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Confocal pump-probe backscattering was used to study phonon dynamics of single nanoparticles,
which can extend to confocal pump-probe microscopy for investigating carrier dynamics of single
nanomaterials. Compared to previous pump-probe microscopy studies, in which nonlinear optical
generation was widely utilized, spectral filters were employed in this work to separate the spectra
from the optical pulses for pump/probe beams. This not only reduces the complexity of the experi-
mental setup but can also circumvent the aberration issue. Phonon dynamics, including acoustic
vibrations and heat diffusion, of a single gold nanoparticle were measured with a temporal delay of
8ns, and a 0.5 K rise in the temperature of the surrounding media was resolved. The relative optical
changes induced by the photoexcitation of the pump pulses in confocal reflection pump-probe
traces were orders of magnitude larger than those in typical transmission-type pump probe traces.
Published by AIP Publishing. https://doi.org/10.1063/1.5048669

Ultrafast optical spectroscopy is a convenient and pow-
erful tool to study the dynamics of carriers (such as electrons
and phonons) with subpicosecond time scales. For conven-
tional pump-probe techniques, the optical spot sizes on the
samples are typically in the range between 10 um and several
hundreds of micrometers. Thus, it is common to assume that
the carrier dynamics are homogeneous within the probing
area. In recent decades, however, many materials, such as
nanomaterials and 2D materials, have emerged that are spa-
tially inhomogeneous. Integration between ultrafast spectros-
copy and optical microscopy has thus been developed for
such materials.''®

In this work, we demonstrated a technique that enables
confocal pump-probe microscopy for studying phonon
dynamics of single nanoparticles. First, sharp spectral filters
were used to separate the spectra from the same optical
pulses to create a pump beam and a probe beam. Previously,
nonlinear optical generation was widely utilized to separate
spectrally the pump/probe beams in a microscope.'
However, the chromatic aberration of a high-NA objective
lens becomes a serious issue when the wavelengths of the
pump/probe beams are far from each other. In the setup
used, the wavelengths of pump/probe beams were close, and
the aberration effect was minimized, because their spectra
were directly divided from the full bandwidth of the original
pulses. Compared with nonlinear generation, spectral filters
could also reduce the complexity of the experimental setup.
Second, a confocal backscattering scheme was utilized for
measuring isolated single nanoparticles. In contrast to the
widely used transmission pump-probe microscopy, the con-
focal scheme provided axial sectioning capability, which
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confined the detection volume down to subfemtoliter when
combined with a tightly focusing objective. Third, the rela-
tive optical changes induced by the photoexcitation of the
pump pulses (AS/S is ~107, where S is the total intensity of
the scattered probe at the detector) in confocal reflection
pump-probe traces were orders of magnitude larger than
those in typical transmission-type pump-probe traces (ATr/
Tris ~1075, where Tr is the total intensity of the transmitted
probe at the detector). Because the size of optical spots at
focus is larger than the cross sectional area of single nano-
particles, light without interacting with the nanoparticle con-
tributes strong background signals in Tr, leading to much
reduced ATr/Tr. In contrast, light collected by the detector in
the confocal reflection mode is dominated by backscattering
from the nanoparticle embedded in the index-matching
matrix. The optical changes AS/S in a confocal reflection
setup could thus be much larger than ATr/Tr in a transmis-
sion setup.

To demonstrate this technique, carrier dynamics of single
gold nanoparticles up to 8ns were studied by using a Ti:sap-
phire oscillator with a 12.5-ns repetition period. Figure 1(a)
shows the spectra of the optical pulses in a black solid line.
The central wavelength is 785 nm with a full-width-at-half-
maximum (FWHM) of ~12nm. The reader is referred to the
supplementary material to see the detailed schematic and
description of the experimental setup. A long-wave-pass filter
and a short-wave-pass filter were inserted into the pump and
probe beam paths, respectively, to block the long-wavelength
part and short-wavelength part of the laser pulses with a band-
width of 12nm. The red and blue lines in Fig. 1(a) indicate
that the reshaped spectra did not overlap in wavelength. Figure
1(b) shows the cross-correlation of the optical pump and probe
pulses in the time domain. A beta barium borate (BBO) crystal
was used to record the second-harmonic generation as a
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Objective lens FIG. 1. (a) Spectra of the laser pulses
(black solid line) and spectra after the
laser pulses pass through a long-wave-
pass filter for the pump (red dashed
line) and a short-wave-pass filter for
the probe (blue solid line), (b) cross-
correlation of the pump-probe pulses
in the time domain by using second-
harmonic generation, (c) schematic of
the sample structures, (d) typical con-
focal image of a single gold nanoparti-
cle (the brightness indicates the
intensity of the backscattered light),
and (e) the line profile, which crossed
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function of pump-probe delay. The FWHM of the cross-
correlation response was approximately 1 ps, indicating the
temporal resolution. Figure 1(c) shows the structure of the
samples. Two sets of gold nanoparticles (purchased from BBI
Solutions) were prepared for measurements. Sample A was
specified as 80 nm in diameter with 10% variation, and sample
B was specified as 150nm in diameter with 10% variation.
The gold nanoparticles were first dispersed on the glass slides
and then coated with the poly(methyl methacrylate) (PMMA)
film (sample A) and SiO, film (sample B), respectively.
Immersion oil was dropped on the films, and a cover glass was
placed on top. Figure 1(d) shows the typical confocal image of
a gold nanoparticle. The individual nanoparticles were well
separated with intervals of at least several micrometers,
although some aggregates were observed in the confocal
images (not shown here). The corresponding FWHM of the
image in Fig. 1(e) was ~300nm, which agrees well with the
diffraction limit 1/2NA.

