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TOPICAL REVIEW — Optical field manipulation
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As the combination of surface plasmon polariton and femtosecond laser pulse, femtosecond surface plasmon polari-
ton has both nanoscale spatial resolution and femtosecond temporal resolution, and thus provides promising methods for
light field manipulation and light-matter interaction in extreme small spatiotemporal scales. Nowadays, the research on
femtosecond surface plasmon polariton is mainly concentrated on two aspects: one is investigation and characterization of
excitation, propagation, and dispersion properties of femtosecond surface plasmon polariton in different structures or ma-
terials; the other one is developing new applications based on its unique properties in the fields of nonlinear enhancement,
pulse shaping, spatiotemporal super-resolved imaging, and others. Here, we introduce the research progress of proper-
ties and applications of femtosecond surface plasmon polariton, and prospect its future research trends. With the further
development of femtosecond surface plasmon polariton research, it will have a profound impact on nano-optoelectronics,
molecular dynamics, biomedicine and other fields.

Keywords: surface plasmon polariton, femtosecond laser pulse, spatiotemporal super-resolution, nonlinear

optics
PACS: 73.20.Mf, 42.65.Re, 42.65.Sf

1. Introduction

In recent years, with the rapid development of infor-
mation technology and the growing demands for integrated
micro-/nanoscale photonic devices, manipulation of photon
in extremely small spatiotemporal scale is urgently needed.
Spatially, surface plasmon polariton (SPP), as an optical sur-
face wave mode with ability of breaking the traditional optical
diffraction limit, can provide not only nanoscale spatial res-
olution, but also a tremendously enhanced local electromag-
netic (EM) field. Since Ebbesen et al.l!l first reported the
SPP-related extraordinary transmission phenomenon through
sub-wavelength hole arrays, SPP provides a new platform for
highly integrated and efficient nanoscale photonic devices, and
shows broad application prospects in optical storage, photo-
catalysis, optical sensing, optical tweezers, Raman scattering,
etc. In terms of time-scale, the rapidly developing femtosec-
ond laser is useful for exploring ultrafast dynamic processes
happened in the fields of physical, chemical and biological,
as well as some high-intensity and nonlinear optical phenom-
ena, due to its ultrashort pulse duration (10~!3 s) and ultrahigh
peak power. Meanwhile, femtosecond SPP pulses excited by
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femtosecond laser may both have nanoscale spatial resolution
and femtosecond-scale temporal resolution, which provides an
effective approach for light field manipulation in an extremely
small spatiotemporal scale and research on light-matter inter-
action.

Recently, femtosecond SPP has become a new cross-over
research area between nanophotonics and ultrafast optics. The
characteristics of femtosecond SPP such as excitation, diffu-
sion, dispersion, local enhancement and spin—orbital angular
momentum, and its applications in fields as nonlinear enhance-
ment, on-chip optical manipulation, optical tweezers and su-
per spatiotemporal resolution imaging, have attracted exten-
sive attention and achieved many innovative results with great
influences.

This paper introduces the research progress of femtosec-
ond SPP. The basic mechanism of SPP is outlined in Section
2, the research advancements on spatiotemporal physical char-
acteristics of femtosecond SPP are highlighted in Section 3,
and the latest application researches of femtosecond SPP in
nonlinear enhancement, on-chip optical manipulation, super
spatiotemporal resolution imaging are described in Sections 4.
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Finally, we make a summary of femtosecond SPP research and
look forward to the future development trend.

2. Basic mechanism of SPP

SPP is a localized EM wave mode generated by collec-
tive resonance of free electrons with the incident photons on
metal surfaces,!”! and propagates within subwavelength range
of the metal surface. It can be used to break the traditional op-
tical diffraction limit and generate highly localized nanoscale
light fields as its wavelength is shorter than that of the incident
light.3] For example, a gap mode can be formed in the gap
region between noble metal nanoparticles (NPs)/nanoprobes
and metal film through the interaction between the excited
SPP and the localized surface plasmon (LSP) mode of metal
NPs or nanoprobes,!¥ resulting in the highly confined elec-
tric field with spatial scale smaller than that of the NPs or
nanoprobes, so as to achieve nanoscale imaging resolution.
In addition, SPP also has the property of near-field energy
enhancement, which can concentrate the energy of incident
light within nanoscale volume, thus increasing the enhance-

ment factor (EF) of near-field EM field to the order of 10*,5!
|

and greatly enhance the Rayleigh/Raman scattering signals
and nonlinear optical signals. At present, such technologies
as surface-enhanced Raman scattering (SERS)[%!1 and tip-
enhanced Raman scattering (TERS)10-14] resulted from com-
bination of SPP with metal NPs or nanoprobes have been
widely applied in the fields of molecular spectrum detection
and imaging, efc.

2.1. Dispersion characteristics of SPP

In order to study the dispersion characteristics of SPP, we

[15,16] and

can start from the optical characteristics of metals,
obtain the SPP dispersion formula at the dielectric—metal inter-
face by solving Maxwell’s equations. Figure 1(a) shows a clas-
sical two-dimensional (xz-plane) model, including isotropic
media (z > 0) and metal (z < 0) with dielectric constants &;
and &. The dielectric constant of metal is generally made up
of a negative real part & and a positive imaginary part &, and
denoted as & = & +ig. Since it has been proved that SPP can
be excited only by light with transverse-magnetic (TM) polar-
ization mode, '] the EM field distribution in the dielectric and
metal zones is shown as follows:

H, (x,z,t) = (O,A7O) exp(iklxx—klzz— i()()t)7

iA 1
El ()C,Z,l‘) = 7(161003 iklx) CXp(iklxxfka* i(Dl‘), (Z > O)a ( )
weEHE]
H(x,z,t) = (0,B,0) exp(ikox + kp.z — i),
iB 2
E)(x,z,t) = — (kz,0, —ikoy) exp(ikoxx +koz —it), (z2<0), @
WEHYEL

where H| and E;| (H, and E») are the magnetic field and
electric field components in the dielectric (metal), respectively,
t is the propagation time of EM wave in the dielectric (metal),
& is the permittivity of vacuum,  is the angular frequency of
incident laser, A and B are constants. The wave vector com-
ponents of EM waves parallel to and perpendicular to the in-
terface in the dielectric (metal) region are respectively repre-

sented by ki, and ki (ko, and ky;), where ki, = (/k3 — €1k>

(kQZ -
is the velocity of light in vacuum). Considering that the com-

\/ k3. — &k, k = @/c is free-space wave vectors, and ¢

ponents H, and E, at the dielectric-metal interface are con-
tinuously variable, the following equations can be obtained:

A=B, kix=ky=kspp, Aki;/€1 =—Bky;/&, (3)

where kspp is the wave vector of SPP. The functional relation
between ki, and kp, can be obtained from Eq. (3) under the
excitation of TM mode

kiz/e1 = —ko /& “4)

Substituting Eq. (4) into Eq. (3), we can get the dispersion

relation of SPP excited at the dielectric-metal interface as

kspp = kr\/€182/ (&1 + &) = %\/ a&e/lea+e&). ©)
2 ; (@)

&

&y

of (b)

w [EE,

PP ¢ £ +€,

C
surface plasmon polaritons

k

Fig. 1. (a) Schematic diagram of SPPs excited on the medium—metal

interface. (b) Dispersion curve of an SPP wave, kspp and k are the SPP
and free-space wave vectors, respectively.!1%]
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In Fig. 1(b) we can observe that the SPP dispersion curve
has a nonlinear characteristic. For a given frequency, the wave
vector of SPP (kspp) is always larger than that of the incident
light in free-space, causing wave vector mismatch between the
incident light and SPP. Therefore, SPP can never be directly
excited by the incident light until the wave vector of the inci-
dent light is compensated by special methods.

Since SPP is an evanescent field, its EM field component
perpendicular to the interface exponentially decays with the
increase of distance in the dielectric (metal). When the energy
decays to 1/e of the initial value, the distance is called pene-
tration depth, denoted as 8, (5,):

1/2
&g +&

1
O1p = p

(6)

2
€

As Ohmic loss of a metal is determined by the imaginary
part of dielectric constant, the energy of SPP wave decays ex-
ponentially as it propagates horizontally along the dielectric-
metal interface. When the energy decays to 1/e of the initial
value, the propagation distance is called the propagation length
(Lspp), which can be expressed as:

1 c ([E+& 3/2 £r2
Lepp= g7——=— | ——— —. @)
2Imkspp  ® €18 €

Besides the semi-infinite medium—metal interface, SPP can
also be excited and propagate in multilayer structures, and
show different dispersion relations. When there are multilay-
ers consisting of alternating conducting and dielectric films, as
each interface can sustain bound SPP, they will interact with
each other and form coupled mode once the distance between

—ik3x) exp(ik2xx+ kozz — ia)t),

adjacent interfaces is close to or less than the decay length.
To introduce the dispersion characteristics of SPP in multilay-
ers, here we take two specific three layer structures as exam-
ples, including the insulator/metal/insulator (IMI) heterostruc-
ture and metal/insulator/metal (MIM) heterostructure. The ge-

ometry of a three-layer structure is shown in Fig. 2(a).

