incidence, also due to the phase retar-
dation effect along the nanoparticle plane [34]. Moreover, it has
been theoretically studied that the superposition of the dipole
mode and the quadrupole mode would break the symmetry of
the near-field distribution of LSPR supported by nanoparticles
[35,36]. Experimental validation of the spatial evolution
of the near-field distribution with high resolution remains
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challenging. In this paper, we investigate the asymmetric field
distribution of LSPR resulting from the superposition of the
dipole mode and the quadrupole mode with respect to theo-
retical work [both analytic calculations and finite difference
time-domain (FDTD) numerical simulations] and PEEM
experiments. The results show that two types of superposition
manners result in the different near-field distributions outside
the structures. In addition, the spatial evolution of the asym-
metric field distributions with different excitation wavelengths
also is investigated. Moreover, the field distributions imaged by
PEEM coincide with those on the lower plane located at the
interface between the Au structures and the substrate simulated
by FDTD. On this basis, we hypothesize that the electrons col-
lected by PEEM are mainly from the plasmonic hot spots at the
lower plane in our PEEM experiments. The exact channel
electrons ejected through can be inferred, which would provide
insight into the mechanism of the multiphoton photoemission
process and provide the exact location of the plasmonic hot
spots that are important to understanding some applications,
such as plasmon-based nonlinear optics and photochemical
reactions.

2. SUPERPOSITION OF DIPOLE AND
QUADRUPOLE PLASMON RESONANCE

For normal incidence, the conduction electrons of a nanostruc-
ture can oscillate coherently. This electronic oscillation mode is
called dipole plasmon resonance, where the quasi-static approxi-
mation is valid. According to the Laplace equation and the
boundary condition, the field distribution of the dipole mode
outside the small spherical metal particle can be solved [37]:

Eout � E0x̂ − αE0

�
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where α is the coefficient of the Legendre function and repre-
sents the dipole polarizability, a is the radius of the sphere, ε
is the dielectric function of the small spherical metal particle,
and εm is the dielectric function of the surrounding medium.
In addition, Eout denotes the electric field outside the particle,
E0 denotes the amplitude of the incident light, and x̂, ŷ, ẑ are the
usual unit vectors. To excite the quadrupole mode, symmetry
breaking [38] or phase retardation [34,39] has been utilized.
In the case of the dipole mode, high order coefficients (l ≠ 1)
of the Legendre function are 0 due to the application of the
boundary condition. However, for the quadrupole mode, the
l � 2 term becomes indispensable, and the field outside
the sphere is given by [35]
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where k is the wave vector, and β is the quadrupole polarizability.
From this formula, we find that the electric field distribution
outside the particle is a superposition of the dipole (the third
term) and quadrupole (the forth term)modes. Because the quad-
rupole mode has two main angular distributions (odd and even
symmetries), two different superposition manners are presented
in Fig. 1 qualitatively.

Note that, with the excitation of the quadrupole mode, the
superposition of the dipole and quadrupole modes corresponds
to an asymmetrical field distribution. Moreover, with different
superposition manners, the asymmetrical field distributions have
different profiles. Furthermore, the proportions of these two
modes in the superposition alter the field distributions for differ-
ent excitation wavelengths. If the excitation wavelength is near
the resonance wavelength of the dipole mode, then the dipole
mode is more dominant, and the asymmetric field distribution
approaches the dipole mode. Similarly, if the excitation wave-
length is near the resonance wavelength of the quadrupole mode,
then the quadrupole mode is more dominant and the asymmet-
ric field distribution approaches the quadrupole mode.

3. FAR-FIELD SPECTRA AND NEAR-FIELD
MEASUREMENTS

To directly verify the results of the above calculations, the first
sample used in the experiments is an Au nanodisk array fabri-
cated on ITO-coated glass by electron-beam lithography [40].
Scanning electron microscopy (SEM) images of the sample are
shown in the insets of Fig. 2. The dimensions of the array are
100 μm × 100 μm, and the thickness of the Au structures is
30 nm. The period is designed to be twice the size of the struc-
tures to avoid the grating effect. To observe the respective near-
field distribution of the dipole and quadrupole modes, nano-
disk samples of two sizes (diameters 280 and 220 nm) are
chosen to ensure that the resonance wavelength of the
dipole or quadrupole mode is within the tuning range of
the pulsed laser source (pulse duration of ∼100 fs, and the cen-
tral wavelength is tunable between 720 and 920 nm), which is
used as the excitation light source for the PEEMmeasurements.
The larger structures (280 nm nanodisks) are used to observe

