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ABSTRACT: Localized surface plasmon resonances (LSPRs) arising from metallic
nanoparticles offer an array of prospective applications that range from chemical
sensing to biotherapies. Bipyramidal particles exhibit particularly narrow ensemble
LSPR resonances that reflect small dispersity of size and shape but until recently were
only synthetically accessible over a limited range of sizes with corresponding aspect
ratios. Narrow size dispersion offers the opportunity to examine ensemble dynamical
phenomena such as coherent phonons that induce periodic oscillations of the LSPR
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energy. Here, we characterize transient optical behavior of a large range of gold

bipyramid sizes, as well as higher aspect ratio nanojavelin ensembles with specific attention to the lowest-order acoustic phonon
mode of these nanoparticles. We report coherent phonon-driven oscillations of the LSPR position for particles with resonances
spanning 670 to 1330 nm. Nanojavelins were shown to behave similarly to bipyramids but offer the prospect of separate control
over LSPR energy and coherent phonon oscillation period. We develop a new methodology for quantitatively measuring
mechanical expansion caused by photogenerated coherent phonons. Using this method, we find an elongation of approximately
1% per photon absorbed per unit cell and that particle expansion along the lowest frequency acoustic phonon mode is linearly
proportional to excitation fluence for the fluence range studied. These characterizations provide insight regarding means to

manipulate phonon period and transient mechanical deformation.

KEYWORDS: gold nanoparticles, time-resolved spectroscopy, coherent acoustic phonons

ynthetic control over the size, shape, and composition of

metallic nanoparticles affords tunability of localized surface
plasmon resonances (LSPRs) from the ultraviolet through the
mid-infrared.'~® Controlling the LSPR energy facilitates
nanoparticle-based applications that range from use as SERS
substrates’ "' and chemical/biological sensors””~"' to medical
therapeutic applications''~"* and photocatalysis.'*'> Whereas
the large extinction cross sections presented by LSPRs draw
interest for applications, ensemble polydispersity represents
another key feature as reflected in the LSPR line width. Gold
bipyramids exhibit narrow ensemble line widths, largely
dominated by homogeneous dephasing'®™"? (especially narrow
in comparison to spheres and rods), which reflects the
monodispersity of the sample. The comparative homogeneity
of the ensemble permits time-dependent, ensemble character-
ization of coherent acoustic phonon oscillations'’ ™" that
interestingly yield prominent, periodic shifts of the LSPR
energy owing to expansion and contraction of the particles.
While other nanostructures can exhibit the same phenomenon,
particle size dispersion leads to variation in phonon frequencies
causing fast inhomogeneous damping that typically dominates
ensemble dynamics.””%*" Several single particle experiments
have been performed that circumvent inhomogeneous
dephasing.”'~*> At the same time, this approach can impart
complexities such as substrate interactions, owing to the
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requirement that the nanomaterial remains stationary, which
can limit the generality of these measurements.

Previously, Pelton et al. examined bipyramids with an LSPR
near 700 nm, characterized and also modeled the LSPR
oscillations via a parameter-free model."” They could separate
damping processes related to energy dissipation into solvent
(fluidic damping) versus particle-intrinsic damping and found
that intrinsic damping was consistent across a range of
suspension media. In subsequent work, they generalized this
model to include particles with an arbitrarily slender shape and,
by characterizing a series of similarly sized particles, argued that
damping is a property of material and geometry.'® Fernandes et
al. demonstrated use of bipyramid acoustic phonons to perform
mass sensing."” Upon growing a thin layer of silver on a gold
bipyramid sample they were able to observe a shift in
vibrational frequency and correlated the shift to the mass of
silver added. Their work also led to observation of higher-order
vibrational modes of bipyramids and the characterization of
how such higher-order modes changed with the geometric
alteration induced by the addition of silver.
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Figure 1. (a; top) Transmission electron microscopy of samples A—G, (bottom) extinction spectra for the indicated samples where solid lines
indicate bipyramids (A—E) and dashed lines indicate nanojavelins (F and G). The white scale bars are all 100 nm in length. (b) Position of the
longitudinal LSPR vs aspect ratio for samples A—G from panel (a), where the red “x” shapes indicate nanojavelins. The solid line is a linear fit of the
five bipyramid samples. Error bars represent standard deviation in ensemble aspect ratio as derived from TEM.