S x
-a
I

8
= (b) odd modes o,
I 6 - TR
8 el even modes o
= Z-
8a
]
g2
4
w

0

0 2 4 6 8

Wave vector  [107 m™']
Fig. 2. (a) Geometry of a three-layer system consisting of a thin layer I
with width of 2a sandwiched between two infinite half spaces II and III. (b)
Dispersion relation of the coupled odd and even modes for an air/silver/air
multilayer with a metal core of thickness 100 nm.[!7}

Since we only interested in the lowest-order bound
modes, we give a general description of TM modes that are
non-oscillatory in the z direction by solving Maxwell’s equa-
tions. For z > a, z < —a, and —a < z < a regions, the EM
fields are!!”!

(z>a), ®)

(z < —a), (€))
(OaN? 0) exp(iklxx - klZZ - iwt)a

(ra<z<a), (10)

H3(x,z,t) = (0,C,0) exp(ikswx — k3,z — ior),
iC . . .
E3(X7Z7t) = WEEs (k3za0a 1k3X)eXp(1k3xx_k3ZZ_1wt)7
H;(x,z,t) = (0,D,0) exp(ikpx + ko,z — i0rt),
iD
E 1) = kaz,0
2(X,Z, ) COS & ( 275 Y,
H,(x,z,t) = (0,M,0)exp(ikixx + ki z—ior) +
E, (X,Z,l) = : (klzaoa lklx) exp(lklxx+klzz_ 1(1)1‘)
we&HE]
N 1,0, k1) exp(ikiex — iz — ir)
O)g()Sl lz, 9 1x p 1x- lzZ )

where C, D, M, and N are constants. Considering that the components H, and E; at the dielectric-metal interface are continu-

ously variable, yielding

kix = kax = kspp, Cexp(—ks.a)

C
fk3z exp(—k3za) =
&3

at z=a and

kix = ko = kspp, Dexp(—kya)

= Mexp(ki;a) + Nexp(—ki.a),
M N
—S—Iklzexp(klza)+£—]klzexp(—klza) 11

= Mexp(—ki.a) + Nexp(kiza),
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D
—kp,exp(—kyza) =
&3

at z = —a, where kj, = , /kj2x —¢g;k? (j=1,2,3). An implicit
expression for the dispersion relationship can be obtained by

solving these above equations as

ki/€1+koo /& kiz/€1+k3./€3
kiz/e1—ky /& kiz/er—ky; /e’
It is found that equation (14) can be simplified to Eq. (4) if the
layer I has infinite thickness.

exp(—4ki a) = (13)

To simplified the model, we consider a special symmet-
rical case where the dielectric constants of layers II and III
are equal, i.e., & = &3. In this case, according to the direc-
tion of the electric field at the interface between the metal and
the dielectric, an odd symmetry or even symmetry modes can
be achieved (Fig. 2(b)), and their dispersion relations can be

simplified as

ElkZZ
tanh(k =— 14
anh(ky.a) ek’ (14)
&1k,
tanh(kja) = — . 15
an ( Ua) 82k21 (15)

These two dispersion relations can be applied to both IMI and
MIM structures to study the properties of the coupled SPP
modes, respectively. For the IMI structures, the confinement
of the odd modes to the metal film decreases with reducing
the thickness of metal film, which means that it can sharply
increase the propagation length of SPP, while the even mode
leads to exactly the opposite result. For the MIM structures,
the fundamental odd mode does not exhibit a cut-off for van-
ishing core layer thickness, indicating that SPP can propagate
in MIM waveguide with deep-subwavelength width. In addi-
tion, with a sufficiently small dielectric core layer thickness, a
larger propagation constant can be achieved even if the exci-
tation frequency is much smaller than that of the plasma res-
onance frequency. Thus, it is possible to obtain a larger wave
vector while a smaller penetration length into the metal layer,
by adjusting the geometry.

2.2. Excitation methods of SPP

Since the dispersion curve of SPP always lies to the right
side of dispersion curve of light wave vector in free space, as
shown in Fig. 1(b), meaning that there is momentum mismatch
between SPP and incident light in free space. Therefore, a
compensation for wave vector of the incident light is needed
to satisfy the wave vector matching condition which is the in-
dispensable prerequisite for SPP excitation. Generally, several
methods such as prism coupling (Kretschmann and Otto con-
figurations), optical grating diffraction and near-field scatter-
ing configuration can be used to compensate the wave vector

M N
—g—lklzexp(—klza)—|—£—1klzexp(k11a) (12)

to excite SPP. These common SPP excitation methods are de-
scribed as follows.

2.3. Excitation of SPP through prism coupling

The Kretschmann configuration is composed of a dielec-
tric prism with high refractive index and a thin metal film
coated on its surface. As shown in Fig. 3(a), the laser enters
the metal film at an angle larger than the critical angle of total
internal reflection,['8191 and the wave vector of the incident
light is increased by virtue of the high refractive index of the
dielectric prism. SPPs are excited at the metal/air interface,
and there is

kspp Zk,/SprismSin(G). (16)

If an additional dielectric layer with refractive index lower
than that of the prism is deposited between the prism and metal
film, as shown in Fig. 3(b), the SPP can be excited at the upper
or the lower surfaces of metal film, respectively, by changing
the incident angle, due to the fact that the additional layer can
provide a necessary compensation of the wave vector for res-
onant excitation of SPP.

L (b) = (c)

a
] 0\1 1

bl

(d) v
i = —

Fig. 3. SPP excitation configurations: (a) Kretschmann geometry, (b) two-
layer Kretschmann geometry, (c) Otto geometry, (d) excitation with a metal
tip, (e) diffraction on a grating, (f) diffraction on surface features.[!9]

As the Kretschmann configuration cannot be used to ex-
cite SPP on the surface of a thick metal film or a lump metal,
Otto proposed the Otto configuration of dielectric prism in-
verted on the metal film (Fig. 3(c)), to excite SPP on the air-
metal interface through photonic tunneling effect generated
in the air gap between the prism and the metal surface.?"!
The resonance condition of this configuration is similar to the
Kretschmann configuration with a two-layer film.

2.3.1. Excitation of SPP through grating diffraction

If a periodic grating is etched on a metal surface, an ex-
tra wave vector compensation is introduced for satisfying the
wave vector matching condition of exciting SPPs, as shown in
Fig. 3(e). The wave vector matching condition for a periodic
grating to excite SPP is!!>]

2
Re(kspp) = Re(cno sin(6) imf) (17)
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where ny is the refractive index of material near metal surface,
A is the period of grating, and m is the diffraction order (a
natural number in general). This method is featured by high
efficiency of SPP excitation, however, it has high fabrication
cost and is difficulty in dynamic controlling.

2.3.2. Excitation of SPP through near-field scattering

The near-field scattered waves generated by a subwave-
length structure such as nanoprobe, nanoparticle (NP) or sur-
face defect have various spatial wave vectors that covers a
large range,!'! parts of these could meet the wave vector
matching condition, resulting in SPP waves generation. In
the near-field range, the size of probe apex is always far less
than the wavelength of incident light, then the tunneling effect
occurs on the metal surface when the incident light irradiates
the nanoprobe, leading to the generation of evanescent waves,
which provide necessary wave vector compensation to excite
SPP near the apex,?!! as shown in Fig. 3(d). In addition, if
an NP was placed on a metal surface, a similar scattering ex-
citation effect can be achieved,?? as shown in Fig. 3(f). This
SPP excitation method has an advantage of very simple struc-
ture, however, only a very small part of the scattered light can
fit the wave vector matching condition, resulting in extremely
low SPP excitation efficiency.

