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ABSTRACT: Time-domain dynamic evolution properties of
topological states play an important role in both fundamental
physics study and practical applications of topological photonics.
However, owing to the absence of available ultrafast time-domain
dynamic characterization methods, studies have mostly focused on
the frequency-domain-based properties, and there are few reports
demonstrating the time-domain-based properties. Here, we
measured the dynamic near-field responses of plasmonic
topological structures of gold nanochains with the configuration
of the Su−Schrieffer−Heeger model by using ultrahigh spatial-
temporal resolution photoemission electron microscopy. The
dephasing time of plasmonic topological edge states increases
with increasing the bulk lattice number that has a threshold requirement and finally reaches saturation. We directly revealed through
simulation that there is a transient bulk state in the evolution of topological edge states, that is, the energy undergoes relaxation from
oscillation between the bulk lattice and the edge. This work shows a new perspective of time-domain dynamic topological photonics.
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Topology provides a new degree of freedom for photons,
which can be used as a variable in nanophotonic systems,

similar to frequency, wave vector, polarization and phase.1

Topological photonics is one of the research frontiers of
nanophotonics and nanotechnology. Many different studies
have been performed in topological photonics, such as on non-
Hermitian topological systems,2 quantum topological pho-
tonics,3 and high-dimensional topological photonics.4 To date,
the band topology emerged as a mathematical tool in
understanding fundamental properties of topological pho-
tonics,1,5 and the research on topological photonics has mostly
focused on the frequency domain for various topological
photonic structures, including topological photonic crystals,6

resonance ring arrays,7 and topological metamaterials.8 These
studies have improved the applications of topological
photonics in optical devices, such as topological lasers9,10

and topological quantum sources.11 The time-domain-based
responses of topological states can also have potential novel
physical effects and significant applications.12 Fan’s, Brandes’,
and Theocharis’s groups reported the change of the topological
orders under intensity-dependence nonlinear modulation.13−15

Agarwal’s group observed the transmission properties of
topological waveguides.16 Segev’s group proposed a concept
of topological photonic time crystals.17 Spielman’s group
reported a direct imaging method of topological edge states in
cold-atom systems.18 Sentef’s group found that the polaritonic

states in a ribbon geometry were selectively resonant excited by
using time- and angle-resolved photoluminescence technol-
ogy.19 As a consequence, it is necessary and important to study
the time-domain response of topological states. However, there
are few reports on studying the ultrafast time-domain dynamic
response of topological states, because it needs combination of
ultrafast time-resolved technology and ultrahigh space-resolved
technology.
Here, the time-domain dynamics evolution of topological

edge states (TESs) in gold nanochains with the configuration
of the Su−Schrieffer−Heeger (SSH) model are revealed by
using ultrahigh spatial-temporal resolution photoemission
electron microscopy (PEEM), which is from a new perspective
in time-domain topological photonics. As is known, the
localized surface plasmonic TESs have been reported and
experimentally realized.20 In addition, the plasmonic nano-
chains also have been studied for years, including the near-field
and the far-field properties of the interaction between
nanoparticles,21−23 the nanochain energy transport,24,25 the
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topological photonic nanochains with retardation and radiative
effects,26,27 and coherent temporal plasmonics.28 Therefore, we
consider the plasmonic SSH nanochains as the basic structures,
and the nanochain length, that is, the bulk lattice size, can be
changed by increasing the number of nanoparticles. The direct
evolution process of plasmonics is extremely quick; con-
sequently, to indicate this dynamic process and to reveal the
fundamental evolution regulation of TESs we obtained the
responses of SSH nanochains with different lengths.

The TES dephasing time of each SSH nanochain can be
obtained by PEEM,29,30 through our dynamic measurement of
the nanochain length dependence under longitudinally (L)
polarized excitation, we find that the dephasing time of
plasmonic TESs first increases as the nanochain length
increases and then reaches saturation. This result clearly
shows that during the TES evolution process, there is coupling
between the bulk lattices and the edges, and the coupling
affects the TESs dephasing time. In other words, the TESs
dephasing time varies with the bulk lattices, and the bulk