Despite these preceding works, some properties of these
coherent phonons remain ambiguous. One such aspect is the
fluence- and particle-size-dependent displacement amplitude of
the phonon-induced particle deformation in bipyramids,
although some studies have measured such for other nano-
particle systems. Hartland measured the expansions of gold
nanospheres from coherent acoustic phonons based on shifts in
LSPR position obtained from optical transient absorption
spectroscopy.” He found radial increases around 0.4% for
excitation fluxes around 2.5 X 10" photons/cm® of 390 nm
pump photons.* Other studies utilized X-ray characterizations.
Plech observed lattice expansions of <1.2% for laser pump
intensities up to near 8 X 10'® photons/cm?” from a 400 nm
source using transient X-ray scattering.”* Using truncated gold
octahedral nanocrystals pumped at a fluence of 4 X 10'°
photons/cm® from a 800 nm source, expansions of around
0.5% were reported by Clark et al.”> However, these efforts rely
on isotropic systems or complex spectroscopic techniques. A
more robust methodology is required to understand acoustic
phonon vibration in the ever increasing variety of particle
geometries. This need is especially relevant for bipyramids as
the most recent synthetic progress is able to produce a wider
range of bipyramids with high yield***” as well as nanojavelins,
extremely elongated bipyramids with surface glasrnon reso-
nances that extend into the near-infrared range.”’

Here, we report time-resolved spectroscopic measurements
and theoretical modeling of a large range of gold bipyramids
and nanojavelins with LSPR extinction maxima that range from
670 to 1330 nm. First, we characterize the dependence of
coherent phonon dynamics with particle size and aspect ratio,
and demonstrate that LSPR position and phonon frequency
can independently be varied. Then, we develop a methodology
to calculate particle expansion caused by coherent acoustic
phonons using transient absorption spectroscopy in con-
junction with theoretical modeling. Using this approach, we
show that particle expansion is linearly dependent on excitation
power with larger particles exhibiting slightly higher relative
expansions. Taken together, these results provide a better
understanding of how to manipulate phonon dynamics as well
as their mechanical impact on nanoparticles.

B RESULTS AND DISCUSSION

Independent Manipulation of Plasmon Resonance
and Phonon Frequency. Figure la shows transmission
electron micrographs (TEMs) and extinction spectra (absorp-
tion and scattering contribute) for a series of gold bipyramids
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and nanojavelins (herein referred to as samples A—G)
suspended in water with a broad range of LSPR positions,
spanning from 670 to 1330 nm. Samples A—E were synthesized
following the procedure published by Liu and Guyot-
Sionnest, © whereas samples F and G were prepared using
the procedure outlined by Chateau et al, which results in
rougher, sawtooth-like edges.”” The redder LSPR extinction
maxima arise from longitudinal plasmon resonances while
features near 550 nm originate from both transverse LSPR
modes of the bipyramids/nanojavelins and undesired synthetic
side products such as small nanospheres and nanorods.” Figure
1b shows that these longitudinal LSPRs depend linearly on
aspect ratio, defined as particle length/width, which is
consistent with previous measurements.”

For each of these samples, we performed broadband
transient absorption using a pump wavelength tuned to the
LSPR extinction maximum. Despite the differences in the
synthesis and surface details, both types of particles present
coherent acoustic phonons reflected in their transient
absorption spectrum. Figure 2a shows the raw transient
absorption spectrum for nanojavelin sample G. We see
substantial oscillatory red and blue shifting of the LSPR center
wavelength owing to the photoinduced generation of coherent
acoustic phonons. Upon elongation, the LSPR broadens and
red-shifts to produce an induced absorption feature, as well as a
concurrent bleach of the static LSPR position in addition to
some evidence of broadening. For all seven samples, and as
shown in the inset of Figure 2b, we fit the LSPR oscillatory
features and obtained the coherent phonon frequency as well as
oscillation quality factors with a procedure detailed in the
Supporting Information. We find that phonon periods depend
linearly on particle length for bipyramids and nanojavelins,
consistent with the lowest-confined acoustic mode.'” At
present, bipyramid syntheses do not permit facile independent
tuning of both aspect ratio and length. As a result, adjusting the
LSPR yields a concomitant change in the phonon period, which
is set by the nanoparticle length. However, it is possible to
create nanojavelins with nearly the same length as bipyramids,
but significantly different aspect ratios, such as samples D and
F. These two ensembles exhibit similar phonon periods of 93
and 85 ps but quite different LSPR resonances of 872 and 1096
nm. Our measurements then demonstrate that, through
utilizing nanojavelins, one can further control particle LSPR
energy and phonon period.

