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ABSTRACT: The coherent vibrational dynamics of Au,,(SCgHy)go, obtained from femto-
second time-resolved transient absorption spectroscopy, are described. Two acoustic modes
were identified and assigned, including 2.0 THz breathing and 0.7 THz quadrupolar vibrations.
These assignments are consistent with predictions using classical mechanics models, indicating
that bulk models accurately describe the vibrational properties of Au,,4(SCgHyg)go. Coherent
phonon signals were persistent for up to 3 ps, indicating energy dissipation by the nanocluster
was the primary dephasing channel. The initial excitation phases of the breathing and
quadrupolar modes were 7-phase-shifted, reflecting differences in the displacive nuclear motion
of the vibrations. The combined agreement of the vibrational frequencies, relative phases, and
decoherence times supported predictions based on classical models. The vibrational frequencies
were insensitive to silver substitution for gold but did show increased inhomogeneous damping
of the coherent phonons. The ability to predict the vibrational properties of metal nanoclusters

Quadrupolar mode

Breathing mode

can have an impact on nanoresonator and mass sensing technologies.

he optical, electronic, and mechanical properties of metal
nanoparticles and nanoclusters provide many exciting
opportunities for both fundamental and applied research. The
mechanical properties of metal colloids have potential
implications for nanomechanical resonators and mass and
chemical sensing.'~* For metal nanoparticles, the acoustic
modes are accurately described using classical continuum
models that account for displacive lattice motion resulting
from coherent phonon excitation.’™® It has recently been
shown that these models accurately extend to include the low-
frequency vibrations of ligand-protected nanoclusters with
diameters as small as ~9 A and up to 4 nm.” Still, other
researchers have invoked molecular-like wavepacket models to
account for low-frequency ~1 THz vibrations of nanoclusters
in the few-nanometer size range.m_12 Therefore, research
addressing the coherent vibrational dynamics of structurally
well-defined condensed-phase ligand-protected metal nano-
clusters in the few-nanometer range is needed to understand
the mechanical properties of nanometals.
Monolayer-protected clusters (MPCs) are a class of colloidal
nanoclusters that are especially well suited for developing
nanometal structure—property correlations."> MPCs afford a
high degree of structural specificity through the formation of
so-called magic sizes that can be isolated based on
combinations of electronic and geometric considerations.
The Auy4(SCsHg)gy MPC is of particular interest for
understanding nanometal properties, because it is considered
intermediate to the molecular and metallic scales. For example,
Auy,(SCgHy)go exhibits electrochemical charging behavior
consistent with a metallic nanoparticle."* Following 400 nm
excitation, Au,,,(SCgHy)y, electronic relaxation dynamics are
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consistent with two-temperature models for metallic electron
gases.">™"” Similar electronic thermalization times to those
from excitation at 400 nm were also observed in
Auy44(SCgHy)g following 652 nm excitation, suggesting
metallic behavior.'® However, the variable-temperature mag-
neto-optical properties of Au,.(SCgHy)g are clearly distinct
from those of metallic or plasmon-supporting nanopar-
ticles.'”” Powder X-ray diffraction of Au,,,(SCsHy), suggests
that both metallic (fcc crystallites) and nonmetallic icosahedral
polymorphs can be formed.”' Temperature-dependent single-
crystal X-ray diffraction data show a nonmetallic structure for
Au,,(SCgHy)go.”” The 144 gold atoms are divided into a 114-
gold-atom core and 30 S—Au—S metal chalcogenide semiring
motifs.”>** The 114-gold-atom core is further divided into
three layers that include a 12-atom icosahedron followed by a
second layer of 42 atoms and finally a 60-atom third layer. The
30 S—Au—S motifs distributed on the core induce a chiral
pattern on the MPC with an approximately spherical 1.8 nm
inorganic diameter. Hence, Au4,(SCgHy)g is an ideal
candidate for understanding the vibrational properties of
ligand-protected metal nanoclusters in the few-nanometer
range.

