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a b s t r a c t

The spatial–temporal dynamics of the near e-field enhancement in a resonance-mismatched nanorod
irradiated by the femtosecond laser double pulses is theoretically investigated. A model combining the
non-equilibrium electron excitation dynamics and the near field scattering was built for well exploring
ultrafast dynamics of the e-field enhancement around the nanorod. It is revealed that the average en-
hancement factor can be evidently improved with increasing the double pulses separation. The energy
ratio of the temporally shaped double pulses with respect to the highest enhancement factor shows an
evident decrease with the increasing the total laser fluence. In addition, the most evident promotion of
average enhancement factor from 51.2 to 78.8 can be acquired under laser fluence of 0.7Fth, which could
be attributed to the temperature modulation of electron states excited by the temporally shaped double
pulses. The study provides the base for understanding ultrafast plasmon dynamics for advancing the
applications such as fs super-resolution fabrication, fs near field imaging and the generation of ultrashort
extreme-ultraviolet pulses.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Giant electric field enhancement near the metallic nanos-
tructures has shown significant potentials in the fields such as
super-resolution fabrication and imaging, single molecular fluor-
escence and the generation of ultrashort extreme-ultraviolet pul-
ses [1–3]. The enhanced electric field associated with localized
surface plasmon resonances (LSPRs) has been demonstrated to be
dependent on the size, geometry as well as the optical properties
of nano-structures [4–6]. Most of the pervious works has been
made on promoting the near field enhancement via tuning geo-
metries of nanostructures such as the nanostructures’ shape, size
and the gap distance [7,8].Unfortunately, hugely enhanced e-field
could usually be impaired by resonance mismatching, which ori-
ginates from the geometry deviation of the nanostructure to the
ideal one during the synthesis and fabrication process [9–11]. In
order to advance the near-field applications, highly precise fabri-
cation of the nanostructures such as e-bean lithography is required
[12,13], which is at the cost of the complexity of the procedures. As
hen),
a result, an alternative route for promoting near-field enhance-
ment in mismatched nanostructures, which does not depend on
the highly precise synthesis and fabrication, is highly desirable.

Recently, the temporally shaped femtosecond laser excitation,
namely, multi-pulse sequence with variable temporal separation
has stimulated great interests in tuning the material excitation for
a wide range of applications [14–16]. Considering that the di-
electric constants of metallic materials, T,m eε ω( ), depend much on
the excited electrons according to Drude model [17,18], great op-
portunities exist that the transient behavior of the plasmon re-
sonance for mismatched nanostructures can be promoted via
tuning the parameters of the temporally shaped pulses such as
pulse separation and pulse energy ratio. Take the temporally
shaped double pulses for example, when irradiated by the first
femtosecond laser pulse, the free electrons in metallic materials
can be excited to nearly 1 eV in femtosecond scale, leading to
evident modification of the optical properties of nanostructures.
The separation of the temporally shaped pulses can be tuned in
the tens or hundreds of femtoseconds, which is much shorter than
the time scale of the electron thermal relaxation. So before irra-
diated by the second pulse, the optical properties of the metallic
nanostructures has been dramatically modified by the former
pulse due to the highly excited electrons. Consequently, the
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plasmon excited by the second pulse would be modulated by the
former one to a large extent due to the pulse-to-pulse correlation.
The effectiveness of the modulation of surface plasmon resonance
on the surface of metallic or electron-excited dielectric films has
been proved by the previous works [19–21]. However, the thermal
dynamics manipulation of the enhanced near-field in metallic 2D
or 3D nanostructures via temporally shaped femtosecond pulses is
still an undeveloped topic.