Mechanical Deformation from Acoustic Phonons.
Understanding lattice distortion extent in metal nanoparticles

DOI: 10.1021/acsphotonics.6b00136
ACS Photonics 2016, 3, 758—763


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6b00136/suppl_file/ph6b00136_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.6b00136

ACS Photonics

£ 1350
RS
S
o)
c
<@
2 20 AA
0 (mOD
= Y, (mQOD)
200 400 600 800
Time (ps)
b)
120 { Bipyramids X
c . .
S 100 X Nanojavelins o
ST K
< o v
% - 80 o
%5 60 o T ff‘f'w
§ 3 §7560 a“";v
40 5 I
< e 7540 400 800
20 Time (ps)
50 100 150 200

Particle Length (nm)

Figure 2. (a) Representative experimental broadband transient
absorption dynamics, here for sample G. (b) Particle length vs
measured phonon period. This solid line is a linear fit for the five
bipyramid samples. Error bars indicate standard deviations in ensemble
size. Variation in the phonon period is less than 0.3% so no vertical
error bars are included. Inset: LSPR peak center modulation caused by
acoustic phonons for the data in panel (a). Experimental data points
are shown in blue and the dark gray line arise from fitting to eq 1. Note
that the shift in LSPR in the inset relates both coherent phonons and
lattice heating. Lattice heating in the samples is discussed in Figure S1
of the Supporting Information.

is generally quite challenging. However, here we develop a
technique to quantify the effects of lattice distortions on
plasmonic properties. To determine this particle deformation
caused by the coherent acoustic phonons we utilized several
theoretical tools in conjunction with experimental data. First,
we performed finite-difference time-domain (FDTD) simu-
lations using particle dimensions based on TEM images (Table
S1) to calculate the extinction spectra of the samples. Figure 3a
shows the calculated and experimental optical spectra for
sample C. The redder, longitudinal plasmon resonances exhibit
good agreement. The calculated higher energy peak, around
512 nm, corresponds to the transverse plasmon mode and is
masked in the experimental spectra by the large peak around
555 nm corresponding to the LSPRs of spherical nanoparticles
in the sample. These FDTD calculations also provide spatial
mapping of the electric field distribution at the particle surface,
shown as an inset in Figure 3a of sample C. As expected, the
highest field intensity appears close to the tips of the bipyramid,
corresponding to the longitudinal plasmon resonance.

We further used finite-element analysis (FEA) to calculate
the frequency of the acoustic vibrations associated with the
samples. In Figure 3b we show the measured and calculated
periods of the acoustic mode as a function of the longitudinal
plasmon resonance. The calculated periods closely match those
of the measured oscillations with a slight systematic increase.
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Figure 3. (a) Experimental (in blue, arbitrary unit) absorption
spectrum measured on sample C. The absorption spectrum calculated
on a gold bipyramid with the same dimensions as sample C is also
plotted (in red). The theoretical spectrum displays both the transverse
(around 512 nm) and longitudinal (at 829 nm, dash line) plasmon
resonances. The experimental transverse plasmon resonance overlaps
with the plasmon band from the impurities in the sample. Inset:
FDTD simulation of the 2D projected near-field enhancement around
the same gold bipyramid as in a, calculated at 829 nm. (b) Measured
(blue) and calculated (red) oscillation period of the vibrational mode
as a function of the longitudinal plasmon resonance for the five
samples of gold bipyramids. Inset: simulated displacement of a
bipyramid during acoustic mode oscillation (not at scale).

Figure 4a shows how FDTD and FEA were combined to
calculate particle deformation after photoexcitation. Using FEA
we were able to determine the direction of the geometric
change induced by the acoustic phonon. The LSPR peak shift
with expansions of different magnitudes along that phonon
mode were then calculated via FDTD. We performed these
calculations on bipyramids with a long axis extended in a range
of 0.1% to 1% of its original value and contracted along the
short axis. Figure 4a shows a rather linear dependence of the
LSPR shift as the particle undergoes elongation. These
calculations were then used to generate a calibration plot to
allow the conversion of peak shift to mode-specific particle
elongation.

