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ABSTRACT: Acoustic vibrations in plasmonic nanoparticles, monitored
by an all-optical means, have attracted significant increasing interest
because they provide unique insight into the mechanical properties of
these metallic nanostructures. Al nanostructures are a recently emerging
alternative to noble metal nanoparticles, because their broad wavelength
tunability and high natural abundance make them ideal for many
potential applications. Here, we investigate the acoustic vibrations of
individual Al nanocrystals using a combination of electron microscopy
and single-particle transient extinction spectroscopy, made possible with
a low-pulse energy, high sensitivity, and probe-wavelength-tunable,
single-particle transient extinction microscope. For chemically synthe-
sized, faceted Al nanocrystals, the observed vibration frequency scales
with the inverse particle diameter. In contrast, triangularly shaped Al
nanocrystals support two distinct frequencies, corresponding to their in-
and out-of-plane breathing modes. Unlike ensemble measurements, which measure average properties, measuring the damping time
of the acoustic vibrations for individual particles enables us to investigate variations of the quality factor on the particle-to-particle
level. Surprisingly, we find a large variation in quality factors even for nanocrystals of similar size and shape. This observed
heterogeneity appears to result from substantially varying degrees of nanoparticle crystallinity even for chemically synthesized
nanocrystals.

■ INTRODUCTION

Metallic and semiconducting nanomechanical resonators that
support coherent phonon modes in the GHz and THz regimes
are receiving increasing attention because of their applications
as optomechanical devices,1−4 biosensors,5,6 sensitive mass
spectrometers,7,8 and programmable devices.9,10 Plasmonic
nanoparticles are ideal for studying the dynamics of acoustic
vibrations because of the unique properties of the localized
surface plasmon resonance (LSPR)11 and because of the large
tunability of the acoustic vibration frequency.12 Ultrafast
pump−probe spectroscopy provides a particularly unique
way to study the nanomechanical vibrational dynamics of
plasmonic nanoparticles. Acoustic vibrations in plasmonic
nanoparticles can be launched following excitation with
ultrafast laser pulses. Short-pulse excitation first creates a hot
electron distribution.13−17 Strong electron−phonon coupling
then leads to heating of the lattice within a few picoseconds, a
time scale shorter than the periods of an acoustic breathing
mode. Because of this impulsive heating and accompanied
lattice expansion, coherent phonon modes are excited, which
in turn are probed optically as they induce changes in the

LSPR. On longer time scales, the nanoparticles dissipate
energy to the environment by means of phonon−phonon
coupling.
Both ensemble and single-particle approaches have provided

detailed insight into the acoustic breathing modes of plasmonic
nanoparticles, and comparison with theory has yielded their
corresponding nanomechanical properties.18−24 Single-particle
transient extinction spectroscopy is advantageous over
ensemble measurements: by eliminating sample size and
shape heterogeneity, the dependence of the vibrational
dynamics on size, shape, material, and surrounding environ-
ment of the nanoparticles can be accurately determined.25 In
particular, due to the strong size dependence of the vibration
frequency, only single-particle methods are capable of
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unequivocally measuring the intrinsic damping time of
coherent oscillations.
Despite the advantages of nanomechanical resonators that

are excited and detected all-optically, one of the important
limiting factors for applications is their limited lifetime,
resulting in low quality factors (Q-factors).26,27 Extending
the lifetime of the vibrational mode in Au and Ag
nanostructures has been reported by engineering the nano-
particle shape to achieve mode hybridization through substrate
isolation,28 reducing losses using unsupported thin films,29

suspending nanostructures over trenches,30 and improving
nanoparticle crystallinity.26,31,32 Comparing colloidal Au nano-
particles to lithographically prepared nanostructures with
precise dimensions and hence well-controlled vibration
frequencies, it has been demonstrated that the Q-factor of
monocrystalline nanostructures prepared by chemical synthesis
is up to 3 times larger.26,31 For a variety of polycrystalline Au
nanoparticles fabricated by electron-beam lithography, an
almost universal Q-factor of about 11.3 ± 2.5 was found and
assigned to the damping of acoustic vibrations by lattice
defects.26 However, it is not known if the effect of
polycrystallinity on the damping of acoustic vibrations is as
readily observable in other metals.
Because of their highly tunable LSPRs and natural

abundance, Al nanostructures have emerged as an alternative
to noble metals.33−41 While some recent studies have explored
the ultrafast properties of Al nanostructures,33,36,37,42 the effect
of crystallinity on the acoustic vibrations has not yet been
investigated. Here, we applied single-particle transient
extinction spectroscopy together with correlated scanning
electron microscopy (SEM) to determine the acoustic
vibration frequencies and intrinsic damping times of colloidal
Al nanocrystals (AlNCs) of various sizes and shapes. The
resulting Q-factors were found to be independent of size for
quasi-spherical AlNCs but varied significantly from particle to
particle. We ascribe this heterogeneity to different degrees of
particle crystallinity, as further elaborated by electron
microscopy and comparison to Q-factors measured for
polycrystalline, lithographically fabricated Al nanodisks
(AlNDs).

■ METHODS

Synthesis of Colloidal AlNC Samples. AlNCs prepared
by colloidal wet chemical synthesis were selected from three
chemically synthesized samples with average sizes of 133 ± 15,
157 ± 19, and 172 ± 23 nm. Larger sizes were studied to shift
the LSPR into the visible spectral range.39 These colloidal
AlNCs were synthesized via titanium(IV)-catalyzed decom-
position of dimethylethylamine alane (DMEAA), as previously
reported.43 Briefly, volume mixtures of tetrahydrofuran (THF)
and 1,4-dioxane totaling 24 mL were heated to 40 °C while
vigorously stirring in a Schlenk flask under an argon
atmosphere. Different THF volume fractions were used to
obtain particles with different sizes. Then, 6 mL of 0.5 M
DMEAA in toluene was added via a syringe and allowed to
heat to 40 °C, followed by addition of 1.5 mL of 50 mM
titanium(IV) isopropoxide in toluene. The colorless solutions
immediately turned brown and gradually became opaque gray
over the course of 4 h, indicating the formation of AlNCs. The
reaction was then cooled to room temperature and 10 mL 50
mM dibutylphosphate in cyclohexane was added to cap the
particle surface and remove unreacted DMEAA. Finally, the