Here, we describe femtosecond time-resolved transient
absorption spectroscopy measurements of the coherent
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Figure 1. (a) 2D transient absorption contour map obtained for Au,,(SCgHy)4, following excitation by 800 nm light. The detection spectrum
spanned the range from 480 to 720 nm; the time domain response is plotted from 0.2 to 4.0 ps. Warm colors (positive amplitude A abs)
correspond to excited state absorption (ESA), and the cool colors (negative amplitude A abs) correspond to ground-state bleach (GSB) signals.
(b) Transient absorption spectrum obtained at a pump—probe delay time of 0.5 ps. The global spectrum includes a broad ESA signal superimposed
with four distinguishable GSB components located at center wavelengths of 460, 515, 560, and 675 nm. (c) Time-dependent amplitudes of the
GSB peaks at 515 (blue open circles) and 675 nm (red open circles). The time-domain transient signals included periodic intensity recurrences that
corresponded to coherent acoustic vibrational dynamics. The black lines represent fitting of the experimental data. Data acquired using 800 nm, 1
uJ/pulse excitation.
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Figure 2. Summary of computational descriptions of the Au;44(SR)4, excitation spectrum. (a, b) Time-dependent density functional theory
(TDDFT) calculations and the transition contribution map (TCM) analysis for the absorption peaks at (a) 1.5 and (b) 2.5 €V (labeled by arrows
in the lower right subpanels). The strength of important electron—hole excitations with respect to occupied (lower left subpanels) and unoccupied
(upper right subpanels) Kohn—Sham states is shown as a bright yellow color in the contour plot. Magenta numbers 1, 2, and 3 designate energy
levels with primary contributions from Au(Sd), ligand/S, and superatom states, respectively. Coloring in the projected density of states denotes
different angular momenta of the spherical harmonics functions that are used to analyze the superatom characteristics. The band of S and H states
just above the numerically determined Fermi energy is partially occupied. (c) Summary of the relative contributions of Au(Sd), ligand/S, and
superatomic states to absorption transitions in the visible range studied experimentally in this work. A ratio of the relative contribution between
ligand/S and Au(5d) is plotted versus excitation wavelength in the inset. The comparison shows that, as the transition wavelength becomes longer,
the contribution from the ligand/S component becomes dominant.

vibrational dynamics of Au,44(SCgHy)g excited by 800 nm and 0.2—4.0 ps pump—probe time delays is portrayed in Figure

light. Our results are fully consistent with classical continuum la. Periodic amplitude recurrences persisting on the pico-
mechanics descriptions that predict symmetric breathing and second time scale were pervasive in the transient signal (Figure
antisymmetric quadrupolar acoustic vibrations of the nano- la). The transient absorption spectrum obtained at a pump—
cluster. probe time delay of 0.5 ps is shown in Figure 1b. The Figure
The experimental layout is presented in Figure S1. The 1b spectrum agreed well with our previous results obtained
temporally and spectrally resolved transient absorption signals from 400 nm excitation of Au,,,(SCgHy)g."> The majority of
obtained for Au,,,(SCgH,)g following 800 nm excitation (1 the transient signal resulted from spectrally broad excited state
uJ/pulse) are summarized in Figure 1. A global view of the absorption (ESA) that spanned the detection range. However,
transient spectra spanning 450—780 nm probe wavelengths four distinct transient bleach signals were observed super-
6680 https://doi.org/10.1021/acs jpclett.3c01477
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imposed on the ESA. The four bleach signals had center Delay Time (ps) Oscillation Frequency (THz)

detection wavelengths of 460, 512, 560, and 675 nm and are o 10 20 0 0 cu . 2 2 f

referred to as GSB-460, GSB-512, GSB-560, and GSB-675, 8_ @

hereafter. These bleach signals agreed well with the linear 'g% 7§§

absorption spectra (Figure S2), which showed peaks at 465, =3 s

525, 563, and 689 nm. A comparison of the dynamics recorded 5 i g 2"

for GSB-512 and GSB-675 is given in Figure 1c, which shows 2 8L EE

that the periodic transient absorption intensity recurrences =§ f E =g

persisted for at least 3 ps. The picosecond persistence of the sf= = a) 8

oscillating signal is consistent with the excitation of coherent N

acoustic vibrational modes.”® Another important observation . 40

is that the vibrational period depended on the detection 3 ° 2.2; mz (gig nmg.ig ex)
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(TCM) analysis for Au;(SR)¢. The TCMs for 825 nm L J SR, dw e b

(1.5 eV) and 500 nm (2.5 eV) transitions are shown in Figures 0y ' T T '
480 520 560 600 640 680