Figure 1. (a) Three-dimensional schematic structure of the plasmonic SSH nanochain. D, H, G1, and G2 represent the nanoparticle diameter,
height, long gap distance and overlapping distance, respectively. A and B represent the different positions of nanoparticles in a unit. An ITO layer is
the substrate, and gold nanoparticles are fabricated on it. The red arrow with the direction parallel to the x-axis indicates L-polarized incident light,
and the red arrow with the direction parallel to the y axis indicates T-polarized incident light. (b,c) Calculation of the energy eigenvalues in two
cases of a trivial dimer nanochain and a plasmonic SSH nanochain with an isolated nanoparticle on the left terminal side. The insets show the field
distributions of different states. (d) Simulated charge distributions of a trivial dimer nanochain and a plasmonic SSH nanochain with an isolated
nanoparticle on the left terminal side.
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lattices are involved in and contribute to the evolution of TESs
in time domain. Moreover, there is a threshold requirement of
the bulk lattice number for the formation of stable TESs. This
phenomenon is not found in trivial nanochains without TESs
or in the case of localized surface plasmonic modes excited
under transversely (T) polarized excitation. Furthermore, we
simulate the evolution process of TESs by Lumerical FDTD
Solutions with single-wavelength light source in the corre-
sponding band gap, obtaining a movie that directly
demonstrates the evolution process of plasmonic TESs in the
time domain, that is, the plasmonic energy undergoes
relaxation from oscillation between the bulk lattice and the
edge, subsequently tending to dephase, which well supports
the experimental conclusion. This work opens up the new
research field of time-domain dynamic topological photonics.

■ THEORETICAL ANALYSIS OF THE GENERATION
OF TESS IN SSH PLASMONIC NANOCHAINS

A gold nanoparticle array was used to construct the one-
dimensional (1D) plasmonic SSH nanochains. By using the
tight-binding model, the Hamiltonian of the SSH model could
be simplified as follows31

H v m B m A h c

w m A m B h c

( , , . . )
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In eq 1, n represents the total number of units of the SSH
nanochain, m is the position number, and v and w represent
the coupling strengths between intra- and interunits,
respectively; TESs only exist when v < w. The gold
nanoparticles, according to the v and w coupling law, are
arranged as an SSH nanochain extending along the direction of
L-polarized incident light, as shown in Figure 1a. When the
diameter D of the gold nanoparticles is given, the coupling
strength Ω between two gold nanoparticles is inversely
proportional to the third power of the distance G26

D
G2 2

0
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jjj
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{
zzz

ω
Ω =

(2)

where w0 represents the energy eigenvalue of an isolated
nanoparticle. When the distance G1 between the nanoparticles
is large, the coupling strength between the two nanoparticles is
weak. In contrast, when the distance between the nanoparticles
is very small, a strong electric field intensity will occur in the
small gap because of the strong coupling strength between the
two nanoparticles. However, the tight-binding approximation
is invalid in the strong coupling region. Thus, we used
overlapping gold nanoparticles as interunits in our work to
avoid a strong interaction field. The interunit nanoparticles
overlap by a distance G2, which does not produce a strong gap
field, and there can be a stronger interaction than in the case of
intraunits.32 By analyzing a two-level system, the relative
quantity of coupling strength can be obtained from the offset
of the resonance frequency. In the case of overlapping-gap
nanoparticles, the offset is obviously larger than the case of

Figure 2. (a) SEM image of gold nanoparticles arrayed as plasmonic SSH nanochains with a nanoparticle diameter of 180 nm, G1 of 100 nm and
overlapping G2 of 20 nm. (b)-(d) Near-field imaging of TESs and bulk states under L-polarized incident light with wavelengths of 770 and 700 nm
and the T-polarized mode under T-polarized incident light with a wavelength of 750 nm. The dotted yellow circles indicate the spatial positions of
the SSH nanochain. (e) SEM image of gold nanoparticles arrayed as a trivial dimer nanochain with a nanoparticle diameter of 240 nm, G1 of 100
nm and overlapping G2 of 20 nm. (f) Near-field imaging of the trivial nanochain under L-polarized incident light with an excitation wavelength of
800 nm.
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nontouching nanoparticles when they are under the same
physical mode. A detailed explanation is provided in
Supporting Information I. Therefore, this configuration
meets the requirements of the SSH model, which can generate
the TESs.
Indium tin oxide (ITO)-coated glass was used as the

substrate, and gold was used as the material for nanoparticles
with a diameter of 180 nm and a height of 30 nm. First, to
determine the energy eigenvalue of an isolated nanoparticle,
we obtained the energy eigenvalue w0 from simulation based
on its extinction spectrum and near-field spectrum through the
finite-difference time-domain method (Lumerical FDTD
Solutions). Second, we calculated the mode distribution of
energy eigenvalues for SSH configuration under L-polarized
excitation. Specifically, when the coupling strength of intraunits
v was greater than that of interunits w, this nanochain was a
trivial 1D photonic crystal, which was also called a trivial dimer
nanochain with an energy band gap.31 There was no eigenvalue
distribution in the band gap, as shown in Figure 1b. In
contrast, when the coupling strength between intraunits v was