After a gold nanoparticle was identified at a confocal
image, the galvo mirrors were used to point the collinear
pump/probe beam onto the center of the gold nanoparticle,
and the intensity changes of the scattered probe beam (AS/S)
were recorded as a function of time delay. After the pump
pulses excited electrons in the gold nanoparticle, the energy
of hot electrons dissipated through electron—electron scatter-
ings and electron—phonon scatterings.”® The electron and lat-
tice temperatures reached equilibrium on the timescale of
picoseconds, and the subsequent phenomena were observed,
including a transient thermal energy that initiated the

acoustic vibration of the gold nanoparticle followed by heat
transfer from the gold nanoparticle into the surrounding
media. The black line in Fig. 2(a) shows the scattering
changes as a function of time delay for sample A. To obtain
quantitative features, the experimental data were phenome-
nologically fitted with the following equation:

AST@ — AU(1) + A, exp (- Ti) U(e)
+ Asexp <— T—’S> sin[2fs(1 — 1)|U(), (1)

where U(t) is the step function. The first term on the right-
hand side of Eq. (1) describes the slow relaxation with a time
constant much longer than the observation time. The second
term is an exponential decay function for the background
relaxation. The third term describes the oscillation compo-
nent with an exponential damping. The fitting results are
summarized in Table I, and the fitting curve is revealed with
a blue line in Fig. 2(a). The oscillation frequency fs is
15.5GHz with damping time ts = 200ps. The relaxation
time of the background 7, is 384 ps, which reflects the char-
acteristic time of thermal diffusion. Similarly, Fig. 2(b)
shows the results for sample B. As shown in Table I, an
oscillation frequency fs = 7.4 GHz was obtained with damp-
ing time tg = 472 ps. Compared with Figs. 2(a) and 2(b) for
samples A and B, there are three primary features for the
optical probe changes after photoexcitation of the pump
pulses. First, Fig. 2(a) exhibits a transient positive response,
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FIG. 2. Pump-probe traces of single
gold nanoparticles covered by (a)
PMMA (sample A) and (b) silica films
(sample B): the frequency of oscilla-
tions indicates that the diameters of the
particles are (a) 77 nm and (b) 162 nm,
respectively.
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TABLE I. Fitting parameters in Eq. (1) of each figure.
Figure Ag(x107%) A (x107%) 7, Ag(x107%) 15 fs ts

2(a) —-1.9 20.8 384 ps 20 200 ps 15.5 GHz 1.75 ps
2(b) —14.1 —148 612ps —3.7 472ps 7.4 GHz —0.89 ps
4(a) None -3 2.5ns  None None None None
4(b) —1.6 —18.5 39ns None None None None

while the other is a transient negative response. Second, the
oscillation frequency of sample A (with a particle size of
~80nm) is higher than that of sample B (with a particle size
of ~150nm). Finally, the background relaxation in Fig. 2(a)
is faster than that in Fig. 2(b). The three features are further
discussed sequentially.

The changes of optical scattering arise from the plas-
monic effect, which is associated with the complex refractive
index ng of gold, the refractive index of surrounding media
ng, and the diameter of the gold sphere d. The optical scatter-
ing by small particles can be calculated based on Mie the-
ory.”* The cross-sectional area for scattering Cs can be