AlNCs were collected via centrifugation and washed several
times in isopropyl alcohol (IPA).
The AlNCs were imaged using a JEOL 1230 HC

transmission electron microscope (TEM) operating at 80 kV
by drop-casting a diluted sample onto a carbon-coated copper
TEM grid (Ted Pella). Figure S1 shows a representative TEM
image, illustrating the different particle shapes encountered:
truncated octahedron, singly twinned Wulff construction,
truncated triangular plate, and multiply twinned crystal, in
agreement with previous studies.44 The average sizes were
determined by measuring the long-axis diameters of all
nanoparticles from multiple TEM images for all three samples
using the software ImageJ.
Indexed glass substrates were employed for the single-

particle measurements. A dilute base piranha solution (1:4:20
NH4OH/H2O2/H2O) was used for cleaning the glass
substrates (Corning). After rinsing with Millipore deionized
water, the glass substrates were dried using a stream of N2 gas.
A TEM grid shadow mask was used to create indexed patterns
on the glass substrates by evaporating 35 nm of Au and then
removing the mask. The indexed patterns allowed for single-
particle measurements to be correlated with SEM images of
the same particle. The indexed glass substrates were then O2
plasma-cleaned for 2 min. The colloidal AlNCs were first
diluted and then spin-coated on the indexed glass substrates
for 60 s at 2500 rpm to achieve single-particle coverage.
Correlated SEM images of AlNCs were obtained after all
optical measurements to determine shapes and sizes of the
individual AlNCs. The 49 single AlNCs used in this study had
shapes of either truncated octahedron or singly twinned Wulff
construction. For simplicity, we refer to both of them as quasi-
spherical throughout the manuscript. The dimension of each
quasi-spherical AlNC was determined by averaging the
diameters along its long and short axes. We also measured 9
truncated triangular plates with equilateral edges, labeled as
triangular-shaped AlNCs below. As the thickness of triangular-
shaped AlNCs could not be determined from 2D SEM images,
tilted SEM imaging was conducted on a few AlNCs to
determine their thickness. All SEM imaging was performed
using a FEI QUANTA 400 ESEM FEG in low-vacuum mode
operating at a voltage of 30 kV with a resolution of about 1.5
nm.

Lithography of AlND Samples. The same glass substrates
were used for AlND fabrication using electron-beam
lithography.36 First, the glass substrates were sonicated for 5
min in acetone and 5 min in IPA, followed by argon (75%)/
oxygen (25%) plasma cleaning for 2 min. A poly(methyl
methacrylate) resist (PMMA 950 A2, MicroChem) and the
conductive polymer Espacer 300Z (Showa Denko) were then
spin-coated on the cleaned glass substrates. The resist was
patterned with an electron beam using a FEI QUANTA 650
SEM at a beam current of 40 pA and an operating voltage of 30
kV. Development was carried out in a 1:3 methyl isobutyl
ketone (MIBK):IPA solution and Al was then evaporated at a
pressure of 10−7 Torr. The film thickness was monitored with a
quartz crystal microbalance. Finally, lift-off was achieved by
immersing the sample in N-methy-2-pyrrolidone at 65 °C for
10 h. The diameters of the lithographically fabricated AlNDs
ranged from 170, 210, 250, 290, to 350 nm. Au nanodisks were
prepared similarly as described in ref 26.

Single-Particle Transient Extinction Spectroscopy.
Transient extinction spectroscopy was performed on a home-
built instrument by incorporating a pump−probe setup into a
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single-particle microscope (Zeiss Axio Observer.D1m).20 A
532 nm laser (Coherent Verdi) pumped a Ti-Sapphire
oscillator (KMLab Griffin), producing sub-100 fs pulses at a
center wavelength at 828 nm with an average output power of
544 mW at 86 MHz (Figure S2). Here, 25% of the
fundamental beam was used as the pump, either directly or
after frequency-doubling in a beta barium borate (BBO) crystal
(Altos BBO-1004H), while 70% was sent into a nonlinear
photonic crystal fiber (FemtoWHITE 800) for generation of a
white light continuum. The white light continuum served as
the probe beam after selecting a 25 nm spectral slice with
various bandpass filters. Also, 5% of the fundamental beam was
aligned as an alternative probe beam, allowing us to determine
the stability of the white light continuum under the same
pump−probe conditions. The probe beam was passed through
an optical delay line (Newport UTS150CC), while the pump
beam was modulated with a chopper (Newport 3502) at a
frequency of 10 kHz. The pump and probe beams were
recombined using a dichroic mirror and focused on the sample
with either a 63× refractive objective with a numerical aperture
(N.A.) of 1.4 (Zeiss Plan-Apochromat) or a reflective objective
(Ealing, 36×, N.A. = 0.5). The collinear pump and probe
beams were collected after the sample by a 40× objective with
a N.A. of 0.6 (Zeiss LD Achroplan) in a transmission
geometry. The probe beam then passed through an 800 nm
short-pass filter to remove the pump beam and was detected by
a photodiode that was connected to a lock-in amplifier
synchronized to the frequency of the optical chopper. The
change in transmission ΔT, induced by the pump beam and
read out by the lock-in amplifier, was then digitized using a
data acquisition board (National Instruments). The trans-
mission T without pump was recorded with an oscilloscope
and used to express all signals as ΔT/T.
Transient transmission images were acquired by moving the

sample with a piezo scanning stage (Physik Instrumente P-
517.3CL) and were used to locate individual nanoparticles.
Pump and probe beams were temporally overlapped when
acquiring images. Transient transmission decays were acquired
by first positioning an individual nanoparticle over the pump
and probe beams and then scanning the optical delay line.
Each pump−probe measurement was repeated at least two
times to ensure the stability of the optical setup and to
eliminate the possibility of laser-induced thermal reshaping of
the nanoparticles under the excitation powers used (Figure
S3). The instrument response function (IRF) was determined
by cross-correlation of the pump and probe beams in a BBO
crystal (Altos BBO-1004H) mounted at the sample position on
the microscope. Pump and probe power densities and
wavelengths are specified in the figure captions. The power
density was calculated by measuring the beam power after the
objective and its size as determined based on the knife-edge
method.45,46 Pump and probe beam sizes of 1000 and 1300 nm
(expressed as the full width at half-maximum (fwhm)) were
determined in this way for the reflective objective, while the
corresponding values for the refractive objective were 500 and
600 nm.

