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Electron—phonon (e-ph) coupling dynamics in Au nanorods are studied with femtosecond transient
depolarization experiments. Au nanorods exhibit strongly anisotropic e-ph coupling dynamics. It is considered
to arise from different weights of pump energy assigned to two polarization directions because of the anisotropy
of Au nanorods rather than because of an intrinsic process. The e-ph coupling kinetics measured by transient
experiments cannot be simply described by a single exponential function but by the integral of components
contributed by random distribution of Au nanorods at all directions in aqueous solution. After this correction,
the relationship between electron—phonon relaxation times and pump power is linear even in relatively high
power. The time extrapolated to zero intensity is 0.75 ps, which is similar to the characteristic electron—phonon

coupling time for nanodots and bulk Au.

Introduction

Considerable work has been done on metal nanoparticles
recently because of their many interesting properties like
enhanced near electromagnetic fields, wavelength tunable light
absorption, and strong photothermal effect as well as potential
technological applications including biological sensing, imaging,
and nanoelectronic.! =% Optical excitation of metal nanoparticles
can lead to the collective oscillation of conduction-band elec-
trons and can result in strong absorption of light. This absorption
is called the surface plasmon resonance (SPR).?272° The peak
position and bandwidth of the plasmon band depend on several
factors such as the size and shape of the nanoparticles, their
dielectric constant, and the surrounding environment.”>** One
extensively studied system is the Au nanoparticle. For Au
nanodots, the SPR absorption spectrum contains an intense
absorption band in the visible region, while the SPR of Au
nanorods splits into two modes: a longitudinal mode parallel to
the long axis of the nanorod and a transverse mode perpendicular
to it.?”?® The absorption peak of the transverse mode is
essentially the same with SPR absorption of nanodots, while
the longitudinal mode absorbs at lower energy and can be tuned
by the aspect ratio.?*

In recent years, there has been a great deal of interest in
investigating the electron dynamics in Au nanoparticles after
excitation with femtosecond laser pulses.!” 771331741 ]t jg
generally accepted that several photophysical processes con-
tribute to the dynamics: electron—electron (e-e) scattering,
electron—phonon (e-ph) coupling, and phonon—phonon (ph-
ph) coupling. First, the excited electrons thermalize via e-e
scattering on a time scale of tens to a few hundreds of
femtoseconds resulting in the broadening of the plasmon
absorption band and transient bleaches in the transient absorption

* To whom correspondence should be addressed. E-mail: haiyu_wang @
jlu.edu.cn (H.-Y.W.); hbsun@jlu.edu.cn (H.-B.S.).

 College of Electronic Science and Engineering.

¥ College of Physics.

spectrum.'®!1333 Then, the hot electrons thermally equilibrate
with the nanoparticle lattice through e-ph coupling with decay
times of several picoseconds, which is followed by ph-ph
coupling from heat dissipation to the environment with a slower
decay on a few hundred picosecond time scale.!-3!:3373537.38:4041
Such a process is theoretically described by the so-called two-
temperature model. The time constants of these relaxation
processes are dependent on the excitation power and become
longer as power increases.’*>2%3%3 At low pump energy, the
e-ph coupling times depend linearly on the pump energy. When
pump energy is high, it shows a nonlinear behavior in Au
nanorods.’

In general, the electron dynamics in Au nanorods is quite
similar to that of nanodots even at a high aspect ratio of 25.%
However, nanorods obviously have strong anisotropic character,
and the two modes have perpendicular polarization with each
other. By aligning the nanorods in film or solid matrix,*** only
one mode appears in a certain polarization direction. To the
best of our knowledge, there is no report of transient depolar-
ization experiments yet.

In this paper, femtosecond transient depolarization experi-
ments were performed to investigate the anisotropic character-
istics of e-ph coupling dynamics in Au nanorods. We find that
the transient absorption spectra are strongly dependent on the
probe polarization directions. However, the difference between
the signals at two mutual perpendicular probe polarization
directions is due to anisotropic pump energy rather than to
anisotropy e-ph coupling of Au nanorods. The e-ph coupling
transients in Au nanorods cannot be described as a single
exponential function but as the integral of components contrib-
uted by randomly distributed Au nanorods in aqueous solution
in the probe polarization direction. After this correction, the
relationship between the e-ph coupling times and the pump
energy is linear even in the relative high power range. The time
extrapolated to zero intensity is in good agreement with the one
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Figure 1. (a) Transmission electron micrograph of the Au nanorods.
Their aspect ratio is 3.3 £ 0.5 with an average length of 50.0 £ 3.0
nm and a width of 14.7 & 1.5 nm. (b) The normalized UV —vis—NIR
absorbance spectrum of the aqueous nanorod solution. The transverse
plasmon resonance peak is located at 516 nm while the longitudinal
plasmon resonance peak is at 754 nm; the intermediate peak located at
610 nm is produced by a small percentage of nonrodlike nanoparticles.