approximated as**
T &g — & 2
Cs =—d%"|——=| ifkd=1. 2
ST e ¥ e | ! @

Here,  is the wavevector of light, &g = nZ, and &5 = n?. The
optical intensity of scattering (S) can thus be changed by any
parameter on the right-hand side of Eq. (2). The calculated
spectra of Cs (without approximation of kd = 1) are shown in
Figs. 3(a) and 3(b). The resonance peaks are 585nm and
740nm for d=77nm and d = 162nm, respectively.
Previous reports® indicate that the optical changes in the
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pump-probe traces are dominated by the variations of ng,
which are associated with the temperature evolution of the
gold nanoparticle. The changes of ng modify the spectra of
scattering in Fig. 3. Cy increases on the red side, while it
decreases on the blue side.* The crossing point of sign
changes is a couple tens of nanometers on the red side of the
resonant peak.* As shown in Fig. 3(a), the probe wavelength
of ~785 nm is far longer than the resonant wavelength of sam-
ple A. The positive sign of optical changes in Fig. 2(a) agrees
with previous reports.* For sample B, the probe wavelength is
close to the resonant wavelength as shown in Fig. 3(b).
Although the probe wavelength is still on the red side of the
resonance peak, the negative sign in Fig. 2(b) indicates that
the probe wavelength is already shorter than the aforemen-
tioned crossing point.

Second, the photoexcited acoustic waves (i.e., mechanical
vibrations of the gold nanoparticle) can alter the refractive
index and the size of the gold nanoparticle. The scattering
spectrum, because of the plasmonic effects, is thus modulated,
leading to oscillations of scattering intensity at the probe
wavelength. According to Lamb’s work,>> the vibrational
modes of an elastic sphere are categorized into spheroidal
modes and torsional modes. Lamb denoted the spheroidal
modes with two integer parameters (7, l),25 where n is the
solution number and / is the angular momentum number. The
lowest mode (0, 0) is known as the radial breathing mode, and
the frequency f = vL/d,ZS’26 where v, is the longitudinal
velocity and d is the diameter. This mode was widely
observed in gold nanoparticles excited by pulsed lasers.>*'®
The longitudinal velocity of gold, v, = 3240m/s,”’ leads to
an expected frequency of 40.5 GHz for d = 80 nm. However,
what was found in Fig. 2(a) is 15.5 = 1 GHz, much smaller
than the radial breathing frequency.
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FIG. 3. Calculated scattering cross
section of a gold sphere with diameters
of (a) 77nm and (b) 162nm in sur-
rounding media with a refractive index
of 1.49 (black lines): (a) and the inset
additionally indicates the scattering
cross section in surrounding media
with refractive indices of 1.50 (blue
lines) and 1.48 (red lines).
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FIG. 4. Pump-probe traces of the same
single gold nanoparticles in Fig. 2 with
the time window up to 8ns: the heat
diffusion time of (a) the particle 77 nm
in diameter is shorter than that of (b)
the particle 162 nm in diameter.
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A closer investigation leads to the possibility of observ-
ing the elliptical mode [or (0, 2) mode]. Unlike the radial
breathing mode in which the sphere expands and shrinks
obeying spherical symmetry, the elliptical mode has at least
two basic axes of the sphere oscillating out of phase. That is,
the sphere expands along one axis while it shrinks along
another axis. The frequency of the elliptical mode f = vy /d,
where vy is the transverse velocity.”>2° According to the
transverse velocity of gold, vy = 1200 m/ 5,2 the frequency
is 15GHz for d = 80nm. This value is close to what was
found in Fig. 2(a). Therefore, the oscillations in Fig. 2(a) are
attributed to the elliptical mode. The frequency distribution
of the experimental data reflects the size distribution of the
nanoparticles. From Fig. 2(a), with a 1200-m/s acoustic
velocity and a 15.5-GHz oscillation frequency, the diameter
of the particle can be estimated as 77nm. Similarly, the
observed frequency of 7.4 GHz in Fig. 2(b) was attributed to
the elliptical mode, and the experimentally deduced diameter
was 162 nm. Both the experimentally obtained sizes of gold
nanoparticles are well within the size distribution (10%) in
the specification provided by the supplier.

Previous studies* observed that the breathing mode and
elliptical mode of 80-nm gold nanoparticles coexisted, and
their amplitudes were comparable in the Fourier spectra.
Interestingly, the elliptical mode of the gold nanoparticles
overwhelmed other modes, including the radial breathing
mode. One possible explanation is that the nanoparticle is
sandwiched by the bottom glass slide and the upper PMMA/
silica film, which causes broken inversion symmetry. Indeed,
the acoustic impedances of PMMA and fused silica are 3.25
and 13.15 MRayls, respectively.”” The large difference of
elastic properties between the materials breaks the symmetry
along the axial (z) direction, leading to the dominating ellip-
tical mode rather than the radial breathing mode.