3. Research progress on spatiotemporal charac-
teristics of femtosecond SPP

Since Maiman invented the world’s first laser (ruby laser)
in 1960,>3] laser technology has undergone decades of devel-

opment, and the pulse duration has been gradually compressed

Py

down to femtosecond-scale.?*28] Femtosecond laser, like a

ruler accurate enough in time, can be well used to explore ul-

trafast phenomena and characterize the dynamic evolvement

[291 such as molecu-

31]

processes of physical and chemical events,
lar structure dynamics, 3! ultrafast photosynthesis process,
molecular stimulated Raman scattering (SRS),1*2! and thus
was awarded the Nobel Prize due to Prof. Zewail’s pioneer-
ing work.[*31 Another excellent property of femtosecond laser
is the ultrahigh peak power, which makes it be widely used in
femtosecond laser filamentation,3*3] attosecond pulse gen-
eration and detection,?%-38] yltrafast nonlinear optics,3%40]

[5,41

high harmonic generation (HHG)>*!l and femtosecond op-

42431 ¢tc. In addition, under the immediate de-

tical trapping,!
mand for exploring ultrafast processes such as chemical re-
actions and photosynthesis, femtosecond-scale temporal res-
olution imaging technology comes into being, and gradually
becomes a common means in studying ultrafast process. 4471

With the development of femtosecond laser technology,
people combined the femtosecond laser and SPP to generate
ultrafast SPP pulses. Considering the nanoscale spatial reso-

lution and local EM field enhancement effect of SPP, and the

femtosecond-scale temporal resolution characteristics and ul-
trahigh peak power of femtosecond laser pulse, it is possible
to achieve optical detection and imaging with super spatiotem-
poral resolution when combining these advantages. More-
over, the combination of SPP and femtosecond laser pulse can
greatly strengthen various nonlinear optical effects, generate
lots of novel physical phenomena, and bring in new applica-
tions. At present, researchers have paid much attention on
characterization of femtosecond SPP pulses, and conducted
extensive researches. The study on femtosecond SPP char-
acteristics includes excitation and propagation characteristics
on metal film, surface structures and nanoprobes, and spinning
and orbital angular momentum interaction characteristics, efc.
These aspects will be introduced respectively as follows.

3.1. The excitation and propagation characteristics of fem-
tosecond SPP on metal film or surface structure

SPP mode propagating along the surface of a metal film
can be generated with proper incident light and wave vector
matching structure. Yet, how to excite SPP pulse with broad-
band spectrum is one of the current research hotspots. In 2008,
Yalcin et al. investigated the spectral bandwidth and phase
shift effect of resonant excitation of femtosecond SPP pulse
on metal film based on Kretschmann configuration.[*8] They
found that the resonant excitation causes the spectrum narrow-
ing and phase shifting, resulting in the time domain broaden-
ing of SPP pulses. The angular dependence characteristics
of femtosecond SPP pulse excited by ultrashort laser pulse
at the metal film/air interface are obtained by measuring re-
flected femtosecond laser spectra at different incident angles,
as shown in Fig. 4(a). The coupling process of photons and
SPP waves only takes place in limited spectral bandwidths. In
principle, temporal broadening of SPP pulses can be restrained
by compensating the narrowed spectrum and phase shift.

Femtosecond SPP pulses excited on metal films with
different materials have different propagation characteristics.
Based on this, in 2011, Sdmson ef al. compared the pulse shap-
ing effect and nonlinear propagation modes of ultrafast SPP
excited by different metal (Al, Ag, and Au) films with sili-

(491 and achieved the effect of group

con waveguide substrate,
velocity dispersion (GVD) and loss of dispersion (LD) on ul-
trashort SPP pulses transmission, as shown in Fig. 4(b). Due
to the comprehensive effect of GVD and LD, SPP pulses on
Al film surface were compressed in the visible spectrum, and
obviously broaden in the near-infrared (NIR) band, while the
SPP pulses on Ag film surface were somewhat extended from
visible to NIR band, and the SPP pulses on Au film surface had
a series of obviously compressed and broadened in the visible
light range. This work indicated that soliton, self-focusing,
self-compression and other effects can be achieved by using
the nonlinear SPP metal waveguides.
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Fig. 4. (a) Spectra of reflected femtosecond laser pulses at different incidence angles (left), comparison of scattered SPP pulse spectrum (black line), incident
pulse spectrum (dashed line), reflected pulse spectrum at optimal SPP coupling angle (green line), and difference spectrum (square markers) between incident
and reflected pulse spectra (middle), spectral bandwidth (FWHM) of the SPP excitation by prism coupling for Au films (orange line) and Ag films (black
line) (right).[*8! (b) Combined impact of group velocity and loss dispersion on SPP pulse transmission over one propagation length on Al/, Ag/, and Au/silica
waveguides: Upper plots show total (GVD- plus LD-induced) percentage pulse broadening; lower plots show normalized output pulse intensity, as functions

of input pulse duration and center wavelength. ()

In order to further modulate femtosecond SPP on metal
films, researchers proposed to fabricate micro-/nanoscale
structures on metal film, such as nano-slit, nanodot and nano-
step. For example, if slits were etched on a metal film, the SPP
wave will be strongly restricted in the cross-sectional direction
of the slits, so that it can only propagate in a specific direc-
tion. In addition, if structures such as periodically arranged
nanodot arrays were fabricated on a metal film, the propaga-
tion properties of SPP waves including velocity, dispersion,
GVD, diffraction and interference will be modulated to gen-
erate new physical phenomena. To study and represent these
novel phenomena, the combination of femtosecond-scale tem-
poral resolution technology with microscopic technology be-
comes a useful access to explore the ultrafast propagation pro-
cess of SPP. In 2005, Kubo et al. investigated the ultrafast
process of SPP excited by femtosecond laser pulses (400 nm,
10 fs) on an Ag grating, and achieved the excitation and
propagation process of SPP pulses with subwavelength spatial
resolution (50 nm) and sub-femtosecond temporal precision
(0.33 fs),5% by combining interferometric time-resolved two-
photon photoemission (ITR-2PP) technology®!! with pho-
toelectron emission microscopy (PEEM) system.[’>33] Ag
shown in Fig. 5(a), the coherence polarization excited at differ-
ent hotspots shift to its own resonant frequency, as the driven
pulse weakens, thus leading to a delayed (or advanced) phase
and a later (faster) increase of intensity peak corresponding

to the phase of driven field. It provides a new method for
research on the dynamic process of ultrafast SPP excited on
nanostructures. In 2007, Petek et al. successfully combined
the temporal resolution of femtosecond spectrograph with the
ability of subwavelength imaging of the photoelectron,®*! and
took an external oblique-incident laser on the Ag groove as
the excitation source and probe beam of SPP wave packets,
so as to generate polarized standing wave at the Ag/vacuum
interface through two-path interference. The PEEM was used
for imaging the spatial distribution of photoelectron generated
through two-photon emission, and the nonlinear graphs of the
polarized grating with spatial super-resolution were recorded.
1/4 of the optical period was taken as a step to control the
time delay between the pump and probe pulses, and an ul-
trafast propagation process of SPP wave packet with 60 nm
spatial resolution and less than 10-fs temporal resolution was
achieved, as shown in Fig. 5(b). This method can be used for
imaging the ultrafast process of the coherent field and stim-
ulated carriers of nanoscale optical and electronic structures
that could not be observed before. Therefore, it is of great
scientific significance.

Besides the research on propagation characteristics of
femtosecond SPP pulse, ultrafast evolution process of wave
packet is also a hot topic. In 2011, Zhang et al. adopted two-
photon photoemission photoelectron emission microscopy
(2PP-PEEM) system to snapshot the wave packet of femtosec-
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ond SPP excited by a single slit etched on an Ag film, and care-
fully studied the interference process between the incident ul-
trashort pulse and its excited SPP wave packet.>> They found
that Fabry—Perot resonance effect was significantly enhanced
with the increasing of slit width, and the interference signal
could be strengthened by increasing the slit width from sub-
wavelength to multiple wavelength. The author used finite-
difference time-domain (FDTD) method to simulate the pro-
cess, and the results consistent with the PEEM imaging ex-
periment well, which proved that the constructive interference
between incident light and scattered light in the slit resulting
in the increase of coupling efficiency, as shown in Fig. 5(c).
In addition, they analyzed the backward scattering SPP sig-
nals and the dependency of EM field distribution through and
inside the slit, which were difficult to detect experimentally.
The relevant results have certain guiding significance for dy-
namic controlling of femtosecond SPP.

Besides nano-slits and gratings, nanowires can also
be used as ultrafast SPP waveguides.!*®! In 2011, Rewitz
et al. investigated the propagation characteristics of ultra-
fast SPP pulses in an Ag nanowire by far-field spectrum
interferometry.” They irradiated one end of the Ag nanowire
with linearly polarized femtosecond laser pulses (800-nm
wavelength) to excite SPP pulses. The excited SPP pulses
propagated along the nanowire at a certain group velocity
Vg, then re-emitted into free space at the other end of the
nanowire (Fig. 5(d)). Afterwards, the author obtained the am-
plitude and phase of the emission field by collinearly super-
posing the re-emitted signal with the reference pulse at a fixed
time delay time T with the method of spectrum interferometry,
so as to study the propagation characteristics and the change
laws of group velocity of femtosecond SPP in Ag nanowire.
They found a sharp decrease of the SPP group velocity in the
nanowire with diameter lower than 100 nm, as well as smaller
dispersion in the propagation process. Besides, they also stud-
ied the dependency of ultrashort SPP group velocity on the
environment around nanowire. This method can be used to
determine the complete spectrum transfer function, and has
important application prospects in nanoscale SPP signal char-
acterization and on-chip light signal manipulation.

