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Near-field enhancement and dephasing time play critical roles in several applications of localized surface
plasmon resonance. Here, using an example gold dimer system, we reveal the correlation between the near-
field enhancement and dephasing time via time-resolved photoemission electron microscopy. Compared
with isolated particles, dimers with small gap sizes show stronger near-field enhancement and shorter
dephasing times. These results are well reproduced by numerical simulations and further explained by a
coupled dipole approximation model. The roles of near- and far-field coupling and plasmon localization in
balancing near-field enhancement and dephasing time are also unveiled.
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Localized surface plasmon resonance (LSPR) supported
by metallic nanoparticles is employed in a wide range of
applications that include surface-enhanced Raman scatter-
ing (SERS) [1,2], optical trapping [3,4], sensing [5,6],
energy harvesting [7,8], and photocatalysis [9,10]. The
fascinating optical properties of LSPRs, among which near-
field enhancement and dephasing time are two key param-
eters, play important roles in their various applications.
The near-field enhancement of LSPRs is dependent on
particle shape, size, arrangement, material, etc. [11–14].
The dephasing time of LSPRs depends on plasmon decay
channels, including radiative decay, namely, coupling to
photons via scattering, nonradiative decay via interband
and intraband excitation, surface electron scattering, and
energy or charge transfer [15–17]. In some applications,
such as SERS and optical trapping, near-field enhancement
is crucial [3,13], while the dephasing time is emphasized in
others such as sensing because of its link to the linewidth
(Q factor) of the LSPR mode [18]. For energy harvesting
and photocatalysis, however, both near-field enhancement
and dephasing time are thought to play important roles in
increasing the coupling efficiency as well as in the
optimization of energy and charge transfer rates [9].
However, the near-field enhancement and dephasing times
of plasmonic nanoparticles have not been investigated
coordinately, especially in coupled plasmonic systems.
Near-field enhancement of plasmonic dimers, which are

the simplest coupled plasmonic systems, has been inten-
sively investigated by numerical simulation [19], indirectly
by SERS [13], and directly by photoemission electron
microscopy (PEEM) [20,21]. The dephasing times of

plasmonic dimers have been investigated via far-field
spectral linewidth measurement [15], and directly, in the
time domain, via autocorrelation measurements based on
third harmonic generation (THG) or multiphoton processes
[22–24]. Dephasing times of plasmonic dimers as short as
2 fs have been reported using interferometric THG auto-
correlation [22]. However, the dependence of dephasing
time on gap size, and more importantly, the correlation
between near-field enhancement and dephasing time is
unclear.
In this Letter, we describe an experimental investigation

into the localized surface plasmon modes of gold (Au)
nanoparticle dimers by time-resolved PEEM (TR-PEEM).
TR-PEEM has been demonstrated to be a powerful plat-
form for the investigation of the near-field properties and
dynamics of LSPRs [25–32]. We report a comprehensive
study of the near-field enhancement and dephasing times of
plasmonic dimers using wavelength-dependent and time-
resolved PEEM measurements. We find that near-field
enhancement and dephasing time are dependent on gap
size and polarization, owing to the underlying plasmon
localization and coupling. Strong near-field enhancement
and short dephasing times are observed for small gap sizes
with longitudinal polarization. Conversely, weak near-field
enhancement is observed for the transverse polarization,
but dephasing times are still quite short.
We fabricated an array of isolated disks (diameter

D ¼ 175 nm, height H ¼ 30 nm) and a series of dimer
arrays with different gap sizes using electron-beam lithog-
raphy followed by metal sputtering and a lift-off process
(see Supplemental Material [33]). The structure of the
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Au disk dimer is schematically shown in Fig. 1(a). Dimers
are arranged in a two-dimensional square array over an
area of 75 × 75 μm2 with a pitch size of 1000 nm on an
ITO coated glass substrate. Scanning electron microscopy
(SEM) images of isolated disks and disk dimers with a gap
size G of approximately 25 nm are shown in Figs. 1(b) and
1(d), respectively. PEEM measurements were employed to
obtain near-field photoemission (PE) intensity distributions
for the structures upon excitation by femtosecond laser
pulses at the plasmon resonance wavelengths [20,21,25–
27] (see Supplemental Material [33]). As shown later, the
dipolar resonance of the Au disks peaked at 760 nm. The
Au dimers exhibited two resonance modes, namely, longi-
tudinal L and transverse T polarized modes corresponding
to excitation light polarizations parallel and perpendicular
to the dimer axis, respectively. For the Au dimers shown in
Fig. 1(d), the peak wavelengths of the L and T modes are
located at 850 and 750 nm, respectively. PEEM images of
the isolated disks, for L-polarized excitation, and of the
dimers, for both L- and T-polarized excitations, are shown
in Figs. 1(c), 1(e), and 1(f), respectively. The PE intensity
obtained by PEEM under laser excitation is directly
correlated to the plasmonic near-field intensity in a non-
linear manner: PE ∝ IN , where I is the local electric
field intensity and N is the nonlinear order of the PE.
Therefore, the PEEM images can be regarded as displaying