■ RESULTS AND DISCUSSION
Investigating individual nanoparticles eliminates inhomoge-
neous broadening in measurements of their physical properties.
Imaging and spectroscopy of single plasmonic nanoparticles
can be routinely achieved using dark-field excitation in a
microscope using a low power lamp.47−52 Ultrafast optical

spectroscopy with femtosecond laser pulses, however, requires
a refined balance between low-power excitation pulses to avoid
photodamage of the sample, high repetition rates to average
the resulting smaller signals, and spectral tunability for
pumping and probing various transitions. To realize a versatile,
wavelength tunable ultrafast transient extinction microscope
with diffraction limited optical resolution we have combined an
unamplified Ti:sapphire oscillator operating at a repetition rate
of 86 MHz with a nonlinear photonic crystal fiber (Figure 1A,
see the Methods section for more details) to generate
wavelength tunable pulses from 500 to 950 nm (Figure 1B),

Figure 1. (A) Schematic illustration of the transient extinction setup.
(B) Spectrum of the white light continuum generated by the photonic
crystal fiber, collected by an Ocean Optics USB4000 spectrometer.
The wavelength dependent detection efficiency of the spectrometer
was corrected using a calibration lamp (Ocean Optics LS-1 Cal). The
colored spectral slices indicate the different probe wavelengths that
can be used, i.e. from 500 to 950 nm in 50 nm steps. (C) Transient
transmission of a single Au nanodisk having a diameter of 160 nm and
height of 35 nm after excitation with the fundamental laser
wavelength and probed at 700 nm (red dots). (inset) Corresponding
IRF (black dots) determined for the pump and probe beams with the
green line showing a fit to a sech2 x function yielding a fwhm of 250
fs. Using this value as the instrument time resolution, the transient
transmission of the Au nanodisk was fit to a convolution of a Gaussian
IRF and two exponential decays (blue line, eq 1). The pump and
probe power densities were 7.90 × 103 and 4.84 × 102 W/cm2,
respectively. (D) Normalized transient transmissions of a 160 nm Au
nanodisk as a function of pump power density as indicated in the
legend. The IRF (black line) is given for comparison. (E) Electron−
phonon relaxation times τe‑ph (blue circles) extracted from the
transient transmissions using eq 1 as a function of pump power
density. The black line is the linear regression of the data.
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as also described in previous work.36 Without pulse
compression or pulse shaping, the choice of objective
determines both the spatial and temporal resolution of this
approach. Using a lower N.A. reflective objective, we achieved
a temporal resolution of ∼250 fs (Figure 1C, inset) with a
spatial resolution of 1150 nm for a nanoparticle with
subdiffraction dimensions (Figure S4). Conversely, the spatial
resolution could be reduced to 350 nm for the same 160 nm
diameter Au nanodisk using a higher N.A. refractive objective
at the cost of a reduced temporal resolution of 400 fs (Figure
S4). Based on the transient transmission for the Au nanodisk
shown in Figure 1C measured at the lowest power density of
the pump beam, we recorded a differential transmission change
ΔT/T of 10−5 with a signal-to-noise ratio of 40. We therefore
can easily achieve values of 10−6 and likely even lower for
extended signal averaging times.
In a set of initial measurements using this approach, we

measured the electron−phonon relaxation time of Au
nanoparticles as a function of pump beam power. From
ensemble studies it is well-known that the measured lifetime of
the optically induced transient bleaching of the plasmon
resonance in Au nanoparticles is dependent on the initial
electron temperature. Only by using very low excitation
powers,53−55 or by extrapolating to zero pump power, can the
true electron−phonon relaxation time τe‑ph be obtained, e.g. ∼1
ps for Au.56,57 Low pulse energies, high detection sensitivity,
and subpicosecond time resolution are all required for this
measurement, making Au nanoparticles an ideal test sample for
our experimental approach. We recorded the transient
transmission of individual 160 nm diameter lithographically
prepared Au nanodisks with a LSPR at 730 nm.26 By selecting
700 nm as the probe pulse wavelength and thereby matching
the LSPR of the nanodisks ensured that we probed close to the
maximum of the transient bleaching, as illustrated in Figure
1C. The rise and decay of this pump−probe signal can be
described by a convolution of a Gaussian IRF with the sum of
two exponential decays describing electron−phonon τe‑ph and
phonon−phonon coupling τph‑ph:
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Here, σ is the standard deviation in the Gaussian function that
describes the IRF with a fwhm of 250 fs, where A1 and A1 are
the amplitudes and τ1 and τ2 are the relaxation times of two
exponential decays corresponding to τe‑ph and τph‑ph,
respectively. As illustrated by the blue line in Figure 1C, eq
1 describes the data well, and yields τe‑ph. When lowering the
excitation power, the fast decay time of the transient
transmission clearly becomes shorter (Figure 1D) which can
be understood within the two-temperature model for
electron−phonon scattering.14,58 Plotting the extracted values
for τe‑ph as a function of pump power density (Figure 1E)
yields the expected linear relationship with an intercept of 1.2
ps. This value yields the electron−phonon coupling time for a
single particle, agreeing well with previous ensemble measure-
ments.14,56,57,59,60 To the best of our knowledge, electron−
phonon relaxation times for single particles have to date only
been reported for silver nanoparticles.61 This initial series of
measurements establishes the capabilities of our experimental