To relate these calculations to experimental data, we fit the
time dependent position of the LSPR after photoexcitation to a
function of the following form

_ ~t/m; ~(t/ry) | 27
w,(t) = ;[ée ie j sm[ T
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+ (p}] + wy + ae

j
(1)
This equation includes for a given phonon mode j, the
maximum coherent phonon displacement f, homogeneous
lifetime 7;, inhomogeneous lifetime due to nanoparticle
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Figure 4. (a) LSPR shift from different particle expansions as
estimated from FDTD and FEA simulations. While the particle
elongations in these theory calculations are much larger than is
observed experimentally, they can be extrapolated to predict dynamics
on experimental scales that are not computationally feasible. Since
FDTD is highly sensitive to small changes in bipyramid geometry and
high-resolution meshing there is some uncertainty in these
calculations, on the order of a few wavenumbers. (b) LSPR shifts
observed from coherent acoustic phonons normalized for particle size.
Unit cells were assumed to be FCC structure (4 atoms per unit cell)
and particle absorption cross sections, listed in Table S2, were taken
from FDTD calculations. Additional details appear in the Supporting
Information. Error bars are the 95% confidence interval from our
fitting algorithm. (c) Particle elongation vs photons absorbed per unit
cell from the experimental data in b combined with a calibration curve
generated from theory results in a. Error bars are the same as those in
b. (d) Slopes of linear fits of the data in c along with expected slopes
based on the linear thermal expansion coeflicient and specific heat of
gold. Horizontal error bars are standard deviations in size from TEM
images and the vertical error bars represent the uncertainty from the
calibration curves (a) calculated from the ratio of the residual sum of
squares to the total sum of squares.

polydispersity 7,, the period of the acoustic vibrations T, and
phase shift ¢, along with the static LSPR position @y, a lattice
heating term @, and a lattice cooling lifetime 7. Here, a single
frequency, the lowest-energy phonon mode, dominates the
oscillatory behavior of the LSPR signal and therefore obviates
the summation as only one phonon mode is modeled in the fit.
Homogeneous quality factors did not exhibit monotonic
dependence on particle size, but we suggest these values
(which range from roughly 10—30) likely depend on details of
the particles such as surface roughness and facet imperfections
evident in TEM, as examined and discussed in the Supporting
Information (Figures S2—S4) along with information regarding
fitting procedures.

Figure 4b shows the coherent phonon-induced shift in the
LSPR peak position (ff) measured as a function of pump
intensity for our bipyramid samples. Note that the extrapolation
to zero photons absorbed gives a residual, apparent particle
expansion in both theoretical (Figure 4a) and experimental data
(Figure 4b). We are unsure why this trend is observed. For the
theoretical data it is possibly caused by uncertainty from the
high-resolution meshing and prohibitively high precision
calculations impedes still smaller-expansion modeling. The
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low power regime also yields experimentally reduced signal-to-
noise. Still, the trend may relay physical meaning. For instance,
scattering of hot electrons and higher-energy phonons may
cause pre-existing acoustic phonons to enter into phase as
phonon injection locking has been reported in other systems,”’
though such a notion requires future research.

Combining the slope information from theory (Figure 4a)
and experiment (Figure 4b), we evaluate the power depend-
ence of particle elongation in Figure 4c. This analysis shows
that elongation exhibits a fairly linear dependence on excitation
intensity, which is consistent with observations for nanospheres
using transient X-ray scattering.24 As can be seen in Figure 4b,
LSPR shifts do not exceed 15 cm™" across this range of powers
and samples, which we relate to transient particle elongations of
less than 0.2%, comparable to what has been reported for
nanospheres.””**> However, we strictly consider coherent,
mode-specific expansion whereas prior efforts also included
incoherent lattice heating, making it difficult to perform direct
comparisons between different reports. We do not expect it is
possible to obtain significantly larger changes in particle
elongation than those shown in Figure 4 as additional deposited
energy from still higher pump intensity likely goes toward rapid
melting rather than coherent expansion of the particle.”** In
the Supporting Information, we estimate overall changes in
particle size from coherent phonons (Figure S7).