When a nanodot is fabricated on a metal film, the LSP
can be effectively excited through its interaction with incident
light. Based on this idea, Lemke et al. designed a structure
consisting of an Au step and an Au nanodot (500 nm in diame-
ter) on a silicon substrate, and studied the ultrafast interference
and transformation process between LSP and SPP excited un-
der the effect of femtosecond laser pulses in 2011.181 They ap-
plied femtosecond laser (815 nm, 18 fs) to irradiate the Au step
at an incident angle of 65 °C to excite SPP pulses propagated
along the Au film/air interface. The SPP pulse interacts with
the Au nanodot to form LSP mode, and then propagating fur-
ther away in the form of SPP pulse. After imaging the process
with an interferometric time-resolved two-photon photoelec-

tron emission microscopy (ITR-2PPEEM), they achieved the
ultrafast process of interference and transformation between
the propagated SPP and LSP with sub-femtosecond temporal
resolution, as shown in Fig. 5(e). This method provides a new
way for direct quantitative analysis of SPP pulse propagation,
SPP-LSP coupling, coherent control over LSP excitation at the
nanodot, etc. Similarly, in 2013, Sun et al. studied the ultra-
fast oscillation and dephasing process of LSP field excited on
Au nanodot arrays with a multi-photon photoelectron emission
microscopy (MP-PEEM) system.!®®] LSP can be excited ef-
fectively when its wavelengths overlap with the femtosecond
pulse spectrum, leading to multi-photon photoelectron emis-
sion. The PEEM system with 8 nm spatial resolution was used
to directly image the local field excited on different Au nan-
odots, so as to accurately capture the near-field images, posi-
tion of local enhancement hotspots and polarization distribu-
tion. In addition, the author researched the LSP characteristics
by combining the interferometric time-resolved pump-probe
technology with PEEM, and achieved the ultrafast oscillation
and dephasing process of LSP field with femtosecond-scale
temporal resolution and nanoscale spatial resolution, as shown
in Fig. 5(f). This method provides an effective access to re-
search on near-field imaging and dynamic characteristics of
SPP nanostructures.

Besides the nanostructures fabricated on metal film, a thin
metal film with specific shape can also be used to effectively
excite femtosecond SPP. In 2017, Frank et al. designed the
atomic-scale flat hexagonal mono-crystal Au film and studied
the propagation process of short-range SPP pulses excited on

¢.199] The sharp edges of the Au film provided neces-

its surfac
sary wave vector compensation for SPP excitation. Stimulated
by femtosecond laser pulses (800 nm, 15 fs, and 80 MHz),
the long-range femtosecond SPP pulse (LR-SPP) and short-
range femtosecond SPP pulse (SR-SPP) were excited on the
upper and lower surfaces of the Au film at the edge, respec-
tively. Then the time-resolved 2PPE-PEEM system was used
for imaging the excited SPP waves. The author found that
LR-SPP could propagate on the whole Au film surface while
SR-SPP could propagate within a range of several wavelengths
from the edge. Then they designed a triangular Au film with
a periodic circular grating and a concentric disc (2-pum diam-
eter), and investigated the ultrafast nanofocusing process of
excited SR-SPP with the combination of pump—probe tech-
nology and PEEM system. SR-SPP was excited at the circular
grating, then propagated toward the center of the disc. Finally,
a near-field focus with minimum spatial size of 60 nm was
formed through the superposition of SPP waves. Due to the
constructive and destructive interference of the laser field and
the two counter-propagation SPP waves, the SPP intensity of
the focus changed periodically, as shown in Fig. 5(g). This
method provides a new idea for nanofocused SPP generation
and local field enhancement.
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Fig. 5. (a) ITR-PEEM of the four localized plasmons on the Ag grating framed.!>"] The delay time between the pump and probe pulses (74) is advanced
from —0.33 fs to 40.69 fs or 7% X 271:7730% x 27 in terms of the optical phase of the carrier light (400 nm) with an increment step of 0.33 fs or %ﬂ: All
four dots oscillate in-phase with the field during the optical excitation by the pump pulse —"—‘ X 277:——5% x 21). (b) ITR-PEEM movie frames of the Ag film
excited with phase-locked pump—probe pulse pairs.[>* (c) Slit width dependence of the polarization grating pattern.!> (d) Representative map of sample
emission upon excitation of plasmons in an Ag nanowire.’”] (e) Au step and Au nanodot excitation via SPP coupling recorded in real time.58) (f) Selected
TR-MP-PEEM images at different phase delays/delay times for an array of Au nanorods.[ (g) PEEM detection and simulation results of the SR-SPP

nanofocus process. 1601
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3.2. Excitation and focusing characteristics of femtosec-
ond SPP at metal nanoprobe

The conical metal nanoprobe has the property that the
closer it is to the apex, the smaller its lateral size, which is
similar to a focusing process. If a grating was etched on a
nanoprobe, laser energy can be effectively coupled to SPP

cited SPP wave could propagate along the surface toward the
apex. During the propagation process, as the cross-sectional
size of the nanoprobe gradually decreases, the local field be-
comes stronger and stronger, resulting in significant EM field
enhancement at the apex. When the field intensity is strong
enough, high-order nonlinear effect and HHG could occur at

under the excitation of femtosecond laser pulses, and the ex-  the apex.
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Fig. 6. (a) SEM images of a conical metallic tip with a grating coupler on the shaft, principle of the nonlocal excitation of the tip apex and series of
microscope images recorded for illumination of the tip at the four positions.!®!! (b) Schematic diagram of scanning the nanofocusing tip across a silicon step
edge, SEM image of step edge, and the optical signal of a lateral scan across the step edge.!%?! (c) SEM image of an Au tip with a chirp grating coupler
20 pum away from the apex.[%3] TAC of the photoelectron current emitted from the apex. (d) Nanofocusing of a few femtosecond pulse at the tip: FROG
measurement based on apex localized SHG of adiabatically nanofocused SPP, and reconstructed spectral and temporal phase (blue), intensity (red), as well

as the reconstructed temporal electric field transient (green). (%4

In 2007, Ropers et al. achieved the nanoscale focus-
ing plasmonic field that exceeded the diffraction limit by
utilizing the nanofocusing characteristics of the conical Au
nanoprobe. [®!] The author designed a tapered Au nanoprobe
(with an apex angle of 15 °C) etched with one-dimensional
(1D) circular grating (10 wm away from the apex, with a radius
of 20 nm. SEM image shown in Fig. 6(a)), and used it as the
SPP excitation coupler. Broadband femtosecond laser pulse
(800 nm, 7 fs) was normally entered and focused at the coupler
(the diameter of focus was about 5 pm) to excite SPP pulses.

The imaging of far field radiation at the apex was captured

by scanning tunneling microscope (STM). They found that
micron-scale femtosecond laser pulses can be transformed into
nanoscale SPP pulses with the coupler, which provided to be a
useful tool to generate nanoscale light sources. Based on this,
in 2010, Neacsu et al. experimentally obtained the focused
femtosecond SPP pulses localized at the scale of 20 nm, ¢!
whose spatial size was an order of magnitude smaller than the
diffraction limit (Fig. 6(b)). In 2016, Mii ller er al. excited
the ultra-broadband femtosecond SPP through chirped grating
coupling etched on an Au nanoprobe, and achieved a nanofo-

cus at the apex, (%3] as well as a sub-10-fs electronic pulse point
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source there, as shown in Fig. 6(c). These works provide new
methods for investigating new type of field enhancement mi-
croscopes, HHG or attosecond extreme ultraviolet (EUV) laser
generation, and ultrafast STM, efc.

Chirped grating can be used as a broadband-spectrum ul-
trashort SPP pulse coupler as its capacity of broadband cou-
pling ability. With this method, Berweger et al. achieved the
generation and controlling of ultrashort pulses with arbitrary
optical waveform by a conical Au nanoprobe etched with a
chirped grating in 2011.1%*1 The nanoprobe was irradiated by
focused femtosecond laser pulses (800 nm, 10 fs, 8 nJ/pulse,
and 75 MHz) to generate broadband-spectrum SPP pulses.
The excited SPP pulses were compressed and propagated to-
ward the apex of the nanoprobe, causing a few SPP pulses be-
ing re-emitted into free space. In addition, the asymmetry of
the apex allowed local second harmonic generation (SHG). %3]
The instantaneous frequency and spectral phase of femtosec-
ond pulses can be optimized by taking the SHG response as the
feedback signal of pulse shaping mechanism, so as to generate,
regulate and control arbitrary independent nanoscale ultrafast
optical waveforms at the apex (Fig. 6(d)). Compared with tra-
ditional far-field and near-field light sources, this nanoscale
light source with controllable waveform is of great signifi-
cance, which provides a new solution of super spatiotemporal
imaging for multiform nonlinear and ultrafast processes.