setup for subsequent studies of impulsively launched acoustic
breathing modes of colloidal AlNCs.
Three colloidal AlNCs samples were studied by combined

single-particle transient extinction microscopy and spectrosco-
py to measure the frequencies and damping times of their
acoustic vibrations, followed by SEM to obtain their
corresponding sizes. This approach allowed us to investigate
a range of nanoparticle dimensions from 110 to 250 nm. Prior
to single-particle spectroscopy, a large-area image was scanned
to locate individual AlNCs. Figure 2A shows a characteristic
transient extinction image of a 20 μm × 20 μm area for the 157
± 19 nm AlNC sample. Imaging is the key first step for optical
studies of randomly deposited colloidal AlNCs, both to
identify particles and also to avoid larger, brighter particle
aggregates. Figure S5 shows a typical transient transmission of
a single AlNC obtained after it was positioned in the center of
the pump and probe beams. The experimental data shows, in
addition to coherent oscillations, the initial electron and lattice
heating as the rise, and lattice cooling as the decay of the signal
following femtosecond laser pulse excitation.33,36 To isolate
only the coherent oscillations corresponding to the excitation
of an acoustic vibrational mode, the first term in eq S1
describing lattice cooling was subtracted from the raw data.
Examples of transient transmissions showing only the acoustic
vibrations obtained in this manner are presented in Figure 2B,
for three different AlNCs, chosen to cover a large size range.
Importantly, the probe wavelength was chosen to maximize the
amplitude of the coherent oscillations, made possible by
spectral filtering the generated white light continuum. The
frequency ν and damping time τHO were then obtained via
fitting with a damped cosine function (black line, Figure
2B):14,33

i
k
jjjjj

y
{
zzzzzτ

π ν ϕ− −A
t

texp cos(2 )HO
HO (2)

Here, AHO is the amplitude and ϕ represents a phase factor.
Fourier transform analysis was performed as an independent
check (insets of Figure 2B). For the AlNCs in Figure 2B with
diameters of 125, 161, and 181 nm the frequencies of the
coherent oscillations are 39.3, 29.4, and 26.5 GHz, respectively.
With the corresponding AlNC diameters from correlated

SEM images (insets of Figure 2B), the dependence of the
vibration frequency on the nanoparticle diameter was
determined for the subset of AlNCs with a quasi-spherical
shape. Quasi-spherical nanocrystals were selected to align with
the continuum elastic model, which predicts that their
vibration frequencies are inversely proportional to the particle
diameter.62−64 Plotting the measured vibration frequencies for
quasi-spherical colloidal AlNCs as a function of inverse
diameter (1/D) indeed yields the expected linear dependence
(dotted blue line, Figure 2C), confirming the assignment of the
coherent oscillations to lattice vibrations of a radial isotropic
breathing mode. Compared to calculated vibration frequencies
based on the continuum elastic model and using bulk metal
elastic properties, the experimental values obtained were
systematically smaller. The fundamental breathing mode of a
spherical nanoparticle,62−64 given by ν = χ

π
c

Dbr
l n , can be

computed using the longitudinal speed of sound cl (equal to
6216 m/s for Al)65 and a value of 2.79 for χn, the lowest order
isotropic breathing mode in Al. The calculated trend is shown
as the dashed black line in Figure 2C. If we instead fit the data
to obtain an effective longitudinal speed of sound, we achieve
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better agreement for a value of 5714 m/s, as indicated by the
dotted blue line, consistent with reported smaller elastic
moduli for Au nanorods produced by seed-mediated growth
compared to bulk Au.66 The stiffer oxide layer increases the
vibration frequency,33 but the effect is expected to be small
considering its small thickness of ∼3 nm in light of previous
studies of core−shell nanoparticles.67 Other factors such as
binding to the substrate and different crystallinities within the
nanoparticles have been shown to have a minimal effect on the
frequencies of the acoustic vibrations26,68,69 and therefore are
likely not important here.
The damping times of the acoustic vibration for 49 quasi-

spherical AlNCs in general decreased with larger frequencies or
smaller diameters (Figure 2D). However, unlike the vibration
frequencies, the damping times showed a large variability as a
function of AlNC size. This result emphasizes the advantage of
single-particle measurements over ensemble measurements.
For ensemble measurements, only average values can be
measured, not distributions, and damping times are therefore
inherently shortened simply due to averaging (Figure S6).
Single-particle studies allow us to measure the actual
distribution of damping times for many individual particles,
as also further illustrated in Supplementary Movie 1, which
shows the out-of-phase intensity oscillations of different AlNCs
as a function of probe delay time.
To better understand the origin of the sizable heterogeneity

of damping times among the individual nanoparticles, we
evaluated the experimental Q-factors, defined as πντHO, which
remove the size dependence of the damping time and the
acoustic vibration frequency.25,26,53,70 As illustrated in Figure
3A, the Q-factor has an average value of 11.4, with a large
standard deviation of 7.1. In fact, Q-factors for these quasi-
spherical colloidal AlNCs vary over an order of magnitude
from 3 to 35. By selecting two AlNCs with nearly identical
diameters but very different Q-factors and taking advantage of
correlated SEM images, we are able to investigate if the
observed variation is due to structural differences between the
individual nanoparticles. Acoustic vibrations for two quasi-
spherical colloidal AlNCs with diameters of 161 and 167 nm
are compared in Figure 3B. Their Q-factors are 33.8 (blue,
Figure 3B) and 3.0 (red, Figure 3B). As their vibration
frequencies with 28.7 and 28.8 GHz are similar, the difference
in their Q-factors is a result of very different damping times.
Inspection of the correlated SEM images of these two AlNCs
(insets of Figure 3B) strongly suggests that they differ in their