In this paper, the ultrafast dynamics for manipulation of near-
field enhancements on a resonance mismatched nanorod via
temporally shaped femtosecond laser was theoretically
investigated.
2. Models and methods

When a gold nanorod is irradiated by the temporally shaped
femtosecond pulses, the electron system of the nanorods is in-
itially excited by the pre-pulse. Synchronously the optical prop-
erties on the thermal excitation zone could be effectively tuned via
modifying the electron state distribution. After that, the second
pulse will interact with the nanorod excited by the pre-pulse,
leading to the modifications of the e-field enhancement on the
excitation zones. The near filed enhancement highly depends on
the thermally excited electrons due to the modified dielectric
constants. Consequently, the transient enhanced e-field E(t) is af-
fected by the transient electron temperature Te(t) for a given in-
cident wavelength due to the interaction of temporally shaped
pulses on the nanorod. The near filed enhancement varying with
the incident wavelength and the electron temperature, T,m eη ε ω( ( )),
is investigated based on the finite element method (FEM). The
exact expression and value of dielectric constant of the Au na-
norod T,m eε ω( ) is shown in Ref. [17]. The detail will be shown in
the “results and discussion” section. In addition, the electron
thermal dynamics during the ultrafast interaction process should
also be taken into consideration, in which the electrons and pho-
nons should be regarded as respective systems. As a result, the
electron thermal dynamics can be described by the two-tem-
perature model (TTM):
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In the equation set, Te and Tp are electron and photon tem-
perature, Ce(Te) and Cp(Tp) are the thermal capacity of electrons
and photons and g is the electron–phonon coupling strength. The
exact value of the parameters in equation set (1) has been shown
in the Ref. [16]. In TTM equation set used in our model, the thermal
conductivity terms are reasonably omitted because the tempera-
ture distribution at various time can be regarded as a constant in
the nanorod and k Te e∇( ∇ ) or k Tp p∇( ∇ )is ignorable according to
related experimental and theoretical results shown in Ref. [22–24].
S(t) is the absorbed laser fluence given by
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where Cabs(t) is the absorbing cross section, which can be nu-
merically acquired in our simulation, and Vrod is the volume of the
nanorod. The temporally fluence intensity of the shaped double
pulses, FSPT(t), is described by multi-Gaussian profile:
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in which Fi is the laser fluence of respective pulses of tempo-
rally shaped pulses sequence and the FWHM pulse duration is tp
65 fs in our model. The time-dependent electric filed strength E(t)
will be modulated by both the intensity profile of the laser pulse
and the transient electron temperature. Considering the fact that
the relaxation time of the plasmon is as short as several fs [25–27],
it is reasonable to assume that the e-field response to incident
laser pulse can be treated as a constant delay of a few femtose-
conds. However, the temporal shape of the e-field enhancement
can be affected less with respect to the response delay. As a result,
the temporal e-field strength can be written as

E t T E t, 4m e incη ε ω( ) = ( ( ))⋅ ( ) ( )

in which T,m eη ε ω( ( )) is the temporal e-field enhancement factor
decided by the transient electron temperature as well as the in-
cident wavelength and Einc(t) is the strength of the incident e-field.
To measure the electric field enhancement effect in the whole
laser pulse duration, a normalized average enhancement factor aveη
modulated by the shape of the laser is induced:
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In the equation, E(t) the temporally e-field strength at the de-
tecting point and E0 is the peak electric field of the threshold
fluence (Fth) for the nanorods’ size reducing or ablation due to the
thermal effect defined in Ref. [22]. The typical shaped double
femtosecond pulses are considered in the current simulations.
3. Results and discussions

The e-field enhancement spectrum with respect to the electron
temperature modifications is shown in Fig. 1(b). The enhanced
e-filed of more than 100 times of the incident light can be acquired
by modulating the electron temperature when the wavelength
varies from 800 nm to 900 nm, a resonance wavelength range
supported by the related experimental results [28,29]. For incident
laser with wavelength of 800 nm applied in our simulation, the
nanorod is a resonance-mismatched structure at room tempera-
ture under which the resonance wavelength is 850 nm. When the
electron temperature varies from 300 K to 3000 K, the resonance
wavelength has a decrease with increasing electron temperature,
gradually approaching to the incident wavelength 800 nm. As a
result, the enhancement factor under 800 nm incident light also
increases from 60 to 100. With the electron temperature over
5000 K, however, the enhancement factor decreases so evidently
that the enhancement factor is even much lower than that in room
temperature due to the over excited electrons. The results indicate
that the e-field at the end of the nanorod is more effectively
concentrated and enhanced when the electron is moderately ex-
cited. The most sufficiently enhancement can be acquired when
the electron temperature is 3000 K and the electron temperature
over 5000 K leads to low-efficiency amplification. As a result, it is
reasonable that the near filed can be advanced via modulating the
electron thermal dynamics.