less than that between interunits w, there was one isolated
eigenvalue distribution in the band gap, that is, TES, and this
configuration was a topological nanochain. The field intensity
distribution could be verified by the simulated results shown in
Figure 1c. Similarly, there were two degenerate eigenvalues in
the band gap as shown in Figure S4 where the nanochain had
two TESs. However, there would be no TES in this
configuration if it was under the excitation of T-polarized
incident light, because the coupling strength between intra-
units v and the interunits w was almost equal. Moreover, we
simulated the charge distributions of a trivial dimer nanochain
with bulk state and a plasmonic SSH nanochain with TES
shown in Figure 1d.

■ NEAR-FIELD IMAGING OF TESS IN SSH
PLASMONIC NANOCHAINS

The near-field imaging and the time-domain dynamic response
of plasmonic topological SSH nanochains was obtained by
using time-resolved PEEM (TR-PEEM). TR-PEEM is a

Figure 3. (a) Experimental far-field normalized extinction and near-field normalized PE intensity spectra of plasmonic SSH nanochains with
different nanoparticle numbers of n = 3, n = 11, and n = 19. The nanoparticle diameter is 180 nm. The black lines represent far-field spectra, and
the red lines represent near-field spectra. (b) Experimental dephasing time of SSH nanochain TESs with different nanoparticle numbers of n = 3, n
= 11, and n = 19. The nanoparticle diameter is 180 nm. The solid lines are the measurement data, and the dashed lines are the fitting results of the
measurement data. (c) Length-dependent curve of the changing dephasing time for plasmonic SSH nanochains. Small short green lines represent
the fitting errors. (d) Simulated lifetime change of the TES under different plasmonic SSH nanochain lengths, which are obtained by using the
delay time corresponding to e−1 of the highest intensity at the zero point. This shows an enlarged part of the delay time from 2.9 to 5.0 fs. (e)
Screenshots of the TES evolution dynamic process at different times.
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technique with both ultrahigh time and ultrahigh spatial
resolution.33 It can be used to simultaneously observe the near-
field mode distribution and measure the plasmonic dephasing
time with ultrashort laser pulses,34,35 which is very beneficial
for measuring the ultrafast dynamic process of plasmonic
TESs. Details of the PEEM measurement system can be found
in the Supporting Information V. We fabricated the samples by
using electron beam lithography, and the detailed fabrication
process is described in the Supporting Information III. A
scanning electron microscopy (SEM) image of a plasmonic
topological SSH nanochain is shown in Figure 2a. The long
distance between the nanoparticles, which represents the
intraunit coupling strength v, was 100 nm, and the overlapping
distance, which represents the interunit coupling strength w,
was 20 nm. The overlapping distance was chosen from the
measured far-field spectra shown in S5, which demonstrates a
series of extinction spectra with different overlapping distances.
When the overlapping distance is 20 nm, the peak wavelength
of the TESs is approximately 780 nm, which is appropriate for
experiments because it is close to the 800 nm central
wavelength of the laser source. As is known, summarizing
the regulation of the time-domain dynamic response of a
topological configuration using only one nanostructure is
difficult; therefore, we designed a series of nanochains with
different structural bulk sizes to study this dynamic process.
The change in the nanochain bulk size was reflected in the
continuous increase in the nanochain length, from n = 1 to n =
23 with an interval of Δn = 2. More SEM images of nanochains
of different lengths are shown in Supporting Information IV.
Moreover, as shown in Figure 2e, we fabricated trivial dimer
nanochains for reference with different nanochain lengths from
n = 4 to n = 22 with an interval of Δn = 6, and the diameter of
the nanoparticles forming the trivial nanochains was 240 nm,
which is appropriate for experiments with a bulk state peak
wavelength of 800 nm.
Subsequently, we experimentally measured the extinction