Figure 2. (A) Representative transient extinction image of colloidal
AlNCs used to locate individual particles. (B) Representative transient
transmissions showing only the acoustic vibrations for single colloidal
AlNCs with diameters of 125 (red), 161 (blue), and 181 nm (green).
Data are offset for better comparison. The fundamental laser
wavelength was used for excitation and a probe wavelength of 650
nm was chosen close to the LSPR maximum in order to maximize the
amplitude of the acoustic vibrations. The pump and probe power
densities were 8.56 × 104 and 1.41 × 104 W/cm2, respectively. The
black lines indicate fits to the data using a damped cosine function (eq
2), yielding vibration frequencies and damping times. Corresponding
normalized Fourier transforms and correlated SEM images of each
AlNC are shown as insets. The wings in the Fourier transforms are
due to the limited sampling time. (C) Acoustic vibration frequencies

Figure 2. continued

of 49 measured AlNCs with a quasi-spherical shape as a function of
their inverse diameter as determined by SEM (dark blue circles). The
dashed black line shows the expected trend based on an analytical
model for spheres using the published longitudinal speed of sound
obtained from bulk Al. The dotted blue line is a fit yielding an
effective speed of sound for these quasi-spherical AlNCs. The
uncertainties in AlNC diameters as estimated based on the resolution
of the SEM and uncertainties in the measured frequencies obtained
from the fit of the data to eq 2 are comparable to the size of the
symbols representing the individual data points. (D) Damping times
of all measured AlNCs as a function of vibration frequency. The
dashed gray line indicates a linear regression and is shown as a guide
only to illustrate an overall decrease in damping time with increasing
frequency. Error bars for the measured damping times represent the
uncertainties obtained from the fit of the data to eq 2. Only a few
representative error bars are shown.
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degree of crystallinity: clear and smooth {111} facets,
attributed to monocrystalline structures, are observed for the
AlNC with the higher Q-factor. Other examples comparing the
SEM images of AlNCs with high and low Q-factors are
provided in Figure S7. Although these SEM images only
indicate surface properties, they lead us to hypothesize whether
AlNCs with smooth surfaces have fewer internal defects as
well. Closer inspection of the SEM images reveals that the
higher Q-factor nanocrystals are truncated octahedra, known
to be single crystalline, while the lower Q-factor nanocrystals
have the shapes of a singly twinned Wulff construction or a
Marks decahedron, which have one or five twin planes,
respectively.44,71,72 Furthermore, TEM diffraction analysis of
AlNCs with shapes of a truncated octahedron and a singly
twinned Wulff construction confirm the absence and presence
of a twin plane (Figure S8). We therefore assign the large
heterogeneity in Q-factors to differences in the internal
crystallinity among the AlNCs found in the chemically
synthesized samples.
We investigated the possible effects of crystallinity on the

damping mechanism of the LSPR by studying the line width of

correlated single-particle scattering spectra of the two AlNCs
shown in Figure 3. The LSPR line widths of these two AlNCs
are similar (Figure S9) indicating that plasmon dephasing due
to electron scattering at grain boundaries cannot be resolved
using scattering spectroscopy for these large nanoparticles.
Although polycrystalline nanostructures have been shown to
possess larger LSPR line widths due to additional plasmon
damping compared to monocrystalline, chemically synthesized
nanoparticles,73,74 the lack of a dependence seen here can be
rationalized when considering that for nanoparticles larger than
20−30 nm in diameter, radiation damping is the dominant
plasmon decay mechanism and overshadows other damping
processes.47,48,52,75

The role of crystallinity was confirmed by comparing the
acoustic vibrations of colloidal AlNCs to lithographically
fabricated AlNDs of similar size. Transient transmissions in
Figure 4A show the acoustic vibrations of a 181 nm diameter

quasi-spherical colloidal AlNC compared with a 180 nm
diameter lithographically fabricated AlND of 35 nm height.
Their vibration frequencies were determined to be 27.7 and
24.7 GHz, respectively. Considering the different modes for a
spherical nanoparticle and a flat nanodisk, i.e. isotropic radial
vs in-plane breathing modes, the experimental frequencies are
in quite reasonable agreement. The corresponding Q-factors,
however, are markedly different: 15.4 for the AlNC and 2.8 for
the AlND, indicating that colloidal AlNCs support a larger Q-

Figure 3. (A) Q-factors of all 49 quasi-spherical AlNCs as a function
of their diameter. The blue line represents the average Q-factor of
11.4. Errors for the Q-factors were obtained through error
propagation from the measured frequencies and damping times.
Only a few representative error bars are shown. (B) Acoustic
vibrations for the two colloidal AlNCs marked in panel A. These two
AlNCs have similar diameters of 161 (blue) and 167 nm (red). Data
are offset for better comparison and were fitted to eq 2 (black line).
Corresponding normalized Fourier transforms and correlated SEM
images of each AlNC are shown as insets. The pump and probe power
densities were 8.56 × 104 and 1.41 × 104 W/cm2, respectively.

Figure 4. (A) Acoustic vibrations for a single quasi-spherical colloidal
AlNC (dark blue) with a diameter of 181 nm compared to a
lithographically fabricated AlND (pink) with a diameter of 180 nm
and height of 35 nm. The AlND was pumped at the fundamental laser
wavelength (power density of 7.52 × 104 W/cm2) and probed at 650
nm (power density of 1.41 × 104 W/cm2). Data are offset for better
comparison and were fitted to eq 2 (black line). Corresponding
normalized Fourier transforms and correlated SEM images of each
AlNC are shown as insets. The narrower Fourier transform spectrum
of the AlNC compared to the AlND accounts for the associated
longer damping time.31 (B) Histograms of Q-factors for 49 quasi-
spherical colloidal AlNCs (dark blue) and 41 lithographically
fabricated AlNDs (pink). (C) Complementary cumulative distribu-
tions of the corresponding damping times for the nanoparticles shown
in panel B. Φ illustrates the fraction of nanoparticles with a value
larger than the one indicated by the x-axis. The data for the
lithographically fabricated AlNDs was previously reported in ref 33.
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factor due to a longer damping time than lithographically
fabricated AlNDs. This conclusion, derived from only these
two examples, is further supported when all measured Q-
factors and damping times, irrespective of AlNC or AlND
dimensions, are compared (Figure 4B, C). From the
distribution of Q-factors for colloidal AlNCs (blue) and
lithographically fabricated AlNDs (pink), average Q-factors of
11.4 ± 7.1 and 3.4 ± 1.1 were obtained, reflecting the
corresponding magnitude and variation of damping times
(Figure 4C).
The increased damping of coherent phonon oscillations for