the near-field intensity distribution of the Au structures, and
the PE intensity provides direct evidence of near-field
enhancement [20,25,27]. Under L-polarized excitation, hot
spots at both sides of the Au nanodisks, corresponding to
the excitation of dipolar modes along the polarization
direction, appear [Fig. 1(c)]. By contrast, because of the
strong localized field enhancement in the gap upon exci-
tation of L modes, for the dimers, only hot spots in the gap
can be observed under these conditions [Fig. 1(e)]. When
the polarization is changed to the transverse polarization,
the hot spots in the gap disappear, to be replaced by hot
spots at both sides of each disk [Fig. 1(f)] that are similar to
the hot spots of the individual Au nanodisks, as a result of
the excitation of T modes.
By recording the integrated PE intensity at different

excitation wavelengths, wavelength-dependent PE inten-
sity curves, referred to as near-field spectra, can be obtained
[27,28,42], as indicated by lines and circular data points in
Fig. 2(a). The averaged PE spectrum overlaps with that
from individual disks, indicating the good homogeneity
(see Supplemental Material [33]). The peaks of the near-
field spectra are close to those of the far-field spectra
[unbroken lines in Fig. 2(a)]. It should be noted that the PE
intensity curves and the corresponding far-field spectra are
not identical (see Supplemental Material [33]). The dipole
resonance peaks for the longitudinal polarization occur at
approximately 760 and 850 nm for the isolated disks and
disk dimers with a gap size of approximately 25 nm,
respectively, as shown in both the far-field and near-field
spectra [upper and middle panels in Fig. 2(a)]. The large
redshift of the peak wavelength of the disk dimers
compared to that of the isolated disks is attributed to

FIG. 1. Characterization of Au nanodisks and disk dimers.
(a) Structure of Au disk dimer. D, H, and G are diameter, height,
and gap size. The arrows indicate the polarization of the
excitation light (longitudinal, red arrow; transverse, blue arrow).
(b) SEM image of isolated disks, and (c) corresponding PEEM
image at the dipole resonance wavelength of 760 nm. (d) SEM
image of disk dimers withG ¼ 25 nm, and corresponding PEEM
images with (e) longitudinal and (f) transverse polarizations at
respective resonance wavelengths of 850 and 750 nm. The
positions of the disks are indicated by yellow circles. The scale
bar indicates 500 nm.

FIG. 2. Near-field and far-field properties and ultrafast dynam-
ics from PEEM measurements with longitudinal polarization.
(a) Near-field spectra (720–910 nm) normalized by the power and
peak intensity of the isolated disks with corresponding far-field
extinction spectra (640–940 nm). (b) Corresponding PE inten-
sities as a function of delay time between pump and probe pulses
with fitted dephasing times.
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strong dipole-dipole interactions between the two adjacent
disks, and the less intense peak at the shorter wavelength of
approximately 660 nm in the far-field spectrum [middle
panel in Fig. 2(a)] corresponds to the quadrupole-quadrupole
bonding mode, which has little contribution to our inves-
tigation. The near-field spectra were normalized by the
excitation laser power and peak intensity of the isolated
disks (see Supplemental Material [33]). The maximum
integrated PE intensity over the entire PEEM image of
disk dimers is a factor of ∼45 times that of the isolated
disks. The strong near-field enhancement for the disk dimers
is ascribed to plasmon localization in the small gap region
[43–46], as seen in the near-field mapping of the disk dimers
[Fig. 1(e)]. We also noticed that the spectral linewidth for
the disk dimers is much broader than that for the isolated
disks, in both the far-field and near-field spectra, which
implies that the disk dimers have shorter dephasing times
even though the near-field enhancement is much stronger.
To compare the dephasing times of the isolated disks and