measured at lower pump energy by other authors’ and is similar
to the characteristic electron—phonon coupling time for bulk
gold.®

Experimental Section

Synthesis of Au Nanorods. A seed-mediated growth pro-
cedure slightly modified from that suggested by Jana et al. and
Nikoobakht and El-Sayed***” was used to fabricate Au nanorods.
First, a Au seed solution was prepared in a typical procedure.
Cetyltrimethyl ammonium bromide (CTAB) solution (7.52 mL,
0.13 M) was mixed with 2.0 mL of 1 mM HAuCl,. The solution
appeared bright brown-yellow in color. To the stirred solution,
0.48 mL of ice-cold 0.01 M NaBH, was added all at once, which
resulted in the formation of a pale brown-yellow solution.
Vigorous stirring of the seed solution was continued for 2 min.
After the solution was stirred, it was kept at 25 °C for future
use. After 2 h, this seed solution was used for the synthesis of
Au nanorods. In a flask, 77.25 mL of 0.2 M CTAB was mixed
with 60 mL of 1 mM HAuCl, and 0.9 mL of 0.01 M silver
nitrate aqueous solution after gentle mixing of the solution; 9.6
mL of 0.01 M L-Ascorbic acid (AA) was added with continuous
stirring, and 2.25 mL of the seed solution was finally added
into the mixture to initiate the growth of Au nanorods. A strong
color change indicated the formation of the Au nanorods. These
nanorods were aged for 5 h and were purified by several cycles
of suspension in ultrapure water followed by centrifugation;
nanorods were isolated in the precipitate, and excess CTAB was
removed in the supernatant.

A transmission electron microscope (TEM, Hitachi H-8100
IV) was utilized to resolve the details of the nanorods operating
at an acceleration voltage of 200 kV. The aspect ratio of the
Au nanorod is around 3.3 & 0.5 (length: 50.0 £ 3.0 nm, width:
14.7 £ 1.5 nm) (Figure 1a). At least 100 particles from each of
the images were analyzed to yield the mean Au nanorod
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dimensions. UV—vis—NIR spectra (Figure 1b) were measured
with a Shimadzu UV-3101PC UV—vis—NIR scanning spec-
trophotometer in the 350—1100 nm range. The peaks of the
transverse and longitudinal SPR are located at 516 and 754 nm,
respectively.

Femtosecond Pump—Probe Experiments. The femtosecond
transient absorption spectroscopy was performed as follows. The
output of a Ti:Sapphire laser (Tsunami, Spectra Physics) pumped
by an Nd:YVO laser (Millennia, Spectra Physics) was amplified
in a regenerative amplifier (RGA, Spitfire, Spectra Physics). This
generated laser pulses of 100 fs pulse width (half-width at half-
maximum) and 0.4 mJ pulse energy centered at 800 nm with a
repetition rate of 250 Hz. Twenty-five percent of the pulse
energy was then used to generate a white light continuum as
probe beam by focusing the beam into a 1 cm water cell. The
remaining part was modulated by a synchronized optical chopper
(Newport Model 75160) with a frequency of 125 Hz as the pump
beam to excite the sample. Time-resolved transient absorption
spectra were recorded with a highly sensitive spectrometer
(Avantes AvaSpec-2048 x 14). The dynamics traces were
obtained by controlling the relative delay between the pump
and the probe pulses with a stepper-motor-driven optical delay
line (Newport M-ILS250CC). The group velocity dispersion of
the whole experimental system was compensated by a chirp
program. The pump—probe measurements were carried out over
a series of pump energy from 30 to 83 nJ per pulse, and the
intensities of the pump pulses were measured with a laser power
meter (Sanwa LP1). The sample of Au nanorods was circulated
in a flow cell with a path length of 0.5 mm to ensure that a
fresh sample volume was exposed to each pump pulse. The
experimental data were fitted with a local written program
running in Matlab on the basis of the proposed model. All the
measurements were preformed at room temperature.