polycrystalline nanostructures fabricated by means of metal
evaporation has been well established for several plasmonic
metals. It has been assigned to increased phonon scattering at
internal crystal defects, rather than surface roughness or
binding to the substrate.26,31,33 For the colloidal AlNCs
measured here, their Q-factors can be enhanced by an order
of magnitude due to decreased acoustic mode damping. A
higher degree of crystallinity is likely made possible by the
relatively slow crystal growth in the solution-phase synthesis.
However, based on the overlap of Q-factors at low values for
both AlNCs and AlNDs (Figure 4B and Figure S10), we also
conclude that within the distribution of colloidal AlNCs some
nanostructures must have significant internal defects, similar to
the AlNDs. The internal defects that occur during growth may
result from the complex nucleation and growth process for the
AlNCs studied here, which consists of titanium(IV) isoprop-
oxide-catalyzed decomposition of AlH3 in Lewis base
solvents.76 In this process, both Ti3+ and atomic hydrogen
are available for accommodation within the growing nano-
crystal and may be responsible for nucleating grain boundaries,
resulting in the large variations in crystallinity observed in this
study.
It has been observed that lithographically prepared Au

nanostructures have an almost universal Q-factor independent
of size, shape, and substrate because of internal defect
scattering becoming the dominant phonon relaxation mecha-
nism.26 The question therefore arises if Al behaves similarly.
The average Q-factor for all lithographically fabricated Au
nanostructures was found to be 11.3 ± 2.5.26 Figure 4B shows
the distribution of Q-factors from AlNDs with diameters
ranging from 170 to 350 nm, yielding an average Q-factor of
3.4 ± 1.1, lower by about three times compared to Au.
However, to compare the mechanical properties between the
two metals, the values of their Young’s modulus E and density
ρ must be considered. For a general damped harmonic
oscillator, the Q-factor is given by k/(ωb), where k is the
oscillator stiffness, ω is the angular resonant frequency and b
the damping coefficient. The frequency of the in-plane

breathing mode can be written as ω ∝
ρ
E ,77 showing that

for the same damping coefficient and stiffness, the Q-factor
varies as the inverse square root of the density. When
correcting the stiffness for the small effect due to Young’s
modulus (70 GPa for Al and 79 GPa for Au) and the Q-factor
for the dominant effect from the density difference (2.7 g/cm3

for Al and 19.3 g/cm3 for Al), the average Q-factor for the
AlNDs becomes 9.5 ± 3.0, in excellent agreement with the
value for Au. This result suggests that there might be a
universal, limiting Q-factor for all polycrystalline metallic
nanostructures prepared by lithographic methods on a
substrate and otherwise surrounded by air. It is worth noting
that the acoustic vibrations of lithographically prepared Au

nanostructures were damped when the sample was immersed
in a liquid environment.26

Since the colloidal solutions of AlNCs did not only contain
quasi-spherical nanoparticles of various sizes but also different
shapes, we also analyzed the effect of geometry. We found that
the breaking of spherical symmetry gives rise to an additional
acoustic vibration mode in triangular-shaped AlNCs with a
spinel twin plane. While the observation of geometric effects in
ensemble measurements requires a strict control over size and
shape, single-particle measurements with correlated SEM are
ideal for the study of heterogeneous samples, making it
possible to thoroughly investigate many different nano-
structural geometries within just one prepared sample. Figure
5 contrasts the acoustic vibrations for two quasi-spherical

AlNCs to two triangular-shaped AlNCs with similar sizes. As
discussed above, a single acoustic vibration mode is seen for
the quasi-spherical AlNCs (Figure 5A, C). The triangular-
shaped AlNCs (Figure 5B, D) give rise to more complicated
acoustic vibrations where a clear beating can be observed,
indicating the excitation of more than one mode. This behavior
was the same for the coherent oscillations of all 9 triangular-
shaped AlNCs investigated and not found for any of the 49
quasi-spherical AlNCs. If the coherent oscillations for the
triangular-shaped AlNCs are modeled with a single damped

Figure 5. Acoustic vibrations of single quasi-spherical colloidal AlNCs
with diameters of 172 (A) and 165 nm (C) compared to single
triangular-shaped colloidal AlNCs with edge lengths of 164 (B) and
161 nm (D). The latter were fitted to two damped cosine functions as
described by eq 3. Corresponding SEM images of each colloidal AlNC
are shown as insets with the scale bar corresponding to 100 nm.
These four nanoparticles were chosen because they have similar sizes.
(E, F) Corresponding normalized Fourier transforms, offset for better
comparison. The pump and probe power densities were 8.56 × 104

and 1.41 × 104 W/cm2, respectively.
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harmonic function, the fit is poor (Figure S11). Much better
agreement was achieved when using two damped harmonic
oscillations (dashed black lines, Figure 5B, D) according to
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Here Abr1 and Abr2 are the amplitudes, τbr1 and τbr2 are the
damping times, νbr1 and νbr2 are the frequencies, and ϕbr1 and
ϕbr2 are the phases of the two damped harmonic oscillators.
Figure S12 shows the details of the fitting using eq 3 for an
exemplary triangular-shaped AlNC. The two modes corre-
spond to the in-plane and out-of-plane breathing modes, as
further verified below and also consistent with previous studies
for Au and Ag nanostructures.21,29,78,79