3.3. Spin-orbital angular momentum interaction charac-
teristics of femtosecond SPP

As is known that photon can carry both spin angular mo-
mentum (SAM) and orbital angular momentum (OAM), and

the SAM—OAM conversion can be achieved with some special
structures. The subwavelength-scale SPP also have the abil-
ity of carrying OAM. For example, it has been proved that the
Archimedean spiral and relevant nanostructures can be used to
generate and control the SPP vortex with OAM under different
lighting conditions.

Therefore, the highly localized SPP vortex can be re-
garded as an important tool for researching chiral nano-
structures and two-dimensional (2D) materials with degree of
freedom of OAM. %] In order to characterize the formation
process of SPP vortex field carrying OAM, in 2017, Spektor
et al. excited the SPP vortex field by a nanoscale metal struc-
ture irradiated with femtosecond laser pulse, and achieved the
ultrafast temporal evolution process and group velocity char-
acteristics of SPP vortex generation.[®’1 A circular polarization
femtosecond laser pulse is used to illuminate the Archimedes
spiral slit etched on an Au film. The edge scattering effect of
the slit provided necessary wave vector compensation to ex-
cite SPP propagating towards the center at the interface, and
the spiral shape of slit provided helical phase for the excited
SPP. The SAM—-OAM conversion could occur under circular
polarized light illumination. Therefore, the OAM of gener-
ated SPP vortex was finally determined by the helical phase
provided by the slit and the SAM carried by incident photons.
The ultrafast evolution process of SPP vortex field with topo-
logical charge of 10 in a single optical period (~ 2.67 fs) was
studied by means of pump-probe detection, as shown in Fig. 7.
This is of great significance in further understanding the gen-
eration and evolution characteristics of OAM and its dynamic
interactive process with atomic and molecular.

(b)

Probe
P
SPPs

(c) o °®

1/

Electron Optics

@

3 um

Fig. 7. Experimental concept and direct OAM extraction results.[%”] (a)—(c) Schematic experimental methodology. (a) Two circularly polarized ultrashort
pulses with temporal separation Az are launched at a plasmonic vortex-generating sample. (b) The pump pulse launches SPPs at the structure edges on the
sample. (c) The probe pulse interferes with the propagating SPPs and liberates photoelectrons in a 2PP process, which are then imaged with the PEEM
setup. (d)—(g) Experimental TR-PEEM snapshot sequence of the rotating field of a plasmonic vortex in the revolution stage within a single optical cycle of
~ 2.67 fs. The red dot follows a specific lobe as it rotates around the center. The yellow dashed-dotted lines serve as reference frames to emphasize the
rotation. The angle between the upper two yellow lines is 36°, corresponding to 27 /¢ rads.
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4. Research progress on applications of fem-
tosecond SPP

Femtosecond SPP has been widely applied in de-
tecting ultrafast phenomena including molecular dynamics,
biomedicine, SRS and photoelectronic chips for its unique
properties. Its common applications cover the fields of nonlin-
ear optical enhancement, optical tweezers, on-chip photonic
manipulation, super-spatiotemporal imaging and pulse shap-
ing. In the following, we will introduce and analyze some im-
portant application researches of femtosecond SPP in recent
years.

4.1. Nonlinear signal enhancement by femtosecond SPP

SPP can be used to effectively enhance nonlinear opti-
cal response due to its unique characteristics of local EM field
enhancement.[!3-%8] If femtosecond laser pulses and SPP were
combined, the high-order nonlinear optical effects of materials
can be easily excited owing to the ultrahigh peak power and lo-
cal EM field enhancement effect of femtosecond SPP pulses,

thus resulting in a significantly enhanced nonlinear effect and
greatly improving nonlinear conversion efficiency. Thus, fem-
tosecond SPP has widespread application prospects in some
fields such as EUV source and nonlinear signal enhancement,
as its remarkable high order nonlinear effect and high nonlin-
ear conversion efficiency.

In 2008, Kim et al. obtained EUV pulses by focusing fem-
tosecond laser pulse (800 nm, 10 fs, 75 MHz, 1.3 nJ/pulse,
10'" W-cm~2) onto a bowtie-shaped metal nanostructure. !
The bowtie structure can excite LSP mode to form a Gap mode
enhancement in the middle of the bowtie, and produce high-
order nonlinear effect under the action of nitrogen flow, so
as to realize HHG. With this structure, the author obtained
17th order harmonics (47 nm) with the corresponding conver-
sion efficiency of 6.9 x 10719, as shown in Fig. 8(a). This
method is useful in generating ultra-small coherent EUV ra-
diation sources, and facilitates the development of advanced
photoetching, high resolution imaging, EUV measurement
and other areas.
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Fig. 8. (a) Apparatus for HHG by electric field enhancement using a nanostructure of bowtie elements and measured spectrum of generated high harmonics. !
Given the input pulse power of 100 mW, the efficiencies for the harmonics were computed as follows: H7, 2.4 x 1072, H9, 2.2 x 1072; H11, 9.5 x 10719,
H13, 9.0 x 10719, H15, 1.3 x 107°; and H17, 6.9 x 10710, (b) Measurement scheme using a transmission-type diffraction grating and a photomultiplier
(PM) tube, SEM images of the grating showing the important dimensions and measured spectrum spanning from the 15th (H15) to 43rd (H43) harmonics. [*!]

In 2011, Park et al. designed a three-dimensional (3D) Ag
nanoscale waveguide to achieve high-order EUV pulses.[*!]
The waveguide had an elliptic conical hole at its center. The
cross section of the elliptic hole gradually decreases from
the entrance (short diameter 2 mm) to the exit (short diam-

eter 100 nm). Femtosecond laser pulses (800 nm, 10 fs,

75 MHz, 1 x 10" W-cm~2) were focused on the inlet of the
waveguide and propagated along the outlet through the hole.
Through adiabatic compression of the 3D waveguide, the in-
cident femtosecond laser pulses were focused into the deep
subwavelength volume at the exit, resulting in a significant

increase of the electric field intensity, with EF over 20 dB
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and reaching the ionization threshold of xenon. Thus EUV
pulses were generated by femtosecond laser pulses interacting
with xenon atoms. The author obtained the 15th to 43th or-
der higher harmonic EUV pulses with high spatiotemporal co-
herence (Fig. 8(b)), and the nonlinear conversion rate reached
108, Compared with bowtie-shaped structure mentioned pre-
viously, this waveguide effectively improved the conversion
efficiency without considering thermal damage and optical
breakdown. Additionally, this waveguide can be easily in-
serted into the cantilever nanoprobe, which makes it more suit-
able in near-field optical experiments.

Except high-order EUV pulses generation, the nonlinear
signal enhancement effect of femtosecond SPP pulse is also
one of the hot researching topics. In 2003, Nahata et al. de-
signed a bull’s-eye structure consisting of periodical concen-
tric circular grooves and a nanohole based for the enhanced

nanohole, this designing increased the SHG conversion effi-
ciency by four orders of magnitude, as shown in Fig. 9(a).
In 2010, Pu er al. investigated the nonlinear enhancement
characteristics of SPP nanocavity of core-shell (BaTiO3—Au)
structure under different resonant conditions,!”” as shown in
Fig. 9(b), the SH enhancement results of 500 times and 3500
times were obtained by experiment and simulation respec-
tively. Subsequently in 2011, Zhang et al. studied the rela-
tionship between the orientation of metal sphere-cap NPs and
the included angle of femtosecond laser pulses to SH radia-
tion intensity,!”!! and paved the way for designing of stable
second-order nonlinear optical materials with specified wave-
lengths. In 2012, Hanke et al. found that the geometry of the
nano-antennae will greatly affect the radiation damping of its

LSP resonance,!’?! thus determining the generation efficiency

nonlinear optical characteristics.[®”] Compared with a single  of the third-order harmonic.
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Fig. 9. (a) SH intensity dependence versus fundamental intensity for both the bull’s-eye structure and the bare aperture.[®”! (b) Factor of SHG emission
enhancement as a function of the shell thickness for different resonance frequencies.’”! (c) SHG from a flat centrosymmetric triangular nanocavity on Ag
film.[73] (d) SERS spectrum and SE-FSRS spectrum of trans-1, 2-bis (4-pyridyl) ethylene (BPE)-functionalized nanoantennas.7*]

Besides complex structures mentioned above, the nano-
cavity on smooth Ag film has also been proved to be a use-
ful tool for SH radiation enhancement.”3! In 2018, Galanty
et al. designed two pairs antisymmetric distributed triangular
nanocavities structures, as triangular nanocavities has the char-
acteristics of supporting multiple SPP modes. The structures
could localize the EM field on the smooth surface between
nanocavities and modulate the resonant frequency by adjusting
the distance between two nanocavities. By observing the SH
radiation responses of the structure, the author found that the

SH radiation enhancement only occurred in the area between
two sub-cells, when the polarization of incident femtosecond
laser field was along the symmetry axis of the structure, while
the SH radiation intensity sharply decreased as the polarization
direction was rotated by 90 °C, as shown in Fig. 9(c). Based
on the calculations, the author concluded that the existence of
the nanocavities increases the SH radiation on the Ag film by
7 times, proving that the nanocavities played a key role in SH
radiation enhancement. The work demonstrated a new idea
for generating SH hotspots at any given positions on a metal
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surface. In addition, this locally enhanced SH hotspots pro-
vide a useful tool for researching the physical and chemical
processes occurring on the surface.