disk dimers directly, in the time domain, the dynamic
properties of the LSPRs were investigated by TR-PEEM
and an interferometric pump-probe technique, using a laser
source that delivers 7.0-fs laser pulses with a central wave-
length of 840 nm and a wavelength range of 650–1050 nm
(see Supplemental Material [33]). Pump and probe pulses
with the same power were generated after passing through a
Mach-Zehnder interferometer. Chirped mirrors and a wedge
pair were used to compensate for dispersion to ensure that
the pulse duration was approximately 7.0 fs. By sweeping
the time delay with an interval of 0.7 fs (phase delay π=2
for 840 nm), a series of PE signals could be recorded. The
nonlinear orders of the PE for the isolated disks and disk
dimers are 3.5 and 3.9, respectively, as obtained from the
ratio of PE intensities at the time delays of 0 and∞ (where∞
signifies a time delay sufficiently long for the pump and
probe pulses to be well separated and for the plasmon field
to decay to zero before the probe pulse arrives): PE0=
PE∞ ¼ 22N−1. These nonlinear orders are close to the
values reported in the literature [20,27]. The larger nonlinear
order for the disk dimers is probably owing to the much
longer resonance wavelength and much stronger near-field
enhancement of the dimers. The dephasing time was fitted
by applying an analytical model to the experimental time-
resolved PE signals (see Supplemental Material [33]). The
fitted dephasing times of the isolated disks and disk dimers
are 5.0 and 2.0 fs, respectively, as shown in the upper and
middle panels of Fig. 2(b). These dephasing times from
the TR-PEEM measurements are consistent with those
calculated from the linewidths of the far-field spectra [33].
Combined with the near-field enhancement of the two
structures, we find that the dephasing time for the disk dimer
ismuch shorter than that for the isolated disk, despite its near-
field enhancement being much stronger. Next, we consider
dimers with a larger gap size, 65 nm; their near-field and
far-field spectra are shown in the bottom panel of Fig. 2(a).

It is extraordinary that the near-field enhancement for the
dimers with G ¼ 65 nm is even weaker than that of the
isolated disks, while the dephasing time is shorter [lower
panels, Figs. 2(a) and 2(b)]. The differences in the near-field
enhancement and dephasing-time behaviors of dimers with
gaps of 25 and 65 nm are related to the respective coupling
between the two adjacent disks in each dimer and the
plasmon localization in the gap region.
As plasmon coupling and plasmon localization are

associated with gap size, gap-dependence measurements
were performed. In order to verify whether the gap-size
dependence of the near-field enhancement and dephasing
time observed in the disk dimers is universal, measure-
ments were performed on rod dimers. The isolated rods
have a longer dephasing time than the disks, owing to their
smaller volume with identical plasmon resonance wave-
length [15]. The structures of the isolated rod and rod dimer
are shown as insets in Fig. 3(b). For the longitudinal
polarization [Fig. 3(a)], the isolated rods have narrower
extinction-spectral linewidths than the isolated disks, and
the dephasing time reaches 9.0 fs; while the dephasing time
of the rod dimers with a 20-nm gap is much shorter, at only
4.0 fs [Fig. 3(b)]. The gap-dependence results are shown in
Fig. 3(c). The PE intensity is normalized by the laser power
and peak intensity of the isolated rods. Near-field enhance-
ment decreases over the rangeof gap sizes from110 to 40nm,
and then increases sharply for smaller gaps. The dephasing

FIG. 3. Near-field properties and ultrafast dynamics of rod
dimers from PEEMmeasurements with longitudinal polarization.
(a) Comparison of normalized far-field extinction spectra for
isolated disks and rods. (b) TR-PEEM measurements and fitting
results for isolated rods and rod dimers with a gap size of 20 nm.
(c) Gap-dependent PE intensities and dephasing times for rod
dimers. The red dashed line denotes the dephasing time for the
isolated rods. The inset in (c) shows an expanded view of
the main plot, in which the PE intensity is normalized to that
of the isolated rods.
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time decreases from the value for the isolated rods (9.0 fs) to
a limiting value at 4.0–4.5 fs for small gaps. The counter-
intuitive relationship between near-field enhancement and
dephasing time is attributed to plasmon coupling and
localization. We infer that at larger gap sizes, plasmon
localization contributes little, and plasmon coupling domi-
nates, inducing a faster radiative decay rate than that of the
isolated particles owing to the coherent addition of their
dipole moments, the so-called superradiance [47–49], lead-
ing to shorter dephasing times.However, under the samegap-
size condition, near-field enhancement decreases owing to
the loss of energy. When the gap is sufficiently small, the
dominant cause of the near-field enhancement is plasmon
localization in the gap region, which increases quickly as the
gap size decreases. Importantly, the near-field enhancement
induced by plasmon localization leads to further decreases in
dephasing time, owing to enhanced radiative decay.
To distinguish between the individual effects of plasmon