Fourier transform analysis confirms the existence of the
additional mode in the acoustic vibrations of triangular-shaped
colloidal AlNCs. Quasi-spherical colloidal AlNCs with
diameters of 172 nm (dark blue, Figure 5E) and 165 nm
(light blue, Figure 5E) possess only one breathing mode at
27.8 and 28 GHz, respectively. Fourier transform analysis for
two triangular-shaped colloidal AlNCs with edge lengths of
164 (dark orange, Figure 5F) and 161 nm (light orange, Figure
5F) shows the in-plane and out-of-plane breathing modes with
similar amplitudes at 23.9 and 31.5 GHz (dark orange, Figure
5F) and 23.8 and 30.9 GHz (light orange, Figure 5F),
respectively. With the measured damping times, we obtain
average Q-factors for the 9 triangular-shaped AlNCs of 92.6 ±
18.7 and 11.0 ± 1.9 for the in-plane and out-of-plane
vibrations, respectively. These triangular shaped particles are
known to have a single twin plane running parallel to the flat
face in the particle’s center,44,72 explaining the difference in Q-
factors since the out-of-plane acoustic vibration has to travel
through this defect while the in-plane mode does not. This
result is consistent with our discussion above regarding the
crystallinity dominating the damping of acoustic vibrations in
colloidal nanoparticles. Furthermore, the remarkably large Q-
factor for the in-plane vibration suggests that the triangular-
shaped AlNCs are superior from a nanomechanical sensing
perspective, warranting further ultrafast studies and the quest
for a shape selective synthesis methods.
Using the transient extinction data and, in particular, the

extracted vibration frequencies, we are able to deduce the
thickness of the triangular-shaped colloidal AlNCs (the SEM
images only provide a 2D projection). Nonspherical, oblate
nanoparticles have two characteristic dimensions: the edge
length and thickness. Correlated SEM images (inset of Figure
5B, D) only reveal the edge length. However, the thickness of
the triangular-shaped colloidal AlNCs can be found by
applying the frequency dependence of the acoustic vibrations
on the dimensions of triangular nanoplates.29,78 Specifically,
assuming isotropic expansion ν = c

Lbr1 3
l where L is the edge

length and ν = c
Tbr2 2
l where T is the thickness.29,78,79 The

calculated edge length for the triangular-shaped AlNC shown
in Figure 5B using the experimental in-plane breathing mode
frequency of 23.9 GHz is 145 nm, close to the experimental
edge length of 161 nm obtained from the SEM images. For the
longitudinal speed of sound cl we used here the effective value
obtained from the quasi-spherical AlNCs in Figure 2C.

Following the same procedure for the out-of-plane breathing
mode frequency of 31.5 GHz in Figure 5B using the same
effective value for cl, a thickness of 90 nm is found for the
triangular-shaped AlNC. Tilted SEM imaging performed on
similar triangular-shaped AlNCs confirms this thickness
(Figure S13).
Finally, it is interesting to compare the Q-factors measured

here for colloidal AlNCs to those of colloidal Au nanoparticles
studied extensively before. When scaled to the material
properties of Au (see above), the quasi-spherical AlNCs
exhibit an average scaled Q-factor of about 32, which is
comparable to the value of 33 for the breathing mode of single
colloidal Au nanospheres.80 This value even slightly exceeds
the Q-factor of 28 measured for the breathing mode of single
colloidal nanorods on a glass support.81 However, a more
striking difference is seen for their respective standard
deviations of the Q-factor distributions. For colloidal Au
nanorods a ∼15% standard deviation has been reported.81 This
value increases to about 25% for Au nanostructures prepared
by electron-beam lithography26 and 40% for colloidal nano-
spheres.80 For the colloidal AlNCs studied here, it is 60%
implying that some of the best AlNCs significantly exceed Q-
factors of colloidal Au nanoparticles while others perform
poorly. Conducting a similar Q-factor scaling for triangular-
shaped AlNCs results in an average scaled Q-factor of about
250 for the in-plane breathing mode, surpassing the recently
observed value of ∼130 for single triangular-shaped Au
nanoparticles.29

■ CONCLUSIONS
In summary, we characterized the acoustic vibrations of
colloidal AlNCs of various sizes and shapes using single-
particle femtosecond time-resolved pump−probe spectroscopy
correlated with SEM imaging. For quasi-spherical AlNCs, the
vibration frequency scales with the inverse particle diameter,
consistent with continuum elastic modeling. For triangular
shaped AlNCs, two frequencies corresponding to the in-plane
and out-of-plane breathing modes were observed, with the
latter mode yielding the nanoplate thickness. A surprisingly
large variation of Q-factors was observed for AlNCs of similar
size, which clearly appears to be related to varying degrees of
nanoparticle crystallinity. These results were only possible with
our low pulse energy, high sensitivity, and probe wavelength
tunable single-particle transient extinction microscope. In
addition to large heterogeneities in crystallinity deduced
from the wide distribution of Q-factors, the precise measure-
ment of frequencies and intrinsic damping times was enabled
by tuning the probe wavelength to maximize oscillation
amplitudes, enabling accurate data analysis. Our setup,
consisting of only a femtosecond oscillator and a photonic
crystal fiber, presents a relatively inexpensive alternative to
complex and expensive amplified laser systems for ultrafast
microscopy.
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analysis; averaged transient extinction measurements for
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possessing high and low Q-factors; TEM images and
electron diffraction patterns of AlNCs; dark-field
scattering spectra; Q-factor versus damping time for
AlNCs and AlNDs; details of the data analysis of the
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Movie of the coherent oscillations from several single
AlNCs illustrating their out-of-phase intensity variations
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Coherent Acoustic Mode Oscillation and Damping in Silver
Nanoparticles. J. Chem. Phys. 1999, 110, 11484−11487.
(71) Marks, L. D. Modified Wulff Constructions for Twinned
Particles. J. Cryst. Growth 1983, 61, 556−566.
(72) Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S. E. Shape-Controlled
Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex
Physics? Angew. Chem., Int. Ed. 2009, 48, 60−103.
(73) Tinguely, J.-C.; Sow, I.; Leiner, C.; Grand, J.; Hohenau, A.;
Felidj, N.; Aubard, J.; Krenn, J. R. Gold Nanoparticles for Plasmonic
Biosensing: The Role of Metal Crystallinity and Nanoscale Rough-
ness. J. Bionanosci. 2011, 1, 128−135.
(74) Tauzin, L. J.; Cai, Y.-Y.; Smith, K. W.; Hosseini Jebeli, S. A.;
Bhattacharjee, U.; Chang, W.-S.; Link, S. Exploring the Relationship
between Plasmon Damping and Luminescence in Lithographically
Prepared Gold Nanorods. ACS Photonics 2018, 5, 3541−3549.
(75) Devkota, T.; Brown, B. S.; Beane, G.; Yu, K.; Hartland, G. V.
Making Waves: Radiation Damping in Metallic Nanostructures. J.
Chem. Phys. 2019, 151, 080901.