Fig. 1. Superposition manners of the dipole and quadrupole modes.
(a) The dipole mode couples with the odd symmetric quadrupole
mode. (b) The dipole mode couples with the even symmetric quadru-
pole mode. The “dipole” in the pictures indicates that the dipole mode
is dominant. The “quadrupole” in the pictures indicates that the quad-
rupole mode is dominant. For simple calculations, all distributions are
calculated at the plane of y � 0:E== andK== denote the component of
the polarization and wave vector parallel to the graph, respectively.
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the field distributions of the quadrupole mode, and the smaller
structures (220 nm nanodisks) are used to observe the dipole
mode. The far-field spectra are measured by a Fourier trans-
form infrared (FT-IR) spectrometer [Figs. 2(a) and 2(b)]. A
Cassegrainian microscope with the incidence angle spanning
between 16° and 32° is used as the objective lens; thus, the
incident light is not completely perpendicular to the structure,
and the oblique incidence light can excite the quadrupole
mode. The main peak shown in the far-field spectrum is the
peak of the dipole mode, and the shoulder-like peak represents
the quadrupole mode. The near-field intensity spectra are
measured using PEEM at grazing incidence angle (74° from
normal) through tuning of the wavelength of the laser source
step by step [Figs. 2(a) and 2(b)] for both s-polarized and
p-polarized light. The experimental details have been previously
reported [25,31,41]. The s-polarized light and p-polarized light
denote the electric field of the light is perpendicular and parallel
to the plane of incidence (X − Z plane defined in Figs. 2–5, Z
axis is out of the graphs), respectively. The near-field intensity
spectra illustrate that the p-polarized laser can excite the
dipole and quadrupole modes both efficiently. In addition,
the quadrupole mode becomes more dominant with larger
nanodisks because of the larger phase retardation. Whereas, for
the s-polarization, the dipole peak is not pronounced and the
quadrupole mode is dominant in the near-field intensity
spectrum.

For near-field mapping, PEEM with two types of light
sources is used to observe the structure topography and the
LSPR field distribution. One light source is a UV light source
that can be used to image the structure topography, as shown in
Fig. 3(a), via the linear photoemission process. Here, the image
contrast mechanism is based on the differences of the work
function and the carrier density between Au and the ITO sub-
strate [42]. The other light source is a pulsed laser source that
can be used to obtain the near-field mapping of LSPR via the
multiphoton photoemission process assisted by the near-field
enhancement effect. At normal incidence and horizontal polari-
zation (along the X axis), the field distribution around the
dipole LSPR wavelength at 920 nm [shown in Fig. 3(b)]
has two symmetric hot spots around the nanodisk. It is noted
that only the dipole mode is excited at normal incidence. When
using the oblique incident laser (all oblique laser illumination is
from left to right), the near field of the LSPR is redistributed
with the excitation of the quadrupole mode. According to the
near-field intensity spectra above, we image the field distribu-
tion on the nanodisk with different polarizations at the quadru-
pole LSPR wavelength [Fig. 3(c)] and the dipole LSPR
wavelength [Fig. 3(d)], respectively. As seen in Figs. 3(c)
and 3(d), the distribution with the s-polarized laser corresponds
to the analytic calculation results shown in Fig. 1(a) (superpo-
sition of the dipole mode and the odd symmetric quadrupole
mode). The distribution with the p-polarized laser corresponds

Fig. 2. Far-field and near-field intensity spectra of the nanodisk
samples with diameters of (a) 280 and (b) 220 nm. Black lines are
the far-field spectra measured by FT-IR; the two red lines are the
near-field intensity spectra measured by PEEM at oblique incidence
with s-polarization and p-polarization. The curves with s-polarization
are normalized to that with p-polarization. Insets are SEM images; the
scale bar is 200 nm.

Fig. 3. PEEM images with different light sources. (a) Topography
of 280 nm nanodisks imaged with UV light. (b) Field distributions of
280 nm nanodisks exited at the dipole LSPR wavelength (920 nm)
with horizontal polarized (H − p) laser. (c) Field distributions of
280 nm nanodisks excited at the quadrupole LSPR wavelength
(780 nm) with different polarizations. Left: s-polarization (s − p).
Right: p-polarization (p − p). (d) Field distributions of 220 nm nano-
disks excited at the dipole LSPR wavelength (820 nm) with different
polarizations. Left: s-polarization (s − p). Right: p-polarization (p − p).
Dash circles outline the geometry of the Au nanodisks. All the inten-
sity contrasts in PEEM images have been adjusted to clearly show the
distributions.
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to the calculation results shown in Fig. 1(b) (superposition of
the dipole mode and the even symmetric quadrupole mode).
Thus, the results of the calculations and the PEEM measure-
ments are in good agreement. Moreover, in our experiments,
upon the irradiation of the femtosecond laser pulses, approx-
imately four-photon photoemission is involved, which is
validated by the power-dependent measurements. In this case,
the photoemission intensity is proportional to the electric field
intensity to the power of 4 [24,25]. As a result, the slight differ-
ence in local near-field intensity can cause a large difference in
photoemission intensity. This is also the reason accounting for
the large variations in the signal strength of different nanodisks
in each PEEM image of Figs. 3(b)–3(d).