Finally, the background relaxation curves in Fig. 2 reflect
the changes of ng and ng due to the temporal variations of
temperature and are actually dominated by the temperature of
the gold nanoparticle.” It is estimated that 20 fJ from an opti-
cal pulse was absorbed by a 77-nm gold nanoparticle (sample
A) if an absorption cross section 4 x 10~'®m? derived from
the calculations of Mie theory is assumed. Because the ther-
mal conductivity of gold is much higher than that of the sur-
rounding media, the initial temperature rise of the 77-nm gold
nanoparticle in Fig. 2(a) is estimated to be 40 K by assuming
homogenous heating inside the gold nanoparticle with a heat
capacity of 2.5 x 10 Tm 3 K~'. The temperature of the gold

3 4 &5 6 7 8
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nanoparticle subsequently decreases when heat propagates
through the interface between the nanoparticle and its sur-
rounding media. Although the curve in Fig. 2(a) seems to be
decaying to zero within the time window of 800 ps, a slow
and negative response in the background was found if the
time window was extended up to 8 ns, as shown in Fig. 4(a).
The fitting results, as summarized in Table I, indicate that
A; = —3 x 10~* with time constant 7; = 2.5 ns. The negative
response, which has never been found before,3 is evident in
the experiment and analysis for the improved AS/S ~10~*,

Previous studies reported that the temperature depen-
dence of the refractive index at room temperature is
dng/dT = —1.4 x 107*K~! for PMMA.*® The refractive
index of PMMA decreases with increasing temperature 7,
and the variation is relatively large. The inset of Fig. 3(a)
highlights the difference of the scattering cross section with
ng = 1.50 (in blue lines), ng = 1.49 (in black lines), and
ng = 1.48 (in red lines), which indicates that the drop of ng
reduces the scattering cross section around 785 nm. This neg-
ative response A; exp (—¢/7;) in Fig. 4(a) is attributed to the
change of ng, caused by the temperature rise of the surround-
ing medium, PMMA. From the calculation of Mie theory in
Fig. 3(a), the scattering cross section Cs = 1.48 x 107 m?
at 785 nm with ng = 1.49 at room temperature and dCs/dng
= —6 x 107" m?. Because the scattering intensity S
from the particle is proportional to the cross-section of
scattering Cg in a confocal reflection configuration, the
total intensity modulation of the probe (AS/S) can be
expressed as

&7%7 1 dCSdI’lS

= =———AT. 3
S CS CS dnS dr ( )

According to Eq. (3), the initial temperature rise of the PMMA
near the gold surface was thus estimated as AT ~ 0.5K for the
negative response AS(¢)/S = Ajexp(—t/t;) in Fig. 4(a),
where A; = —3 X 1074, as listed in Table I. Therefore, the
scattering signal in Fig. 4(a) was dominated by the temperature
in the gold nanoparticle decreasing from 40K to 0.5K before
1ns. Afterward, the scattering signal was dominated by the
heat diffusion in the surrounding media.

Figure 4(b) shows the long traces of the 162-nm single
gold particles covered with the silica film. A significant
decay behavior can be observed within the 8-ns time win-
dow, and a fitting time constant of 3.9ns is obtained (see
Table I). This relaxation component corresponds to the
aforementioned fitted step function AgU(r) in Fig. 2(b),
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because 3.9 ns is much longer than the time window of 800
ps. Compared with Figs. 2(a) and 4(a), the sign is negative in
Figs. 2(b) and 4(b), because the probe wavelength is close to
the scattering resonance of sample B, as discussed previ-
ously. In addition to the signals reflecting the time-resolved
changes of ng due to the temperature of gold, the signals due
to heating of surrounding media were estimated, which are
the negative slow relaxation following the positive fast relax-
ation in Fig. 4(a). For silica in sample B, the temperature
dependence of the refractive index was dng/dT = 1.3
x107> K~! at room temperature.>’ According to the calcula-
tions at 785nm, dCs/dng= —6.3 x 10"*m?  Also,
d/dT(ACs/Cs) = 8.9 x 107 °K~!, which is far smaller than
that of PMMA in sample A (4.2 x 107*K~'). The whole
relaxation curves in Fig. 4(b) should be dominated by the
thermal relaxation of the gold nanoparticle. Although the fit-
ting, with two exponential decay functions with time con-
stants of 612 ps and 3.9ns (in Table I), is not based on the
analytical solution, it was observed that the thermal relaxa-
tion time for the 162-nm gold nanoparticle was longer than
that for the 77-nm one. This trend agrees with the experi-
mental reports in the literature. >33

In summary, the advantages of investigating phonon
dynamics with confocal pump-probe microscopy were dem-
onstrated. Acoustic vibrations of gold nanoparticles were
measured, and the heat diffusion process after single gold
nanoparticles were heated by a pump beam was studied.
Because of the extended observation window and the confo-
cal setup, signals were observed due to the temperature evo-
lution of the surrounding media, in addition to the common
heat conduction of a single nanoparticle.

See supplementary material for the detailed schematic
and description of the experimental setup.
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