Considering the ultrahigh nonlinear signal enhancement
ability of femtosecond SPP, it would be a promising ap-
proach to achieve highly sensitive Raman spectrum sig-
nal detection when it was combined with Raman spectrum
study. Based on this idea, in 2011, Frontiera et al. put for-
ward surface-enhanced femtosecond stimulated Raman spec-
trum (SE-FSRS) technique by combining SERS technol-
ogy with femtosecond stimulated Raman spectrum (FSRS)
technology,!’#! and they investigated the stimulated Raman en-
hancement effect of the Au nano-antenna consisting of an Au
core, inserted molecules and a silicon dioxide shell under the
irradiation of femtosecond laser pulses. Then compared SE-
FSR spectrum intensity (black) of Au NPs with SERS spec-
trum intensity, as shown in Fig. 9(d), they found that the EF
of SE-FSRS spectrum was between 10* and 10°, less than
10% in the SERS enhancement experiment of the NPs. They
suggested that this difference was due to NPs degradation.
Besides, the SE-FSR spectrum was obtained with signal to
noise ratio (SNR) of 50, as well as high spectrum resolu-
tion (20 cm™!) and high temporal resolution (10 fs—100 fs),
which proved that SE-FSRS technology could be applied in
the detection of NPs. These works show that femtosecond SPP
pulses can be used to generate high harmonics and to improve
multiple nonlinear signals and nonlinear conversion efficiency
by designing appropriate plasmonic nano-structures.

4.2. Optical tweezers of femtosecond SPP

SPP optical tweezers technology is an important technical
means for near-field capturing and accurate manipulation of
micro-/nano-particles. The basic mechanism is to use nanos-
tructures to excite SPP and form local enhancement hotspots
much smaller than the diffraction limit, so as to provide super-
intense gradient force for capture and nanoscale manipulation
precision. Femtosecond SPP not only has local enhancement
effect of SPP, but also has ultrahigh peak power of femtosec-
ond pulse. If it was applied to optical tweezers, it may not
only further enhance the optical trapping force and trap stabil-
ity of NPs, but also can greatly enhance the nonlinear effect of
trapped samples to generate more novel physical phenomena.

The precondition for generating femtosecond SPP optical
tweezer is to design a proper optical tweezer structure that can
create SPP hotspots. Guided by this principle, Roxworthy et
al. designed an optical tweezer structure based on a bowtie-
shaped Au nano-antenna array in 2012.1°1 A femtosecond
SPP optical tweezer was obtained by combining the designed
structure with femtosecond laser pulse. An inverted micro-
scope system was utilized to study the enhancement effect of
the femtosecond SPP optical tweezer on optical gradient force,

and a higher optical tweezer trapping efficiency was achieved.
The optical trapping potential was twice or five times as much
as that of the continuous wave optical tweezers or the tradi-
tional pulsed optical tweezers, respectively. Such femtosecond
nano-optical tweezers could not only successfully capture Ag
NPs with diameter of 80 nm, but also could detect the non-
linear response of NPs system, as shown in Fig. 10(a). In
2016, Kotsifaki et al. also realized the femtosecond SPP op-
tical tweezers by using femtosecond laser incident on nanos-

[76] The substrate consists of a thin

tructure silicon substrate.
Au film with Au NPs on its surface. A thin copper inter-
layer was introduced to effectively transfer heat to avoid the
generation of bubbles. Continuous infrared laser or femtosec-
ond laser with adjustable wavelengths (750 nm—1300 nm) was
used for optical trapping. The author observed a significant
increasing of trapping efficiency for polystyrene beads with
diameter of 400 nm near the substrate, and the maximum trap-
ping efficiency was 0.147. By measuring the optical trapping
force and distance from the substrate, it was found that the
trapping efficiency decreased exponentially as the distance in-
creased, which confirmed that the trapping process was dom-
inated by the evanescent field. Furthermore, when the inci-
dent wavelength approached SPP resonant wavelength of sub-
strate, the trapping efficiency increased accordingly, as shown
in Fig. 10(b).

Affected by the ultrahigh peak power of femtosecond
laser pulses, as well as LSP of NPs, the nonlinear optical ef-
fect of metal NPs was greatly enhanced, showing unusual non-
linear trapping effects of optical tweezers. In 2010, Jiang et
al. reported that the ‘light trapping splitting” phenomenon ap-
peared when an intense linearly polarized femtosecond laser
was focused to trap Au NPs, 421 that is, with the nonlinear in-
teraction between femtosecond laser pulses and Au NPs, the
optical trapping that could trap only a single NP under con-
tinuous laser irradiation could be split into two, and would
trap two NPs at the same time (Fig. 10(c)), which revealed
the prospects of optical tweezers manipulation under nonlin-
ear conditions. Based on this, in 2018, Zhang et al. further
studied the physical mechanism of such nonlinear effect be-
tween light fields of focused femtosecond laser pulses and
metal NPs, 3] and achieved tunable multiple trapping of Au
NPs by using femtosecond laser pulses with vector polariza-
tions. Unlike the mechanical effect in a linear condition, the
longitudinal electric field component of the focused femtosec-
ond light field played a dominant role and established a new
force balance, so as to create multiple trapping potentials at
the focus of the longitudinal component (Fig. 10(d)), and real-
ized stable multiple traps of NPs. This work laid a foundation
for the research of optical tweezer technology from linear op-
tics to nonlinear optics and generating more nonlinear optical
manipulation technologies.
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Fig. 10. (a) Experimentally measured trap stiffness for the upright BNA orientation and the inverted BNA orientation,and FDTD calculations of the intensity
enhancement and absorption cross-section for the upright BNA orientation and the inverted orientation.!”>! (b) Surface plot of the trapping efficiency, Q, as
a function of the relative distance, z, between the trapping laser beam focus and the Cu/Au-coated nanostructured silicon substrate and as a function of the
trapping wavelength, obtained with the femtosecond laser setup.!’®! (c) Au NPs trapped by the Ti-sapphire laser in the CW mode (left) and femtosecond-
pulse mode (right), Withe arrows show the directions of polarization.™? (d) Nonlinear trapping of Au NPs under various polarization conditions.'*! (e)
DNA assembly on a thin Au film with no nanostructure using femtosecond NIR laser irradiation.!””) (left) Fluorescence spectra obtained before (black), upon
(red), and after (gray) femtosecond laser irradiation. (right) Temporal profiles of the fluorescence intensity as the laser was switched on and off repetitively

(red, repetition time ~ 60 s) and without femtosecond laser irradiation (black).

One of the important application objectives in nanoscale
optical tweezers research is to trap and manipulate biologi-
cal molecules such as DNA. In 2013, Shoji et al. studied the
trapping behaviors of LSP optical tweezers excited on taper-
shaped Au nano-dimer array under continuous light and NIR
femtosecond laser pulses illumination,!””! respectively. They
achieved permanent fixation, tunable trap and release of A -
DNA molecules. The trapping behavior of LSP optical tweez-
ers was observed by fluorescence microscopy, and the tem-
perature variation of LSP excitation was evaluated by fluores-
cence correlation spectrum. As shown in Fig. 10(e), when
LSP was illuminated with continuous light, the fluorescence
intensity did not change significantly over time, while irradi-
ated by a femtosecond laser pulses, the fluorescence intensity
fluctuated periodically as the laser pulses were switched on
or off. The author concluded that the former was due to pho-
tothermal effect induced by LSP excitation, which leads to per-
manent fixation of DNA molecules on the substrate, and the
latter was attributed to the great gradient force of femtosec-
ond laser pulses to overcome the thermophoresis effect, and
the existence of the pulse interval prevented DNA molecules
from being fixed on the substrate. Therefore, any desired mi-
cropatterns of DNA molecules can be formed on the substrate
by photothermal effect induced by LSP excitation, and DNA

molecules can also be dynamically controllable captured and
released by turning on and off of femtosecond laser irradia-
tion. This femtosecond LSP optical tweezers technology pro-
vides an effective access for manipulation of nucleic acid, pro-
tein, polysaccharide and other small biomolecules, and thus
has important potential applications in the fields of chemical,
biological sensing and detection.