coupling and plasmon localization, we employed a simple
method to separate their effects, using T-polarized laser
excitation. For the T mode, there is no plasmon localization
at the gap region, and only coupling exists. Continuing to
use the disk dimer structures described above, for disk
dimers with gap sizes of 25 and 65 nm, plasmon resonance
peaks were obtained with small blueshifts from the peaks
for the isolated disks, owing to the coupling between the
two adjacent disks, as seen in the near-field spectra in
Fig. 4(a). Interestingly, the near-field enhancement of the
disk dimers is weaker than that of the isolated disks, and it
decreases with gap size. Meanwhile, the dephasing times
of the disk dimers with gap sizes of 25 and 65 nm are
determined to be 3.5 and 4.0 fs, respectively, which are both
shorter than that of the isolated disks, as shown in Fig. 4(b).
In summary, in the absence of plasmon localization, near-
field enhancement and dephasing times are affected only

by coupling, which results in faster radiative decay rates,
leading to shorter dephasing times and weaker near-field
enhancement for the dimers with respect to the isolated
disks, owing to the loss of energy. However, typically,
for disk dimers with a designed gap size of 25 nm, the
dephasing time for longitudinal polarization is significantly
shorter than that of the transverse polarization, ranging
from 3.5 to 2.0 fs. We attribute this difference to the effect
of plasmon localization, because near-field enhancement
induced by plasmon localization also promotes faster decay
rates. In addition, the experimental results for both the
longitudinal and transverse polarizations are well repro-
duced by finite-difference time-domain (FDTD) simula-
tions (see Supplemental Material [33]). It is also observed,
from the FDTD simulation results, that the plasmon
damping of the dimer system is dominated by radiative
decay because the scattering cross section is much larger
than the absorption cross section.
To further demonstrate the effect of plasmon coupling

on near-field enhancement and dephasing time, we
adopted a coupled dipole approximation (CDA) model
[50–53] (see Supplemental Material [33]). In the CDA
model, each disk is approximated as a dipole. The near-
field and far-field couplings are expressed as dipole
radiation fields. The PE intensity and dephasing time
are obtained as jPj8 and the linewidth of jPj2, respectively,
where jPj is the amplitude of the dipole moment. As each
particle is simplified as a dipole, plasmon localization is not
considered in this model. For the transverse polarization,

FIG. 4. Near-field properties (a) and ultrafast dynamics (b) of
isolated disks and disk dimers from PEEM measurements with
transverse polarization. FIG. 5. Comparison of PE intensity and dephasing time for disk

dimers from experiment, FDTD simulation, and CDA modeling.
Normalized PE intensity and relative dephasing time as a function
of gap size for disk dimers with transverse (a),(b), and longi-
tudinal (c), (d) polarizations. The dashed lines denote the values
for two isolated disks and the inset in (c) is an expanded view of
the main plot.
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the plasmon localization effect is not significant because the
excitation of the T mode in the dimer, and the CDA
calculations are in good agreement with the results of the
PEEM experiments and the FDTD simulations in the gap
range up to 150 nm, as shown in Figs. 5(a) and 5(b). This
implies that, for the T mode, the variation in near-field
enhancement and dephasing time for the dimers is domi-
nated by plasmon coupling between the two disks of
each dimer. For the longitudinal polarization, the results
obtained using the CDA model deviate significantly from
the experimental and simulated results, as shown in
Figs. 5(c) and 5(d), because the significant plasmon
localization in the gap region is not considered in the
CDA model. Although the CDA model is not a perfect
model to calculate the near-field enhancement and the
dephasing time in the present study, especially for the L
modes, the model helps to discriminate the role of far-field
and near-field plasmon coupling from the plasmon locali-
zation effect.
In conclusion, the correlation between near-field

enhancement and dephasing time for dimer LSPRs in
which plasmon damping is dominated by radiative decay
has been investigated systematically. Employing TR-
PEEM, we have studied the time-dependent and polari-
zation-dependent properties of the dimer LSPRs, and
these were well reproduced by FDTD simulations. We
further distinguish the effect of near-field and far-field
plasmon coupling from the plasmon localization effect by
using a CDA model. In general, near-field and far-field
coupling and plasmon localization together determine
near-field enhancement and dephasing time. The strong
near-field enhancement induced by plasmon localization
enhances the decay rate, causing the dephasing time to
decrease further from that induced by near-field and
far-field coupling. Therefore, the effective dephasing time
of dimers with strong near-field enhancement is much
shorter than that of the corresponding isolated particles.
In addition, the near-field enhancement of dimers may be
weaker than that of isolated particles if the gap size is not
sufficiently small, a factor which should be considered
when designing such structures for SERS, optical trap-
ping, and other related applications. This study should be
further extended to an investigation of the correlation
between near-field enhancement and dephasing time in
other more complex plasmonic systems.
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