Results and Discussion

Femtosecond transient depolarization experiments were per-
formed in which the polarization of the probe beam was,
respectively, parallel and perpendicular with respect to the
polarized excitation beam. The pump energy varies from 30 to
83 nJ pulse™!, which corresponds to power density from 2.2 to
6.1 GW/cm?. UV —vis—NIR absorption spectra of the nanorods
before and after laser experiments were measured to make sure
that the sample used to record the transient absorption spectra
was not photodamaged.

Transient Absorption Spectra. The pump pulse centered
at 800 nm excites the SPR longitudinal mode of Au nanorods
resulting in heating of the electrons within the conduction band.’
The increase in the electronic temperature changes the dielectric
function of Au nanorods, which leads to the broadening of both
plasmon absorption bands and to the decrease of the absorption
intensity.'® These result in the bleaching of both the transverse
and the longitudinal modes of the SPR and in the transient
absorption signals in the wings of the two bands.

Transient absorption spectra at delay time of 0.4 ps obtained
from two mutual perpendicular probe polarization directions at
various pump energies are shown in Figure 2. The maximum
of the transverse mode bleach band is located at 516 nm while
the longitudinal mode bleach peak is located at 754 nm. Three
additional positive absorption bands are observed at 484, 565,
and 675 nm. The bleach maxima of the two plasmon bands in
the transient absorption spectra coincide with the positions of
the maxima in the steady-state spectrum. The positive absorption
bands result from the broadened two SPR bands because of
higher electronic temperatures. The spectrum with the wave-



Electron—Phonon Coupling Dynamics in Au Nanorods

‘Wavelength (nm) Wavelength (nm)
450 500 550 600 650 700 750 450 500 550 600 650 700 750
0.3} (a) 30nJ 11 (c) 60nJ 108
_ o0 M’M ] W Joo _
S 3 \ g
5 o3 i | K\J 08 3
9] ! | el
< o6} —— parallel il . paralle] -1.6
—— perpendicular| —— perpendicular \
-0.9} \( s ,}-2.4
0.5F (b) 46n] (d) 83nJ 1
00 0

O

—— parallel

—— parallel
_150 —— perpendicular| —— perpendicular’ k_:;
2.0 ] 4
450 500 550 600 650 700 750 450 500 550 600 650 700 750
‘Wavelength (nm) Wavelength (nm)

e T
AOD (10%)

yore

AOD (10%)
5
&

Figure 2. Transient absorption spectra measured from two mutual
perpendicular probe polarization directions at 0.4 ps. Blue: polarization
of the probe beam is parallel to the polarized excitation beam; red:
polarization of the probe beam is perpendicular to the polarized
excitation beam. The transverse bleach peak is located at 516 nm
corresponding to the peak of transverse plasmon resonance peak, while
the longitudinal bleach band is located at 754 nm which coincides with
the longitudinal plasmon resonance peak. Pump energy: (a) 30, (b) 46,
(c) 60, and (d) 83 nJ pulse™.

length greater than 760 nm is not shown because of the
disturbance by the excitation.

Figure 2 shows that the transient spectra are strongly
dependent on the probe polarization directions at all the pump
energies. The bleach signal of the longitudinal mode has a larger
magnitude when the polarization of the probe beam is parallel
to that of the excitation beam. The bleach signals of the
transverse mode at two probe directions show reversed trend.
Clearly, this behavior is consistent with the anisotropic char-
acters of Au nanorods in which the two modes have perpen-
dicular polarization with each other.

Electron—Phonon Coupling Dynamics. The hot electrons
thermally equilibrate with the nanoparticle lattice via e-ph
coupling after the e-e scattering. This dynamical process can
be monitored by the recovery of the SPR bleaching signals. !31-32:36:3
Because the signals of the transverse mode detected at 516 nm
is relatively weak, we will focus on the dynamics of the bleach
peak located at 754 nm of the longitudinal mode for an example
to better compare the difference of e-ph coupling dynamics
between two mutual perpendicular probed directions.

Figure 3 shows the kinetics of the longitudinal bleach signals
at 754 nm with various pump energies in which the polarization
of the probe beam was parallel and perpendicular with respect
to the polarized excitation beam. E-ph coupling and ph-ph
coupling processes contribute to the dynamics. The fast decay
component is due to the e-ph relaxation. The offset part
corresponds to the ph-ph relaxation, which occurs on a time
scale of 100 ps. The amplitude ratio of the ph-ph to the e-ph
relaxation increases with increasing pump power. In the
following discussion, we mainly focus on the e-ph coupling
dynamics in Au nanorods.