4.3. On-chip modulation of femtosecond SPP

For its characteristic of breaking diffraction limit, SPP has
been widely applied in many micro-/nanoscale on-chips opti-
cal devices, including optical waveguide, switches and modu-
lators, efc. Similarly, femtosecond SPP may bring new ideas
to on-chip spatiotemporal light field manipulation. In 2018,
Hess et al. studied on-chip beam splitting and polarization
multiplexing of femtosecond SPP waves.[”® They designed an
Ag hemispherical structure (9 microns in diameter and 940 nm
in height) and demonstrated that it can scatter s-polarized fem-
tosecond laser pulses and excite femtosecond SPP, then cou-
pling the femtosecond SPP into two separate channels in space
and time, resulting in pulse-splitting effect. In their structure,
SPP was generated by scattering of the hemispherical struc-
ture under the illumination of femtosecond laser pumped pulse
(780 nm, 15 fs, incident angle of 75 °C). The probe pulse ir-
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radiated on the SPP propagation region, meanwhile interfered
with the SPP pulse, led to an SPP interference pattern. They
found that the SPP interference patterns obtained from pump—
probe pulse combination by using the p—p or s—p polarization
were crescent shape and staggered herringbone-shape, respec-
tively, as shown in Figs. 11(b)-11(c). With the s—p polarized
pump—probe pulse combination, two anti-symmetrical inter-
ference field patterns in time response on the upper and lower

planes were obtained by changing the relative delaying time
with half optical cycle (1.24 fs), as shown in Figs. 11(d)-11(e),
suggesting that the generated femtosecond SPP could propa-
gate in the upper and lower planes at different times. This
work opens up a new idea for researching on on-chip manip-

ulation of femtosecond SPP such as polarization multiplexing

and pulse splitting, etc.

(U]

Relative Yield

10 15 20 25 30 35 40

Delay (fs)

Fig. 11. (a) Schematic illustration of the spatially separated pump—probe experiment. (b) PEEM image following excitation with 780-nm p-polarized
spatially separated femtosecond pulse pairs. (c) PEEM image of the same hemisphere but recorded following excitation with s-polarized laser pulses and
probed using p-polarized pulses. Red dashed circles mark the location of the hemisphere and white dashed ovals indicate the approximate positions of the
spatially separated pump and probe beams. (d) PEEM images following excitation with 780-nm s-polarized femtosecond pump pulses and p-polarized probe
pulses separated by approximately one-half period (1.24 fs). (f) Time trace of electron yield from the red boxed areas in panels (d) and (e) as a function of
relative delay between the pulses. The resulting trace demonstrates that the SPP in the upper plane is 7 radians out-of-phase with that generated in the lower

plane. 78]

4.4. High spatiotemporal resolution imaging of femtosec-
ond SPP

Due to the combination of ultrashort laser pulse and
SPP, femtosecond SPP both have excellent features of
femtosecond-scale temporal resolution and nanoscale spatial
resolution in theory, which makes it more suitable for ob-
serving ultrafast interaction processes between light and mat-
ter in an extremely small spatiotemporal scale that cannot be
detected by conventional methods, including molecular dy-
namics, ultrafast photosynthesis process and molecules SRS,
etc. Therefore, femtosecond SPP imaging technology has im-
measurable potential values in fields such as biomedicine and
nanophotonics.

In 2015, Mittal et al. measured the ultrafast emission
process of femtosecond LSP excited on a single Ag NP or
cluster.[” They used pump—probe femtosecond pulses to ir-
radiate the Ag NP on the total internal reflection structure, and
then measured the LSP coherence spectrums excited by the
two laser pulses. Different frequency components and dephas-
ing rate of each NP was obtained by Fourier transform analysis
on the nano-plasmonic coherence oscillation, and three differ-
ent types of behaviors appeared, including single exponential
decay, beat between two frequencies and beat among multiple
frequencies. A pair of NPs were shown in Fig. 12(a). It can be
seen that their LSP coherence were in-phase at 7 = 0, 38, and
75 fs, while out of phase at T = 22 and 54 fs, as a result of their
difference in frequency. The ultrafast dynamic process can be
monitored in real time, and the non-uniform and uniform spec-

trum broadening with LSP can be measured by individual NPs
detection. The method greatly expandeds the application of
Ag NPs in biological sensing, solar energy trapping and other
fields.

In 2016, Kravtsov et al. achieved nonlinear four-wave
mixing (FWM) effect and femtosecond SPP nanofocusing
phenomenon by coupling ultrashort laser pulses with a grat-
ing etched on an Au nanoprobe.*’l The ultrafast nanoscale
imaging of femtosecond SPP coherent dynamic process at dif-
ferent hotspots on the rough Au film was captured, as shown
in Fig. 12(b). The incident femtosecond laser pulses were
coupled by the grating to generate ultrashort SPP pulses that
propagate toward the apex of the nanoprobe. The propagated
SPP was dramatically amplified by the asymmetric adiabatic
compression effect of the nanoprobe, and then focused on the
apex, resulting in the formation of a highly-localized enhanced
light field. Hence nonlinear FWM effect taken place, and di-
rectly lead to far-field radiation of third-order nonlinear signal
with the nonlinear conversion efficiency up to 1 x 107>, Sub-
sequently, they imaged a rough Au film with this nonlinear
nanoprobe, and achieved the few-femtosecond coherent dy-
namics process of plasmonic hotspots with 50-nm spatial res-
olution and 8.2-fs temporal resolution. This work shows a new
design scheme of high sensitive nanoprobe for ultrafast near-
field microscope and spectroscopy research, and may have
great application in coherent, ultrafast, multi-dimensional and
all-optical near-field spectral imaging.
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Fig. 12. (a) 3D intensity plot of two particles (1, 2) at time delays: © =0, 21.75, and 29.5 fs (left) and comparison of the plasmon signal from the two
NPs (right).[”T (b) Femtosecond FWM nanoimaging of coherent plasmon dynamics in Au film. ! (¢) Dynamics of photoemission from the gap of a single
plasmonic nanoantenna. (8]

To observe electronic motion in nanoscale and femtose-  cess on a conical Au nanoprobe,!®%! and achieved ultrafast spa-
cond-scale is one of the most important goals for modern ul-  tiotemporal motion process of emitted electrons with 20-nm
trafast science. In 2018, Vogelsang et al. combined ultrafast-  spatial resolution and 25-fs temporal resolution. They used
projection electronic microscope (UPEM) with pump—probe  the conical Au nanoprobe to focus femtosecond SPP pulses on
technology to study the ultrafast photoelectronic emission pro-  the apex, forming a nanoscale light source that radiated ultra-
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short electronic pulses with a pulse duration less than 10 fs.
The electron pulse was used as the probe source, after being
diffracted by a plasmonic nano-resonator (two holes with a di-
ameter of 400-nm etched on a 30-nm Au film and connected
by a 30-nm slits), the ultrafast motion trajectory of radiated
electron was tracked and recorded by the UPEM system. They
found that the UPEM image shows an evenly distributed trans-
missivity of probe electrons in the transparent area of the nano-
resonator with no pump pulses irradiation, while a sharply
decrease of electronic transmittance around the slit appeared
with a certain time delay between pump and probe pulses.
This was because the relatively low velocity of the electrons
increases its interaction time with local electric field in the
gap area, accordingly resulted in trajectory deflection of probe
electronic pulses when passing through low-energy electronic
clouds emitted at the gap. Such a spatiotemporal evolution
process of electronic cloud could be captured by varying the
relative time delay between pump and probe pulses, as shown
in Fig. 12(c). This method can be directly used to explore
the near-field electronic motion of a single nanostructure, and
makes it a useful tool to reveal ultrafast electric charge-carrier
dynamics in nanostructures.

4.5. Femtosecond SPP pulse shaping

The propagation of femtosecond SPP pulse is often ac-
companied by severe dispersion, which limits its application
in generating ultrashort pulses. However, the emergence of

the femtosecond SPP pulse shaping technology makes up for

this deficiency. According to different needs, this technology
can be used to design specific wavefront of incident laser pulse
to excite desired SPP pulses with specific time domain wave-
form, thus providing a novel way to generate ultrashort SPP
pulses.