spectra of these structures with different nanochain lengths in
the far field and then placed these structures into the PEEM
instrument for measurement to obtain the near-field mode
distribution and spectra. The plasmonic mode distributions of
an SSH nanochain under L-polarized incident light are shown
in Figure 2b,c, which represent the topological edge mode with
an excitation wavelength of 770 nm and the bulk mode with an
excitation wavelength of 700 nm, respectively. The arrows
indicate the direction of L-polarized excitation. The plasmonic
mode distribution of the SSH nanochain under T-polarized
incident light with an excitation wavelength of 750 nm is
shown in Figure 2d, and the arrow indicates the direction of T-
polarized excitation. In addition, the plasmonic mode
distribution of the trivial dimer nanochain under L-polarized
incident light with an excitation wavelength of 800 nm is
shown in Figure 2f. There was no change in the bulk mode
distribution throughout the measured wavelength range,
indicating that no TES existed in the trivial dimer nanochain.
The far-field extinction spectra and the near-field spectra are

shown in Figure 3a. We selected three typical cases of different
plasmonic SSH nanochain lengths, that is, n = 3, n = 11, and n
= 19, which corresponds to an increase in the nanochain bulk
size. In our experiments, there were slight peak wavelength
differences for TESs in near-field spectra with peak wave-
lengths of 770 nm and in far-field spectra with peak
wavelengths of 780 nm because of fabrication errors and
different plasmonic properties in the near field and far field.

■ TIME-DOMAIN DYNAMICS OF TESS IN SSH
PLASMONIC NANOCHAINS

We further used ultrashort 7 fs laser pulses to measure the
time-domain dynamic response of plasmonic TESs after
determining the near-field peak wavelength and mode
distribution of the plasmonic SSH nanochains. We obtained
experimental data of the dephasing time by using a Mach−
Zehnder interferometer instrument. The dephasing time
represents the lifetime of plasmonic modes, and a long lifetime
is beneficial for the interaction between light and matter and
low loss. In our work, we obtained different dephasing times to
reflect the discrepancies in TESs for different plasmonic
topological SSH nanochain lengths. We selected the area in
which only TESs exist to obtain accurate dephasing time data,
as detailed in Figures S9 and S10. The results of the plasmonic
SSH chain dephasing time with n = 3, n = 11, and n = 19 is
shown in Figure 3b. The dephasing time changed with
increasing nanochain bulk size. For the case of n = 3, the TES
dephasing time was only 4.3 fs. For the case of n = 11, the
dephasing time increased to 5.4 fs. For the case of n = 19, the
dephasing time increased to 6.3 fs. To study the influence of
the bulk lattice number on the formation of robust topological
states in detail, we also measured the relationship between the
bulk lattice number and the dephasing time of TESs in other
topologically nontrivial plasmonic SSH nanochains, and the
measured results are shown in Figure 3c. As a consequence of
the disorders generated from nanofabrication, there can be
different photon emission responses when measuring and
cause some fluctuations in the measured dephasing time. The
dephasing time began at approximately 5.0 fs, corresponding to
that of localized plasmonic resonance of a single nanoparticle
at the same wavelength. Subsequently, the dephasing time
became longer with increasing n, and it rapidly grew when the
nanoparticle number n increased from 9 to 13. When the
nanoparticle number n was over 13, the dephasing time of
TESs reached saturation around 6.5 fs without obvious
changes, that is, the dephasing time oscillated between 6 and
6.5 fs as the nanochain length continued to increase. This
oscillation phenomenon sufficiently indicates that the dephas-
ing time of the TESs has reached saturation at this time, and
increasing the nanochain length has no effect on the dephasing
time after n = 13. This illustrates that there is a threshold
requirement of the bulk lattice number, that is, the bulk size,
for the evolution of TESs. Under the same experimental
conditions, we also measured the TES dephasing time in the
case of plasmonic SSH nanochains with overlapping G2 of 10
nm, which led to the same conclusion as above. These
additional results are shown in Supporting Information VIII.
In addition, we numerically studied the change on the

dephasing time of the TES with number of the unit cells in the
SSH nanochains by using single-wavelength in corresponding
band gap, and the results are shown in Figure 3d, which are in
good agreement with the experimental conclusion. The
simulation was performed under nanochain lengths ranging
from n = 1 to n = 23 with the SSH configuration, and we
regarded the delay time corresponding to e−1 of the highest
intensity at the zero point as the lifetime of the TES. This
shows an enlarged part of the delay time from 2.9 to 5.0 fs,
which clearly indicates the lifetime of the TES for each
nanochain length, and the complete numerical results are
provided in the Figure S15c. This also illustrates that the TES
dephasing time first rapidly increases and then saturates with
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increasing the nanochain length. To explain how the
nanochain length affects the dephasing time of TESs, we
provide Movie M1 in Supporting Information XI, which can
directly show the dynamic evolution process of TESs. We took
four screenshots of different important moments during the
dynamic process, as shown in Figure 3e. When the plasmonic
SSH nanochains were excited by L-polarized incident light,
plasmonic modes were initially excited over all nanoparticles.
Then, energy oscillation occurred between the bulk lattice and
the edge. Finally, the oscillation decreased, and the TESs
continued dephasing. This process indicates that the evolution