As with previous reports, the e-ph relaxation time constants
increase with the pump energy in both polarization directions
(see Figure 3). At low pump power, previous experimental
results have indicated that the e-ph relaxation times (range from
1.5 to 3 ps) are proportional to the pump power in Au nanodots
and also in nanorods.”>3%3%3 Recently, it was found that at
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Figure 3. Bleach recovery kinetics monitored at 754 nm with various

pump energy. From top to bottom, the pump energy is 83 nJ (square),

60 nJ (circle), 46 nJ (up triangle), and 30 nJ (down triangle) pulse™.

The solid lines represent the fitting results with the proposed model.
(a) Polarization of the probe beam is parallel to the polarized excitation
beam; (b) polarization of the probe beam is perpendicular to the
polarized excitation beam.

relatively high pump power, the relationship between the e-ph
relaxation times of Au nanorods (range from 3 to 6 ps)
significantly deviates from the linear behavior. By fitting the
bleach recovery at 754 nm with single exponential decay, the
e-ph relaxation times vary from 1.8 to 7 ps in our experiments,
which cover both low and high pump power range.

Surprisingly, the fitting results show an unexpected aniso-
tropic e-ph coupling dynamics for two probe directions, which
differ not only in the magnitudes but also in the relaxation times.
When probing at the perpendicular direction, the relaxation time
is always short at the same pump power. As mentioned above,
in current opinion, the electron dynamics can be described by
a so-called two-temperature model. According to this model,
the laser excitation creates a new electronic distribution at higher
temperature, and this results in the SPR absorption having
different amplitude and width, and so causes the transient
signals. Clearly, this mechanism implies no difference between
two modes, and so one would expect the observation of isotopic
electron dynamics. Thus, this anisotropic e-ph coupling dynam-
ics is unlikely an intrinsic phenomenon in Au nanorods. For
the Au nanorod used here, according to the Stokes—Einstein
relationship, the time constant of rotational diffusion is about
15 wus, which is significantly longer than the time scale of
electron—phonon relaxation. Thus, we can safely rule out this
effect.

In fact, Au nanorod has strong anisotropic character: its
longitudinal mode is parallel to the long axis of the nanorod.
The effective light intensity to excite the longitudinal mode is
the projection of pump intensity to the long axis of Au nanorod.
If the polarization direction of probe light has been changed
(equivalent to change excitation polarization), it will result in
the different weights of pump energy assigned to two directions.
This may be the reason for the unexpected anisotropic e-ph
coupling dynamics. In the next section, we will further discuss
these anisotropic e-ph coupling dynamics and also pump power
dependent relaxation times by a simple theoretical model.

Theoretical Analysis. Suppose that a nanorod in aqueous
solution locates in a direction relative to the probe polarization
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direction with an angle of 6 and is excited with the pump
intensity of /oymp, and then the effective pump intensity of the
polarization of the probe light parallel and perpendicular with
respect to the polarized excitation light is Iymp x cos? 6 and
Loump X 1/2 sin’ O, respectively.*® This implies that different
weights of pump energy are assigned to two mutual perpen-
dicular probing polarization directions originating from the
anisotropy of the nanorod. If we assume that the e-ph coupling
times are proportional to pump energy in the whole pump energy
range we used, the relationship between them at two directions
can be expressed as

T!'Ph = (;(e—ph) + blllpump X COSZ 0 (la)
1.
Toon = Toeph) + 01 lpump X 3 sin® 0 (1b)

where 7 and T&,, are the e-ph coupling times at two directions,
Te-phy and Tgepn are the intrinsic e-ph coupling times obtained
by extrapolating the time to zero intensity for two polarization
directions, and by, b, are the slopes.

We further assume that the amplitudes of the bleach signals
are proportional to the pump energy. Then, the dynamics for a
nanorod located with an angle of 0 at two polarization directions
can be described as

I, 6) o< cos” O[exp(—t/(Tyiepp) + byl pump X €OS~ )]
(2a)
1,(t,0) < % sin’ G[exp(—t/(rj(e_ph) + byl X % sin® 0))]

(2b)

where [j(t, ) and I, (¢, 6) are the amplitudes of transient bleach
signals probed at two polarization directions as the function of
time ¢ and angle 6. Because of the random distribution and
anisotropy of Au nanorods, the actual kinetics we detected is
the integral of components contributed by randomly distributed
Au nanorods in aqueous solution at all directions, which can
be modeled as

10 < [ cos” Olexp(— Ty + Bilyump X cOS” )16 +

ump

¢ exp(—t/tj('ph_ph)) (3a)

1% pump

I,(1) o< fo ”/2% sin’ B[exp(—t/(ré(e_ph) + b1 X

> sin? 0))[d0 + . exp(—t/rp ) (b

The integrals show the e-ph coupling processes at two
directions, while the second terms represent the ph-ph coupling
processes, where 7, ,, and T are the ph-ph coupling times
at two directions and ¢ and ¢, are the relative amplitudes. In
fact, the parameters for ph-ph coupling are taken from the results
by directly fitting the offset part of the transients.