In 2015, Toma et al. performed pulse shaping according
to the response function of excited femtosecond SPP on a coni-
cal Au nanoprobe,!8!! 5o as to accurately control the waveform
of SPP pulses at the apex and generate SH radiation. They
adopted an Au nanoprobe etched with circular grating to effi-
ciently couple pump femtosecond laser pulses into SPP pulses.
The excited SPP pulses were focused at the apex of nanoprobe
and re-emitted to free space. The temporal waveform of re-
emitted SPP pulse was obtained by measuring its coherent im-
ages with pump pulses as a function of relative delay time.
The response functions of propagated SPP on the nanoprobe
and re-emitted at the apex were achieved after data process-
ing. According to this response function, SPP pulse shaping
at the apex of nanoprobe was realized by using a 4f system
to compensate the dispersion of excited pulses. As shown in
Fig. 13(a), different SPP spectrums could be obtained by al-
tering the wavefronts of incident femtosecond pulses. In ad-
dition, the author also successfully dynamically controlled the
SH radiation at the apex. This method can be used to gener-
ate arbitrarily temporal waveforms of the radiated pulse at the
apex, which will expand the application of near-field optical
detection systems such as NSOM.
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Fig. 13. (a) SPP spectra at apex of tip obtained with various wavefronts incident to the grating fabricated on the tapered Au tip.[8!! (b) Energy fluxes of SPPs
generated on a grating by laser pulses incident at different resonant angle 6g and different WFR velocities &.18!

In 2018, Pisani et al. put forward a method for the gener-
ation or few-cycle SPP pulses.[8?! The authors employed fem-
tosecond laser pulses with wavefront rotation (WFR) to irradi-
ate a coupling grating etched on a metal surface. The focus of
femtosecond laser pulse rotated in space over time because of
WEFR. Considering the strict requirement of incident angle for
SPP generation, SPP excitation only took place in extremely
short time window during WFR process of femtosecond pulse.
Therefore, this method can be used to excite SPP in a time win-
dow shorter than the duration of incident laser pulse, thus gen-

erating ultrashort SPP pulse. Through numerical simulation,

the author found that the incident pulses with central wave-
length of 800 nm and duration of 29.5 fs could excite SPP
pulses with duration shorter than 4 fs (nearly 1.5 optical cy-
cles), and the peak amplitude of excited SPP pulses was 2.7
times that of the incident pulse at appropriate resonance an-
gle and WEFR velocity, as shown in Fig. 13(b). Since the SPP
pulses with ultrashort duration have a higher temporal reso-
lution, it may be potentially applied in the fields of ultrafast
photoswitch and modulator.#*34! This technology is of great
guiding significance, as it laid a theoretical foundation for gen-

erating nearly single-cycle femtosecond SPP pulse.
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4.6. Micro-nano fabrication of femtosecond SPP

Based on the unique feature of ultrahigh peak power,
femtosecond laser pulses can be used to modify the surface
property of materials, such as metals, semiconductors and di-
electrics, to form the plasmonic interface that supports SPP
excitation and propagation. (8871 Affected by the scattering
of nano-defects or NPs randomly distributed on the material
surface, only a small portion of scattering wave of the inci-
dent laser pulse can satisfy the wave vector matching condi-
tion and then generate femtosecond SPP propagating along
the material interface. Consequently, the excited femtosec-
ond SPP interferes with the incident light to form interfer-
ence fringes, resulting in a periodically discrete distribution
of the laser energy within the beam spot area, i.e., to form
the multiple nanoscaled periodic heat sources. The absorption
and deposition of the laser energy on material surfaces is a
complex ultrafast dynamic process, which includes electronic
thermalization, hot electron-cold lattice non-equilibrium for-
mation, transient refraction index grating formation, electron-
lattice energy transfer, and lattice fusion and removal, efc.
When the incident laser energy is close to the ablation thresh-
old of the material, one-dimensional (1D) subwavelength pe-
riodic grating-like structures, so-called ripples, will be formed
within the laser irradiation area. The periodicity of the rip-
ple structure depends on the excited SPP wavelength, while its
orientation relys on the direction of SPP wave vector. Some
research results have shown that both the wavelength and the

propagation direction of the femtosecond SPP excited on the
material surface can be respectively altered by the wavelength
and the polarization of the incident femtosecond laser pulse, so
that the spatial periodicity and orientation of the ripple struc-
ture can be effectively manipulated.®8-°1 In 2008, Guo et al.
reported using femtosecond laser pulses (65 fs, 1 kHz) respec-
tively at the central wavelength of 400 nm and 800 nm success-
fully achieved femtosecond SPP waves on tungsten via modi-
fying the transient optical property of the material surface, and
finally imprinted the periodic ripple structures with period of
289 nm and 542 nm on the tungsten surface,[®® as shown in
Fig. 14(a). In 2012, Yang et al. manipulated the propagation
direction of the femtosecond SPP wave excitation on copper
surface by changing the long-axis direction of elliptically po-
larized femtosecond laser pulses (800 nm, 50 fs, 1 kHz),!8% so
as to continuously adjust orientation of induced ripple struc-
tures, as shown in Fig. 14(b). In 2012, Lou et al. employed
a femtosecond vector beam (806 nm, 35 fs, 1 kHz) to gener-
ate different types of femtosecond vector SPP on the surface
of silicon, and fabricated complex 2D subwavelength peri-
odic structures (argument and radial patterns),’°°! as shown in
Fig. 14(c). Additionally, other experimental parameters such
as the pulse overlaping, the laser energy and fabrication envi-
ronment should also be taken into account for manipulation of
the wavelength of femtosecond SPP excitation on material sur-

faces so as to effectively manipulate the periods of the induced
[91,92]
e.

structur

Fig. 14. (a) Fabricating 1D subwavelength periodic ripple structures on tungsten surface by femtosecond SPP with different wavelengths.®8! (b) Controlling
the orientation of the 1D subwavelength periodic ripple structures on copper surface by changing the wave vector direction of femtosecond SPP.I%! (c)
Fabricating the 2D subwavelength periodic structures on silicon surface by femtosecond SPP with optical vector field. "]

Recent research progresses suggest that the incident mul-
tiple femtosecond laser pulses with certain time delays can
perform transient correlation behavior via exciting ultrafast
nonequilibrium dynamics of material surfaces, in other words,

the femtosecond SPP excitation of the time-delayed incident

laser pulses can be manipulated by the transient optical proper-
ties of the material surface pumped by the previously incident
pulses, so as to realize the fabrication and flexible manipula-
tion of two-dimensional (2D) subwavelength periodic surface

structures.[3%1 Yang’s group achieved rapid one-step fabri-
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cation of 2D subwavelength periodic surface structures, in-
cluding rectangular,®?! circular,®* and triangular array®>! on
the surfaces of molybdenum, tungsten and other materials by
using time delayed double femtosecond lasers (50 fs, 1 kHz)
with orthogonal linear polarizations at single-color (800 nm,
800 nm) or two-color (800 nm, 400 nm) wavelengths. Ef-
fective manipulation of orientation, cell size and spatial pe-
riod of the 2D microstructures were realized by altering the
polarization direction and inter-pulse delay time of the inci-
dent two femtosecond laser beams. Similarly, Fraggelakia

et al. fabricated sub-micron triangular and rectangular array

structures on stainless steel surface by using temporally de-
layed dual femtosecond laser beams (1030 nm, 2 MHz, 350 fs)
with circularly/linearly polarized configurations.[®®! The 1D
and 2D subwavelength periodic surface structures fabricated
by femtosecond SPP can have special interactions with visi-
ble to NIR lights, contributing to various applications such as
the generation of structural colors, 891 SERS, 7] enhancement
of absorption and thermal radiation,®>% and photoelectron
excitation efficiency.[*”) It is extremely valuable in the fields
of biomimetic, anti-fake, biosensing, photoelectric detection,

photovoltaic devices, and thermal radiation devices, efc.

Fig. 15. (a) Fabricating 2D subwavelength rectangle array on Molybdenum surface based on the SPP excitation under irradiation of two-color temporally-
delayed femtosecond laser pulses.*3 (b)—(c) Fabricating 2D subwavelength circle and triangle array on Tungsten surface based on the SPP excitation under

irradiation of temporally-delayed femtosecond laser double pulses. 493!

5. Conclusion and perspectives

In this paper, the research progress of femtosecond SPP
in recent years is briefly introduced and analyzed from two
aspects: characteristic and application. Femtosecond SPP
pulses provide an effective solution for researching ultrafast
process and nonlinear signal enhancement occurring in ex-
tremely small spatiotemporal scale, due to its characteristics of
femtosecond-scale temporal resolution, nanoscale spatial res-
olution, as well as near-field enhancement and ultrahigh peak
power, which will lead to greater developments of many novel
applications. For example, the ability of super spatiotemporal
resolution of femtosecond SPP imaging can be utilized to the
investigation and detection of single-molecule motion, SRS,
and electron transport in optoelectronic chips. In addition,
the ultra-high EM field enhancement ability of femtosecond
SPP can also be used in the fields of single-molecule Raman
detection, optical micro-/nanoscale manipulation, nanoscale

light source and EUV pulse generation. With the further de-

velopment and improvement of femtosecond SPP research, it
will bring profound influences on many fields such as nano-

photoelectronics, molecular dynamics and biomedicine.
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