2a and 2b, respectively. The transitions in the visible
wavelength range included three major components, which
originated from (i) Au(Sd), (i) sulfur/ligand, and (iii)
superatom states. Additional details of the calculations and
PDOS transition plots are provided in the Supporting
Information (Table S1, Figures S3 and S4). As shown in
Figure 2c¢, two general trends are apparent from the calculated
TCMs. First, the contribution from Au(Sd) transitions
increased from less than 1% to almost 70% of the spectral
weight as the transition wavelength decreased. Second, the
contribution from S atoms decreased from more than 50% to
less than 20% as the transition wavelength decreased. The
relative contributions of sulfur-based transitions to Au(5d)
transitions are plotted in the Figure 2c inset. A clear increase in
S-based contributions occurred for wavelengths shorter than
~560 nm. The results suggested that transient bleach signals
acquired at wavelengths shorter than ~560 nm resulted from
probing Au(Sd) transitions, whereas those measured at
wavelengths longer than ~560 nm carried significant
contributions from sulfur/ligand states.

In order to analyze the properties of the acoustic modes, we
isolated the coherent transient signals from those resulting
from incoherent population decay. This was accomplished by
fitting the data using a multiexponential function

A
AA(t) = Ay + Z [?] ExpGauss(t — t,, k;, 0) 0
i i 1

where A, is the dc amplitude offset, A; is the amplitude, k; is the
relaxation rate for the ith signal decay component, respectively,
t is the delay time between pump and probe pulses, £, is the
time zero when the pump and probe pulses arrived at the
sample simultaneously, and ¢ is the width of the Gaussian
function used to describe the instrumental response function
(IRF). The ExpGauss function represents the convolution of
an exponential decay function with the Gaussian (IRF). The
signal amplitude was divided by k; in order to normalize the
signals to unit area rather than to unit height. The incoherent
electronic relaxation rates obtained from fitting the Figure 3¢
data using eq 1 yielded three similar time constants for both
the GSB-512 and GSB-675 signals. These included an
approximate 250 fs growth and a subsequent 1 ps decay.
These two time constants are attributed to electron—electron
scattering (250 fs) and picosecond electron—lattice (i.e.,

6681

Wavelength (nm)

Figure 3. Summary of coherent vibrational dynamics for
Au,4,(SCgHy)go- (2) 2D plot of the coherent transient signals,
obtained by removal of the incoherent signals from Figure la.
Periodic intensity recurrences are clearly evident in the coherent
transient signals. (b) 2D Fourier spectra obtained from the panel a
data. Three distinguishable vibrational frequencies corresponding to
two modes were identified; the frequencies were 0.7, 1.4, and 2.0
THz. The 2D Fourier spectra showed a clear probe-wavelength
dependence, with the low-frequency modes detected at probe
wavelengths less than 560 nm and the high-frequency signal dominant
at wavelengths longer than 560 nm. The 1.4 THz signal is the
harmonic of the 0.7 THz mode. (c) Fourier line spectra for the 2 THz
(blue), 1.4 THz (black), and 0.7 THz (red) signal shown in panel b.
The low-frequency modes are detected with larger amplitude than the
2.0 THz signal; the 0.7 THz response is the dominant signal. The 0.7
and 2.0 THz signals are assigned to the quadrupolar and breathing
modes, respectively, as described in the main text. The 2.0 THz signal
is assigned to the nanocluster breathing mode. Data acquired using
800 nm, 1 uJ/pulse excitation.

electron—phonon scattering) heating. The electron—lattice
heating is consistent with our previous reports that employed
400 nm excitation of Au;4,(SR)g. """ A third, low-amplitude
decay of approximately 3 ps was also used to fit the incoherent
time-domain data. Next, the incoherent components retrieved
from this fitting were subtracted from the total signal, leaving a
residual trace that contained only signatures of the coherent
acoustic vibrations.