The average enhancement factor aveη varying with pulse se-
paration of the temporally shaped double pulses is shown in Fig. 2.
The average enhancement factors increase evidently compared
with the single pulse containing the same total fluence



Fig.1. (a) Scheme of the model: the size of the nanorod, the direction and polar-
ization of the incident laser. The nanorod is 150 nm in the long-axis with an aspect
of 3.75. The detecting point is 2 nm to the end of the nanorod and the polarization
is along the long axis of the nanorod. The media is water with the refractive index
of 1.33. (b) Enhancement factor T,m eη ε ω( ( )) at the detection point depending on
incident wavelength and the electron temperature.

Fig.3. The average enhancement factor depending onthe variation of energy pulse
ratio under the pulse fluence of 0.4Fth, 0.5Fth, 0.6Fth, and 0.7Fth.
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(corresponding to the double pulses with the separation time of
0). When the pulse separation time is 0 fs, the enhancement fac-
tors are 48.0, 49.5, 50.5 and 51.2 with the laser fluence of 0.4Fth,
0.5Fth, 0.6Fth, and 0.7Fth. When the separation time is 200 fs,
however, the highest enhancement factors under fluence of 0.4Fth,
Fig.2. The average enhancement factor depending on the separation time and energy r
0.5Fth, 0.6Fth, and 0.7Fth could be improved to 70.0, 74.0, 76.8 and
78.8, respectively. For single pulses, all the energy is concentrated
in single pulse duration and the electrons will be sharply heated to
high temperature more than 5000 K, under which the near field
enhancement factor T,m eη ε ω( ( )) will decrease rapidly. As a result,
the laser pulse could not be amplified sufficiently because electron
is over excited when irradiated by a single pulse with high fluence.
When the shaped pulses train is applied, the electron thermal-
dynamic process can be modified by the pulse-to-pulse interac-
tion. As a consequence, the electron exciting process could be
decelerated and the over excited states of the electrons could be
avoided to a large extent, leading to the sufficient application of
the laser fluence. The results indicate that the electron dynamics
in nanorod can be evidently modulated by tuning the pulse se-
paration of the temporally shaped doubles. Tuning the separation
time of the temporal shaped pulse could affect the electron dy-
namics through decelerating the electron heating process, which
atio (F1/F2) under total laser fluence of (a) 0.4Fth, (b) 0.5Fth, (c) 0.6Fth and (d) 0.7Fth.
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will improve the efficiency of the e-field amplification in femto-
second scale.

Fig. 3 shows the relationship between average enhancement
factor and the energy ratio of the first and second pulse (F1/F2).
The separation time of the two pulses is selected to be 200 fs. It
shows that the average enhancement factor can be evidently
modified by tuning the energy ratio of the two pulses. With the
pulse energy ratio of 1:19, the average enhancement factor is 56.3,
58.9, 60.8 and 62.4 at the laser fluence of 0.4Fth, 0.5Fth, 0.6Fth and
0.7Fth, respectively. With the pulse energy ratio of 19:1, the aver-
age enhancement factor is 56.3, 56.7, 57.0 and 57.5 at the laser
fluence of 0.4Fth, 0.5Fth, 0.6Fth and 0.7Fth, respectively. The slight
improvement of average enhancement factor can be attributed to
the failure of the tuning of the electron dynamics in the nanorod.
An extreme energy ratio of the double pulses will lead to an un-
sufficient amplification of the incident laser due to the less or over
excitation of electrons. The highest enhancement factor of 70.0,
74.0 and 76.8 can be reached at the fluence of 0.4Fth, 0.5Fth and
0.6Fth with optimal energy ratio of 3:2, 1:1 and 9:11, respectively.
The most evident promotion of the average enhancement factor
from 51.2 to 78.8 exists when the fluence is 0.7Fth and pulse en-
ergy ratio is 2:3. The optimal average enhancement factor can be
acquired when the energy of the first pulse is controlled at 0.26Fth,
indicating that electron temperature plays a key role in the tran-
sient behavior of electric field strength. The free electrons in na-
norod can be excited to the state with electron temperature at
3000 K by the first pulse, under which the quasi-resonance state
can be achieved. As a result, the most sufficient amplification of
the laser fluence can be acquired according to the prediction
shown in Fig. 1.