4. SPATIAL EVOLUTION OF NEAR-FIELD
DISTRIBUTION

Moreover, when we change the excitation wavelength, the field
distribution on the nanodisk is also reconstructed. To learn
more details regarding the variation of the field distribution,
we use an FDTD solutions software package (Lumerical, Inc.)
to simulate the electric field distribution in the near field. The
optical properties of Au are obtained using data from Johnson
and Christy [43]. The ITO-coated glass substrate is assumed to
behave as a dielectric material with an average refractive index
of n � 1.6. The plane wave is irradiated onto the structures at
the incidence angle of 74° (the same as PEEM experiments).
The Bloch boundary conditions are imposed at X and Y
directions, and the perfectly matched layer (PML) boundary
conditions are imposed at the Z direction. The simulation
region in X − Y plane is chosen the same as the one unit of
the array. The mesh size is chosen as 2 nm after convergence
test. Two power monitors located at the upper and lower
surface of the Au nanostructures are applied to record the
electric field.

Figures 4(a), 4(d), 4(g), and 4(j) show the field distributions
on the plane located at the upper surface of the structures

simulated by FDTD at different wavelengths. For ease of com-
parison with the PEEM results, the geometrical parameters of
the nanodisks designed in FDTD are approximately those of
the real nanodisks used in PEEM measurements. When the
excitation wavelength is near the quadrupole resonance wave-
length, the s- or p-polarized laser would excite the quadrupole
mode dominantly, and the electric field contour has four asym-
metric lobes. On the other hand, when the excitation wave-
length is near the dipole resonance wavelength, the s- or
p-polarized laser would excite the dipole mode dominantly
and the electric field contour has two asymmetric lobes.
Comparing the results of FDTD [Figs. 4(a), 4(d), 4(g), and
4(j)] and PEEM [Figs. 4(c), 4(f ), 4(i), and 4(l)], we note that
the field distributions coincide with each other well at almost all
the wavelengths. However, the PEEM images show different
variation trend compared with the simulated results when
the wavelength of the p-polarized laser is tuned toward the
red side of the dipole mode. For PEEM images, the electric
field located on the left side of the nanodisk becomes gradually
stronger, as presented in Fig. 4(l). It is opposite to what the
simulated results reveal in Fig. 4(j). To determine the possible
reason for this discrepancy, the field distributions on the lower
plane located at the interface between the Au nanodisks and the
substrate also are simulated, as shown in Figs. 4(b), 4(e), 4(h),
and 4(k). It is surprising that the simulated results on the lower
plane are in accord with the PEEM results well. At this stage,
two questions arise: Why do the results of PEEM coincide with
the field distributions on the lower plane? Why are the field
distributions on the upper and lower plane are different?

To answer the two questions, we repeat the experiments and
simulations using nanoblock samples. The stronger near-field
enhancement of the nanoblock is beneficial for PEEM imaging
and for observing the spatial evolution of the near-field distri-
bution. In the same way, two structures with different sizes
(side lengths: 230 and 200 nm) are used as the samples,
and the SEM images are presented in the insets of Fig. 5.

Fig. 4. Field distributions simulated by FDTD and measured by PEEM. (a–c, g–i) Field distributions with s-polarization. (d–f, j–l) Field dis-
tributions with p-polarization. In (a–f ), the diameter of the nanodisk is 280 nm; in (g–l), the diameter of the nanodisk is 220 nm. (a, d, g, j) Field
distributions on the upper plane of the structures simulated by FDTD. (b, e, h, k) Field distributions on the lower plane of the structures simulated
by FDTD. (c, f, i, l) Field distributions measured by PEEM. “Quadrupole” indicates that the distributions are excited with the excitation wavelength
near the quadrupole resonance wavelength. “Dipole” indicates that the distributions are excited with the excitation wavelength near the dipole
resonance wavelength. All the intensity contrasts in PEEM and simulated images have been adjusted to clearly show the distributions.
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The far-field and near-field spectra shown in Figs. 5(a) and 5(b)
illustrate that, for nanoblocks, the quadrupole mode is domi-
nant with the s-polarized laser, and the dipole mode is domi-
nant with the p-polarized laser. Here, we focus on the spatial
evolution of the field distribution of the quadrupole mode with
230 nm nanoblocks excited by the s-polarized laser and the
dipole mode with 200 nm nanoblocks excited by p-polarized
laser. In terms of near-field mapping, the simulated and PEEM
results are also compared with each other. As seen in Figs. 5(c)
and 5(d), because of the oblique incidence, the field distribu-
tions of the nanoblocks also become asymmetric, and these
asymmetric distributions exhibit different spatial variations
with the change of the excitation wavelength. The PEEM re-
sults show that, for s-polarization, the left hot spots disappear
gradually with the excitation wavelength moving towards the
red side of the quadrupole mode. For p-polarization, contrary
to the case of s-polarization, there are no hot spots on the left of
the structures in the blue side of the dipole mode. In the FDTD
simulations, we find that the field distributions on the lower
plane coincide with the PEEM results. In addition, the phe-
nomenon that the field distributions on the upper and lower