A global plot of the temporally and spectrally resolved
coherent signals (incoherent data removed) is shown in Figure
3a. Note, a stimulated Raman signal from solvent C—H
stretching was manually removed at 650 nm. The high
frequency mode detected for GSB-675 is observable in the
probe wavelength range of 560—700 nm. The period of the
mode was approximately 0.5 ps. A lower-frequency mode with
an approximate 1.5 ps period was detected at probe
wavelengths shorter than 560 nm. To assign frequencies to
the coherent vibrations, the Figure 3a time-domain data was
Fourier transformed to the frequency domain. The 2D map in
Figure 3b plots the resultant Fourier spectra obtained at each
probe wavelength. Three distinct vibrational frequencies are
shown in Figure 3b. These include a 2.0 THz mode, which is
most prominently detected at approximately 670 nm but has
nonzero amplitude over most of the probe spectrum and two

https://doi.org/10.1021/acs.jpclett.3c01477
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Figure 4. (a) Summary of gold-monolayer-protected cluster (MPC) quadrupolar ((J) and breathing mode (O) vibrational frequencies. The
vibrational period of a series of MPCs plotted versus nanocluster equivalent diameter, D, ; equivalent diameters spanned the range from 0.86 to 2.0
nm. The plot includes data from Au,o(SR),¢ (Deq = 0.86),% Auys(SCeHy) 15 (Deg = 0.95), Augg(SR),y (Dyq = 1.2),>" Auygp(SR) 4y (D,q = 1.33),”
Au, 4, (SCsHy) 4o (Deq = 1.67), and Au,,s(pMBA)s, (Deq =2.00).” The Auys(SCsHy) 5 and Au,,,(SCgHy)g, data were acquired in our laboratory.
Error bars are provided for the data collected in this research. Values for other clusters were obtained from the literature as noted. A clear linear
dependence of the quadrupolar vibrational period on the equivalent diameter is apparent. An average size-independent breathing mode vibrational
period of 0.45 ps was obtained for the nanocluster series. (b, c) Analysis of the coherent time-domain data. Results are overlaid with the probe-
wavelength-resolved transient absorption spectra to distinguish responses from quadrupolar (cyan) and breathing (magenta) acoustic modes. (b)
Summary of the dephasing lifetime for the coherent vibrations. Lifetimes exceeding 1 ps, consistent with the long persistence of the periodic
intensity recurrences shown in Figures 1c and 3a, confirm damping of the acoustic modes by energy dissipation of Au,,(SCgHo)g. (c) Plot of the
excitation phase versus probe detection wavelength. The reported phase values correspond to the dominant mode for each probe wavelength. A
relative 7-phase shift is observed between quadrupolar and breathing mode excitation. The breathing mode exhibits successive in-phase
(symmetric) expansion and contraction. Excitation of the quadrupolar modes induces expansion in one direction, that is, out-of-phase with motion
in the perpendicular direction, leading to the relative phase shift observed in the time-domain data. The difference in the excitation phase for the
breathing and quadrupolar modes suggests these coherent vibrations are excited by distinct mechanisms, as described in the main text. Data
acquired using 800 nm, 1 uJ/pulse excitation.

lower frequency signals of 0.7 and 1.4 THz detected for amplitude of the coherent recurrences.'” Hence, the harmonic
wavelengths shorter than 650 nm. The 1.4 THz signal is signal was lost due to increased sample polydispersity.
assigned as the harmonic of the 0.7 THz mode. In addition to The acoustic modes of ligand-protected gold nanoclusters,

appearing at 2X the frequency of 0.7 THz, the 1.4 THz signal incluc.ling MPCs, han’ .been gtudied both t.heoretically and
replicates the spectral profile, with slight narrowing of the experimentally by Maioli et al.” Although their study spanned

fundamental. Additional evidence supporting the assignment of nanocluster diameters rfinglng fr.om <_1 t°,4 nm,
Auy,4(SCgHg)go was not included in their series. For

approximately spherical nanoclusters in the few-nanometer
size range, such as Au(SCgHy)eo, two acoustic modes are
predicted.” A size-independent breathing mode resulting from
symmetric dilation of the nanocluster is predicted at a
frequency of 2 THz. The Fourier spectra obtained for

the 1.4 THz mode as a harmonic is obtained from pump—
probe measurements following silver doping of the cluster. The
global coherent signals of Ag,Au;_(SCsHy)g (x & 30) are
shown in Figure SSa, and the 2D map of the Fourier spectra is
given in Figure SSb. Both the 0.7 and 2.0 THz signals were

retained upon Ag substitution, but the 1.4 THz mode was not wavelengths longer than 560 nm (Figure 3b) provided
recovered. This could be understood from increased sample excellent agreement with this prediction. Femtosecond time-
inhomogeneity upon Ag substitution for Au at the nanocluster resolved transient absorption measurements were also
core, which causes more rapid dephasing and reduced performed on Au,s(SCgH,) 5 to confirm the size independence