(76) Clark, B. D.; DeSantis, C. J.; Wu, G.; Renard, D.; McClain, M.
J.; Bursi, L.; Tsai, A.-L.; Nordlander, P.; Halas, N. J. Ligand-
Dependent Colloidal Stability Controls the Growth of Aluminum
Nanocrystals. J. Am. Chem. Soc. 2019, 141, 1716−1724.
(77) Hodak, J. H.; Henglein, A.; Hartland, G. V. Size Dependent
Properties of Au Particles: Coherent Excitation and Dephasing of
Acoustic Vibrational Modes. J. Chem. Phys. 1999, 111, 8613−8621.
(78) Bonacina, L.; Callegari, A.; Bonati, C.; van Mourik, F.; Chergui,
M. Time-Resolved Photodynamics of Triangular-Shaped Silver
Nanoplates. Nano Lett. 2006, 6, 7−10.
(79) Wu, J.; Xiang, D.; Hajisalem, G.; Lin, F.-C.; Huang, J.-S.; Kuo,
C.-H.; Gordon, R. Probing the Acoustic Vibrations of Complex-
Shaped Metal Nanoparticles with Four-Wave Mixing. Opt. Express
2016, 24, 23747−23754.
(80) Ruijgrok, P. V.; Zijlstra, P.; Tchebotareva, A. L.; Orrit, M.
Damping of Acoustic Vibrations of Single Gold Nanoparticles
Optically Trapped in Water. Nano Lett. 2012, 12, 1063−1069.
(81) Yu, K.; Zijlstra, P.; Sader, J. E.; Xu, Q.-H.; Orrit, M. Damping of
Acoustic Vibrations of Immobilized Single Gold Nanorods in
Different Environments. Nano Lett. 2013, 13, 2710−2716.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c01190
J. Phys. Chem. A 2020, 124, 3924−3934

3934

https://dx.doi.org/10.1103/PhysRevLett.90.177401
https://dx.doi.org/10.1021/ja964098m
https://dx.doi.org/10.1021/ja964098m
https://dx.doi.org/10.1063/1.481167
https://dx.doi.org/10.1063/1.481167
https://dx.doi.org/10.1063/1.481167
https://dx.doi.org/10.1016/S0009-2614(97)01369-9
https://dx.doi.org/10.1016/S0009-2614(97)01369-9
https://dx.doi.org/10.1103/PhysRevLett.59.1962
https://dx.doi.org/10.1103/PhysRevLett.59.1962
https://dx.doi.org/10.1021/jp9917648
https://dx.doi.org/10.1021/jp9917648
https://dx.doi.org/10.1021/jp9917648
https://dx.doi.org/10.1021/jp055562p
https://dx.doi.org/10.1021/jp055562p
https://dx.doi.org/10.1021/nl0524086
https://dx.doi.org/10.1021/nl0524086
https://dx.doi.org/10.1112/plms/s1-13.1.189
https://dx.doi.org/10.1088/0022-3719/15/24/010
https://dx.doi.org/10.1088/0022-3719/15/24/010
https://dx.doi.org/10.1021/nl048483i
https://dx.doi.org/10.1021/nl048483i
https://dx.doi.org/10.1021/jp014068s
https://dx.doi.org/10.1021/jp014068s
https://dx.doi.org/10.1039/b902107h
https://dx.doi.org/10.1039/b902107h
https://dx.doi.org/10.1039/b902107h
https://dx.doi.org/10.1021/nn201468h
https://dx.doi.org/10.1021/nn201468h
https://dx.doi.org/10.1021/nn201468h
https://dx.doi.org/10.1063/1.479089
https://dx.doi.org/10.1063/1.479089
https://dx.doi.org/10.1016/0022-0248(83)90184-7
https://dx.doi.org/10.1016/0022-0248(83)90184-7
https://dx.doi.org/10.1002/anie.200802248
https://dx.doi.org/10.1002/anie.200802248
https://dx.doi.org/10.1002/anie.200802248
https://dx.doi.org/10.1007/s12668-011-0015-4
https://dx.doi.org/10.1007/s12668-011-0015-4
https://dx.doi.org/10.1007/s12668-011-0015-4
https://dx.doi.org/10.1021/acsphotonics.8b00258
https://dx.doi.org/10.1021/acsphotonics.8b00258
https://dx.doi.org/10.1021/acsphotonics.8b00258
https://dx.doi.org/10.1063/1.5117230
https://dx.doi.org/10.1021/jacs.8b12255
https://dx.doi.org/10.1021/jacs.8b12255
https://dx.doi.org/10.1021/jacs.8b12255
https://dx.doi.org/10.1063/1.480202
https://dx.doi.org/10.1063/1.480202
https://dx.doi.org/10.1063/1.480202
https://dx.doi.org/10.1021/nl052131+
https://dx.doi.org/10.1021/nl052131+
https://dx.doi.org/10.1364/OE.24.023747
https://dx.doi.org/10.1364/OE.24.023747
https://dx.doi.org/10.1021/nl204311q
https://dx.doi.org/10.1021/nl204311q
https://dx.doi.org/10.1021/nl400876w
https://dx.doi.org/10.1021/nl400876w
https://dx.doi.org/10.1021/nl400876w
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c01190?ref=pdf