of TESs is related to the bulk lattice and that there is a
transient bulk state in the time domain. Therefore, the
nanochain bulk size affects the TESs, and the bulk lattices are
involved in and contribute to the evolution of TESs in time
domain.
It can also be explained by the mechanism of the dephasing

time of the edge state. It is reported that the dephasing time is
related to the loss of the metal, and the absorption cross
section and scattering cross section can represent ohmic loss
and radiation loss, respectively.36,37 We concluded from
simulating that the dephasing time of the edge state is mainly

Figure 4. (a) Experimental far-field normalized extinction and near-field normalized PE intensity spectra of a trivial nanochain with a nanochain
length of n = 4, and its experimental dephasing time of trivial bulk states. The nanoparticle diameter is 240 nm. (b) Length-dependent curve of the
changing dephasing time for trivial nanochains. The fitting errors are represented by the small short green lines. (c) Experimental far-field
extinction and near-field normalized PE intensity of an SSH nanochain with a nanochain length of n = 5, and its experimental dephasing time for
the plasmonic T mode excited by T-polarized incident light. The nanoparticle diameter is 180 nm. (d) Length-dependent curve of the changing
dephasing time for the plasmonic T mode of SSH nanochains. Small short green lines represent the fitting errors.
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influenced by the radiative loss and the ohmic loss of the metal
mainly affect the bulk dimers. A detailed description can be
found in Supporting Information IX.

■ NEAR-FIELD AND TIME-DOMAIN DYNAMIC
RESPONSE IN TRIVIAL NANOCHAINS

Moreover, to prove that the above-mentioned dynamic
tendency of the TES dephasing time is a unique characteristic
of topological systems we also measured the extinction spectra
and the near-field spectra, obtaining the dephasing time in the
case of trivial dimer nanochains for reference. We tuned the
nanoparticle diameter to 240 nm to obtain bulk-state peak
wavelengths of 800 nm. Figure 4a displays the case of n = 4.
Subsequently, we selected the areas of bulk states in different
nanochains and fitted the dephasing time. The nanochain
length-dependent curve of the bulk state dephasing time,
shown in Figure 4b, indicates an irregular change in the
dephasing time with increasing nanochain length from n = 4 to
n = 22. This proves that the topological configurations have the
unique characteristic of the time-domain dynamic response.
Furthermore, we performed the same experimental operations
to measure plasmonic nontrivial SSH nanochains under T-
polarized incident light, which is another kind of trivial
nanochain. There was no TES when the nanochain was under
T-polarized excitation. Figure 4c demonstrates the extinction
spectra and near-field spectra with a peak wavelength of 750
nm in the case of n = 5, and the dephasing time was 5.0 fs. The
nanochain length-dependent curve of the T-mode dephasing
time displayed in Figure 4d shows an irregular change in the
dephasing time with increasing nanochain length. This proves
that the TES contributes to the dephasing time change under
L-polarized excitation with the nontrivial SSH configuration.

■ CONCLUSION
Because of the ultrafast decay process of plasmonic modes in
gold nanoparticles, we cannot directly observe the evolution
process of the TESs. However, by measuring the dephasing
time of SSH nanochains with different nanochain lengths, we
conclude that the dephasing time of TESs increases as the
nanochain bulk size increases and finally reaches saturation.
Here, we regard the nanochain length as the nanochain bulk
size. In other words, the bulk lattice plays a significant role in
the evolution process of TESs in time domain. We can
understand it from another aspect that when the bulk and the
edges are excited simultaneously the TESs are not formed all at
once but through the bulk energy and the edge energy
oscillation in time domain, while there is only TESs mode
distribution reflected in the frequency domain. Moreover, the
threshold requirement for TES dephasing time is of vital
importance and is helpful for us to understand the evolution
essence of TESs. It can be expanded to other topological
configurations or dimensions in the future. Our work not only
paves the way for the fundamental study of time-domain
topological photonics but also promotes the realization of
novel topological photonic devices.
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