6682 https://doi.org/10.1021/acs jpclett.3c01477
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of the high-frequency mode. A 2.0 THz signal was also
measured for the Au,s(SCgHy);s nanocluster (Figure SS).
Hence, the 2.0 THz mode shown in Figure 3 for
Au,4,(SCgHy)g is assigned to the MPC breathing mode. For
most metal nanoparticles, acoustic mode frequencies are
expected to increase linearly with inverse radius (1/R).
Therefore, the size independence of the breathing mode is,
at first, surprising. This correlation is sometimes referred to as
the elastic frequency law (EFL).”> However, theoretical
modeling predicts a breakdown of EFL models for gold
nanocluster breathing modes for systems of fewer than
approximately 250 metal atoms.”>*° Our data as well as
those from other researchers are consistent with this
prediction. The deviation from EFL predictions is attributed
to surface relaxation effects, with smaller wavelength (higher
frequency) modes being more sensitive to these effects than
longer wavelength (lower frequency) ones. Hence, the
quadrupolar mode is predicted to follow the EFL models.

Next, the size-dependent quadrupolar mode is also
discussed. For spherical (or nearly spherical) systems, the
quadrupolar mode vibrational period is predicted to increase
linearly with increasing effective nanocluster equivalent
diameter, D,,. The equivalent diameter of an MPC is defined
as D, = donl%, where 1 is the number of gold atoms, d, = a[3/
(2ﬂ)]q1/3, and a = 0.408 nmy; a is the fcc lattice cubic side.” The
equivalent diameter is introduced to account for effects of the
ligand shell on the nanocluster vibrational frequency. The
quadrupolar mode is also expected to be out of phase with the
radially symmetric breathing mode. This can be understood by
the periodic shape changes resulting from quadrupolar mode
excitation; periodic expansion and contraction in one direction
is out of phase with respect to this motion in the perpendicular
direction.

In order to determine if the 0.7 THz acoustic vibrations of
Au,44(SCgHy)g could be assigned to a quadrupolar mode, the
low-frequency vibrational periods obtained for several MPCs
in the 0.9—2.0 nm diameter range were compared (Figure 4a).
The Au,s(SCgHy),s~ and Au,,(SCgHy)go data were collected
in our laboratory, and the Au,o(SCH,CH,Ph)q,"°
Au,5(SC,H,Ph),,,”” Au,y,(SPhCOOH),,,” and
Au,,s(pMBA)g,'" values were obtained from the literature, as
noted. The Figure 4 data showed a clear linear relationship
(red line) between the acoustic mode vibrational period and
MPC equivalent diameter. The linear trend is especially
convincing, given that the data points were obtained from
multiple laboratories and researchers. In contrast, the breathing
mode vibrational periods were independent of nanocluster
equivalent diameter, with an average value of 0.45 ps (blue
line). The number of Au atoms, equivalent diameters,
vibrational periods, and frequencies for all of the Figure 4a
data are summarized in Table S2. The Figure 4 results provide
strong support for assignments of the 0.7 THz mode of
Au,44(SCgHy)g to a coherent acoustic quadrupolar mode and
the 2.0 THz vibration to an acoustic breathing mode.

Additional analysis of the acoustic modes was performed by
modeling the coherent residual time-domain signals using a

damped sinusoidal function I(t) = Y, (A,»e_t/”“sin(% + @),

where the dephasing lifetime was described using t1,, £2; was
the oscillation period, and ¢; was the initial phase. The
subscript i denotes the individual components taken into
account for the total coherent signal. In the range of 500—560
nm probe wavelength, a two-component sinusoidal function