Figure 4d shows the slope of percent elongation over photon
absorption for the data shown in Figure 4c along with expected
slopes from the thermal expansion coefficient of gold.”* These
measured values, when normalized for particle size, exhibit only
a slight size dependence with more expansion occurring for
larger particles, which could be explained by the longer particles
having lower energy phonons. If the bipyramidal phonon
modes were populated with a Boltzmann like distribution of
energy, higher percentages of the energy would be converted
into lower energy phonon modes for these bigger bipyramids.
Alternatively, larger bipyramids have higher scattering cross
sections. Provided that some of that scattering is inelastic, it will
contribute to generation of phonons. However, this effect is
expected to be small since scattered photons impart
significantly less energy than absorbed photons and the
scattering cross section is on the same order of magnitude as
the absorption cross sections. Although these differences exist,
the expansion per photon absorbed is on the same order of
magnitude across the examined size range, which indicates that
size dependent effects on elongation are weak. Our measure-
ments are also on the same order as estimated from the thermal
expansion coefficients of gold which are dependent on the
excitation wavelength with more expansion expected for higher
energy photons. This similarity is surprising as the experimental
data reflects coherent phonons which constructively interfere,
whereas thermal expansion is an incoherent process which also
involves destructive interference. Likely, only a small
percentage of the absorbed energy goes into these coherent
acoustic phonon modes and other heat dissipation pathways are
also quite important. These dissipation pathways could be
further explored using the analysis developed by Crut and his
co-workers which could provide added insight into the size
dependence of the expansion per photon absorbed.'”**" Tt is
also worth noting that, based on a cursory pump wavelength
dependence study, we anticipate more particle expansion per
photon for higher energy photons that can generate additional
phonons.
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In conclusion, we demonstrated that coherent acoustic
phonons in nanojavelins exhibit similar size dependent trends
as bipyramids providing a method to separately control LSPR
position and phonon frequency. Additionally, by using
theoretical tools and transient absorption spectroscopy, we
show it is possible to quantify particle expansion from
photogenerated coherent acoustic phonons which has a linear
power dependence that slightly increases with particle size. This
information provides a guide for designing particles with
tunable LSPR as well as understanding the resulting mechanical
response to photoexcitation. Future work could include using
these design principle to create gold bipyramids with low
frequency phonons excited by convenient wavelengths for mass
sensing applications or utilizing the ability to measure
mechanical displacement to further develop models of
phonon—solvent interactions.

B EXPERIMENTAL METHODS

Gold bipyramids and nanojavelins used in this study were both
synthesized using a seed-mediated growth approach, but
followed two separate synthesis routes published earlier.'”*”
Briefly, to synthesize gold bipyramids (samples A—E), gold
seeds were created by reacting HAuCl, with NaBH, solution in
the presence of sodium citrate. The seed was aged for 2 h
before use. For growth of the bipyramid, HAuCl, solution with
trace amount of AgNO; added were mixed with cetyltrime-
thylammonium bromide (CTAB) solution, acidified by a small
amount of HC], and reduced by L-ascorbic acid. Right after the
reduction, small amounts of seeds were added, and the reaction
was allowed to proceed in a 30 °C bath for 2 h. The aspect ratio
of the bipyramid was controlled by the different amount of
AgNOj; added. Details information can be found in ref 16. To
synthesize gold nanojavelins (samples F and G), seed was
created by reduction of HAuCl; in the presence of 25%
cetyltrimethylammonium chloride (CTAC) solution with
NaBH,/NaOH solution. The seeds were aged in a 85 °C oil
bath for 1h, and further aged in ambient conditions for 1 day
prior to the growth reaction. The growth solution consisted of
HACI,, a mixture of CTAB and CTAC, small amount of silver
nitrate, and initiated by adding a mild reducing agent 8-
hydroxyquinoline. Immediately after the reduction, different
amounts of seeds are added to control the aspect ratio of
nanojavelins. Further details appear in ref 27.

All samples were suspended in water for optical measure-
ments and rapidly stirred. Transient absorption measurements
were performed using a 2 kHz, 35 fs Ti:S amplifier. The 800
nm output was beamsplit to pump an optical parametric
amplifier that produced tunable pump pulses at the LSPR of the
sample, and a smaller portion was time-delayed and focused
into sapphire to produce a white light probe beam. Pump
pulses were mechanically chopped a 1 kHz to compare probe
intensity though the sample with and without photoexcitation.
Pump spot sizes were measured via transmission through a
pinhole.

We performed finite-difference time-domain (FDTD,
Lumerical Solutions) simulations to calculate the absorption
and scattering spectra of the samples. We used a dielectric
permittivity tabulated by Johnson and Christy for gold,” and
the background refractive index was set to 1.33 for water. As the
measurements have been performed on an assembly of
bipyramids in solution, the calculated absorption spectra
correspond to the sum of the spectral response under plane-

762

wave irradiation with polarization parallel and perpendicular to
the bipyramid long axis.

We also used FEA software (Abaqus, version 6.13—2) to
calculate the frequency of the acoustic vibrations associated
with each sample. These simulations have been performed on a
continuous pentagonal bipyramid,'® with material mechanical
properties defined according to bulk gold (Young’s modulus =
79 GPa, Poisson’s ratio = 0.4, and density = 19300 kg’m_3).
The modeling dimensions and shape (including length, width
and radius of curvature) were based on the TEM measurement
of several individual nanoparticle features.
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