The spatio-temporal evolution of the electric field under dif-
ferent double pulse energy ratio is shown in Fig. 4. It shows that
the electric field presents a prominent decay with the distance to
the end of the nanorod increasing (shown in the insert picture in
Fig. 4(a)). When the distance reaches to about 20 nm, the electric
field become ignorable compared with the field near the end, in-
dicating that the majority of the pulse energy concentrates in a
domain much smaller than the diffraction limiting scale. The
Fig. 4. The spatio-temporal evolution of the e-field along the axis (shown in insert pictur
(d) 1:4. The total energy is 0.7Fth and the separation time is 200 fs. The “distance axis”
temporal evolution of the electric field under different pulse en-
ergy ratio is also shown in Fig. 4. It can be seen from Fig. 4(a) that
it exhibits the highest transient enhancement of 130 for a single
femtosecond pulse. When irradiated by the single pulse, the
electrons of the nanorod can be excited to the 3000 K so sharply
that the electric field can reach to the peak strength soon. On the
other hand, however, the near field electric strength decreases fast
as soon as it reaches the peak strength due to the rapidly in-
creasing electron temperature. As a result, the average enhance-
ment factor of a single pulse is not very high because of the over
excited electrons. For the double pulses with the energy ratio of
9:1 shown in Fig. 4(b), the strongest e-field in the first pulse is 125
and the second pulse is weak because the electrons in the rod have
been over excited by the first pulse. When the energy ratio is 1:4
shown in Fig. 4(d), the e-field excited by the first pulse is not
strong due to the failure of achieving the optimized enhancement
temperature. The e-field excited by the second pulse could be
amplified to as high as 105. Fig 4(c) shows the the spatio-temporal
profile of e-field with the energy ratio of 2:3. It can be seen from
the figure that both of the pulses have been amplified sufficiently
and the peak electric strength excited by the two pulses respec-
tively are about 70 and 65. For the separated double pulses, al-
though the peak electric field is not as strong as that of a single
pulse because in shaped double pulses the total energy is sepa-
rated into two parts, a longer interaction time makes the average
enhancement factor eventually higher than the enhancement
factor of a single pulse.
4. Conclusion

In conclusion, the ultrafast dynamics of the e-field enhance-
ment at a gold nanorod has been theoretically investigated. The
average e-field enhancement factor in a mismatching structure
nanorod can be evidently promoted via the temporally shaped
double sequence. The average enhancement factor can be evi-
dently promoted through increasing the separation time between
the double pulses, indicating that the decelerating of the electron
e of the Fig. 4(a)) of the nanorod under energy ratio of (a) single pulse (b) 9:1 (c) 2:3
refers to the distance from the detecting point to the end of nanorod.
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heating process would lead to more sufficient amplification of the
laser in the near field. Over 50 percent improvement of the aver-
age enhancement factor can be acquired with the double pulse
energy ratio of 3:2, 1:1 and 9:11 under the laser fluence of 0.4Fth,
0.5Fth and 0.6Fth, respectively. The most evident promotion of the
near field enhancement is acquired when the laser fluence is
0.7Fth, at which the average enhancement factor can be promoted
from 51.2 to 78.7 with the pulse energy ratio of 2:3. The result also
indicates that the fluence in the first pulse of 0.26Fth plays a key
role in acquiring the highest average enhancement factor at which
the electrons could be excited to the quasi-resonance state of
3000 K. The research shows a flexible method with multi-tunable
degrees of freedom to optimize the e-field strength in femtose-
cond scale, which shows potential in applications such as super-
resolution fabrication and extreme-ultraviolet light sources.
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