6683

was used to fit the coherence data (fundamental and
harmonic), while a single-component one was employed for
residual oscillation dynamics at wavelengths longer than 560
nm. The decoherence times, t1, are given in Figure 4b, plotted
versus the probe detection wavelength. The decoherence times
are generally in the range between 1.0 and 1.75 ps and show
only minor variation across the probe wavelength range.
Decoherence 1/e lifetimes of up to 1.75 ps are consistent with
the Figure 3 data that show coherent intensity recurrences
persisting for more than 3 ps. The observation of long-lived
and probe-wavelength-independent coherence times is con-
sistent with the dephasing of metal nanocluster phonon modes.
The dephasin% time is determined by energy dissipation rates
of the system.”® For Au,,(SCsHy)g, energy dissipation from
the nanocluster to the surrounding occurs in the 1-10 ps
range, in good agreement with the dephasing times reported
here. The decoherence behavior observed for the nanoclusters
is in contrast to dephasing of molecular vibrational wave-
packets, for which coherence dephasing times are frequently
determined by the state-specific lifetimes and relative
amplitudes of the various eigenstates that form the coherent
superposition.”®*” For condensed-phase molecules, these
lifetimes are often on the time scale of internal conversion
(~100 fs) or dissociation. Still, several examples of molecular
wavepackets persisting on picosecond and longer time scales
are available.”® However, time-domain signals of molecular
vibrational wavepackets typically carry signatures of a phase
change during coherent vibrational motion. This is often
observed as an intensity node in the time-dependent Fourier
spectra obtained from molecular bleach or stimulated emission
signals.”’ 'We have not found evidence of these coherence
nodes in our results. Therefore, the wavelength-independent
dephasing lifetimes exceeding 1 ps agreed well with assignment
of the coherent vibrational dynamics to mechanical acoustic
modes rather than to a molecular-like wavepacket.

Finally, the relative initial phase obtained for multiple probe
wavelengths is plotted in Figure 4c. A clear #-phase difference
is observed for the excitation of GSB-675-detected (2.0 THz
breathing mode) oscillations when compared to the signals
obtained at shorter wavelengths where the 0.7 THz
quadrupolar mode is dominant. This difference in excitation
phase signifies two distinct mechanisms for launching the
acoustic modes.”” For larger nanoparticles, lattice anharmo-
nicity is the most commonly observed mechanism for acoustic
mode excitation. In this mechanism, rapid lattice heating
following excitation causes the dilation of the particle,
accompanied by successive expansion and contraction at the
acoustic mode frequency. These lattice-induced vibrations are
dominant when electron-to-lattice energy transfer (z.) is
rapid compared to the vibrational period (T,), such that T,y
> 7._;. When this situation is satisfied, the periodic intensity
recurrences due to acoustic phonon modes typically show a
sine-like dependence. However, when T, < 7._j, as can be the
case with ultrasmall gold nanoclusters, acoustic modes can also
be launched by hot electron pressure. For hot-electron-
pressure-induced oscillations, the intensity recurrences follow
a cosine-like dependence. Hence, the two different acoustic
mode excitation mechanisms are identified by a z-phase
difference in the coherent vibrational signals. The 7z-phase shift
observed between the two coherent vibrational signals
reported here agrees well with their assignments to breathing
(2.0 THz) and quadrupolar (0.7 THz) coherent acoustic
modes. Given the approximate 1 ps electron—lattice energy
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transfer time constant and the 1.43 ps period of the
quadrupolar mode, this vibration is likely excited by lattice-
induced dilation. In contrast, the short (500 fs) period of the
breathing mode is likely to have a significant excitation
contribution from the hot electron pressure.

In summary, the coherent vibrational properties of
Au,,,(SCgHy)4o have been described. Two coherent acoustic
vibrations have been assigned and include a 2.0 THz radially
symmetric breathing mode and a lower frequency 0.7 THz
quadrupolar mode. Support for these assignments was
obtained from the collective agreement of the vibrational
mode frequencies, their size dependences (or independences),
relative excitation phases, and the persistence of coherent
recurrences over several picoseconds. The assignments were
also supported by measurements of Ag-substituted
Au,,,(SCgHy)go- The data were fully reconciled by the
mechanical vibrations of the MPCs and did not require the
use of molecular wavepacket models. The 2.0 THz breathing
mode was size independent and exhibited a decoherence time
of 1.75 ps; coherences persisting on the picosecond time scale
were detected throughout the probe window. The 1.43 ps
period of the 0.7 THz quadrupolar mode matched predicted
expectations for the Au;,(SCgHy)g equivalent diameter of
1.67 nm. Based on these findings, the acoustic vibrations of
Au,44(SCgHy)gy are consistent with models based on
continuum mechanics. The current results provide important
information about the mechanical properties of
Au,y4,(SCgHy)g,, which is a nanocluster species considered
near the verge of metallicity. An interesting open question
concerns why distinct acoustic modes are detected at select
probe wavelengths. Understanding this state selectivity may be
an interesting area for continued research.
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