plane are different is observed for both nanodisk and nanoblock
structures with the p-polarized laser.

Some possible explanations for the questions mentioned
above are provided as follows. Figure 6(a) presents two main
channels, through which electrons are ejected. One channel
corresponds to electrons being ejected from the plasmonic
hot spots (especially at the corners/edges) of the Au structures
on the upper plane. The other channel corresponds to electrons
being ejected from the plasmonic hot spots on the lower plane

Fig. 5. Spectra of the nanoblock samples with side lengths of (a) 230 and (b) 200 nm. Black lines are the far-field spectra measured by FT-IR; the
two red lines are the near-field intensity spectra measured by PEEM at oblique incidence with s-polarization and p-polarization. The two curves are
normalized to the curve with s-polarization. (c) and (d) Field distributions under different wavelengths. First row: Field distributions on the upper
plane of the structures simulated by FDTD. Second row: Field distributions on the lower plane of the structures simulated by FDTD. Third row:
Field distributions measured by PEEM. “Quadrupole” indicates that the distributions are excited with the laser near the quadrupole resonance
wavelength. “Dipole” indicates that the distributions are excited with the laser near the dipole resonance wavelength. Insets are SEM images; the scale
bar is 200 nm. All the intensity contrasts in PEEM and simulated images have been adjusted to show the distributions clearly.

Fig. 6. Diagram of electron emission and electric field distribution.
(a) Possible channels in which electrons are ejected. (b) Simulated cross
section of the electric field distribution of the 230 nm nanoblock ex-
cited by p-polarized laser with the excitation wavelength at 840 nm.
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of the Au structures. For the second channel, it is probable for
these electrons to be ejected from either Au or the nearby ITO
substrate [42]. From the cross section of the electric field dis-
tribution of a nanoblock [Fig. 6(b)], the electric field enhance-
ment in the plasmonic hot spots on the lower plane is a little
stronger than that on the upper plane. Considering the non-
linearity of the photoemission (for four-photon photoemission
process, the photoemission intensity is proportional to the elec-
tric field intensity to the power of 4), the photoemission inten-
sity from the plasmonic hot spots on the lower plane would be
much stronger. Based on the aforementioned discussions, we
hypothesize that the photoelectrons are mainly from the plas-
monic hot spots located at the lower plane in our PEEM experi-
ments. Therefore, the field distributions imaged by PEEM
correspond more closely to those on the lower plane of the
structures simulated by FDTD. For the second question, we
note that the field distributions on the upper and lower planes
are different only when the structures are illuminated with the
p-polarized laser. Thus, we believe that the vertical component
of the p-polarized laser induces the electrons on the left and
right side walls of the structure to oscillate with the phase re-
tardation. This phase retardation causes the difference between
the upper and lower planes.

5. CONCLUSION

In summary, we investigated the near-field distribution of
LSPR on Au nanodisks and nanoblocks at oblique incidence
both experimentally, by using PEEM, and theoretically.
Asymmetric field distributions are found in PEEM measure-
ments and FDTD simulations; in particular, the different
superposition manners induce different asymmetric field distri-
butions. The analytical calculations reveal that the asymmetric
field distributions correspond to the superposition of the dipole
mode and quadrupole mode, which is formed because of phase
retardation under oblique incidence. Moreover, the spatial
evolution of the field distributions under different excitation
wavelengths was studied by PEEM measurements and FDTD
simulations. It was found that the variation trend of the field
distributions imaged by PEEM coincides with the simulated
results on the lower plane of the structures, especially for
excitation by p-polarized light. Possible explanations for this
observation were provided based on the contribution of the
vertical electric field component and the different near-field
enhancement factors between the upper and lower planes of
the structures. Our work will help to achieve a deeper under-
standing of the near-field distribution on the surface of metal
nanoparticles; this near-field distribution is important for
plasmon-based nonlinear optics and photochemical reaction
processes.
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