Figure 3 shows that the kinetics can be well fitted by the
model using eq 3. There is a small rise component at very early
times at pump energy of 83 nJ pulse™!; it comes from a relatively
slower e-e scattering process at higher pump power that is not
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Figure 4. (a) Transient absorption spectra of circular polarization probe
excited at 800 nm with mutual perpendicular polarization directions at
0.4 ps. (b) Transient absorption spectra measured from two mutual
perpendicular probe polarization directions excited at 400 nm at 0.4
ps. Blue: polarization of the probe beam is parallel to the polarized
excitation beam; red: polarization of the probe beam is perpendicular
to the polarized excitation beam.

included in our model. Thus, we add an exponential rise term
(1.5 ps, amplitudes about 30%) during fitting this kinetics.

The fitting results show that the values of b, and b, are
essentially the same at each pump energy, by = b, = 0.11 £
0.01 ps/nJ pulse™!. This gives a strong support to our model.
The observation dynamics are indeed the integral of components
contributed by random distribution of Au nanorods in aqueous
solution. The anisotropic e-ph coupling dynamics probed at two
mutual perpendicular polarization directions is the result of
different weights of pump energy (Lpump x cos® 0 and lyymp X
1/2 sin? ) because of the anisotropy of Au nanorods.

The fitting also gives the same intrinsic e-ph coupling times
Toe-phy = 0.75 ps for all the pump energies together with the
same slopes b, and b,, which indicate that the relationship
between the e-ph coupling times and the pump energy in our
experimental range is linear. The time extrapolated to zero
intensity is 0.75 ps which is in good agreement with the one
measured at lower pump energy ranging from 0.65 to 0.81 ps'7-3
and which is similar to the characteristic electron—phonon
coupling time for bulk Au.* Thus, the relationship of e-ph
coupling times versus pump energy in our experimental range
at each probe polarization direction coincides with rather than
deviates from that measured at lower pump energy. We can
give a more useful relationship of the electron—phonon relax-
ation times versus pump power density Dpyp, as

're’ph(ps) = 0.75ps + 1.5D (GW/cmz) 4)

pump

Finally, to further support this model, we have performed
two additional experiments. First, if the anisotropic behavior is
due to different weights of pump energy, it will disappear when
the circular polarization probe is used. Figure 4a shows the
transient absorption spectra of the circular polarization probe
at delay time of 0.4 ps excited at 800 nm with two mutual
perpendicular polarization directions. The results give a clearly
isotropic spectra and also dynamics. Second, when the interband
transitions are excited at 400 nm, they will also give an isotropic
result since the interband excitation does not have polarization
selection. As one can expect, the transient depolarization
experiments excited at 400 nm also show perfect isotropic
behavior; see Figure 4b. Our transient spectrum is consistent
with that reported in ref 1 at the same 400 nm excitation.
However, compared with the result at 800 nm excitation, the
relative amplitude of the longitudinal mode bleach is much less
and the spectrum is broad. This is because of nonselective
excitation of the inhomogeneous nanorods with different aspect
ratios.
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Conclusion

Femtosecond transient depolarization experimental results
show clearly anisotropic e-ph coupling dynamics in Au nano-
rods, which differs not only in the magnitudes but also in the
relaxation times. However, this anisotropic e-ph coupling
dynamics is not due to an intrinsic process but is the result of
different weights of pump energy assigned to two directions
because of the anisotropy of Au nanorods. The e-ph coupling
kinetics measured by transient experiments cannot be simply
described by a single exponential function but by the integral
of components contributed by random distribution of Au
nanorods at all directions in aqueous solution. After this
correction, the relationship between electron—phonon relaxation
times and pump power is linear even in relatively high power.
The time extrapolated to zero intensity is 0.75 ps which is similar
to the characteristic electron—phonon coupling time for nanodots
and bulk Au.
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