Energy Dissipation for Nanometer Sized Acoustic Oscillators
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Abstract: Ultrafast laser excitation of nanostructures causes rapid heating that can excite
vibrational modes that map onto the expansion coordinates. These modes lose energy by radiating
sound waves into the environment. Recent experiments have focused on how liquid viscosity and
associated viscoelasticity affect the energy dissipation process. In this Perspectives Article we
give an overview of the continuum mechanics theory used to describe the damping of the
vibrational modes in solid and liquid environments, and describe recent experimental
measurements of damping. The theory focuses on the breathing modes of spheres, infinite
cylinders and infinite plates, as these are the most relevant to experiments and can be described
analytically. We examine the differences between different shapes, and how the relaxation times
depends on the dimensions of the nanostructures. In particular, a complicated behavior occurs at
sizes where the frequency of the vibrational modes becomes comparable to the relaxation time in
the environment. In this regime the quality factors for the breathing modes can be used to estimate
environmental relaxation times, providing unique information about the properties of materials at

nanoscale dimensions.
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1. Introduction:

A major focus of research in nanoscience has been to explore how size affects the
properties of materials. Typically, this is achieved by designing systems and experiments to probe
whether nanometer sized objects are different from their bulk counterparts. Perhaps the best
known example in physical chemistry is the tunable absorption and emission features of
semiconductor nanoparticles that occur when the dimensions of the material are smaller than the
exciton Bohr radius.!? The spectra of plasmonic Ag and Au nanoparticles also change
dramatically with size and shape.*> However, this arises from changes in the electric fields at the
particle surface created by the incident light beam. Thus, it does not reflect a change in the
properties of the material of the particles, and is not a quantum size phenomenon. An exception
is for very small metal particles, where electron-surface scattering changes the dielectric function
of the material, an effect that was first observed and discussed over 60 years ago!%’

Recently we and several other groups have explored a situation where the size of the
nanostructure changes the response of the surrounding medium.%'' Normally the properties of the
environment around a particle are thought of as being the same of the bulk, modified at close
distances by the presence of the interface. However, the acoustic vibrational modes of
nanostructures can trigger a viscoelastic response in simple liquids that is not present for

macroscale objects.” 12

This occurs because small nanostructures have very high vibrational
frequencies, that approach the intrinsic relaxation rates of liquids. In this Perspectives Article we
describe the experiments where this effect has been observed, and show how these measurements
can be used to obtain information about the properties of the liquid.

We start with the continuum mechanics theory that describes the vibrations of nano-

objects, and the transfer of acoustic energy to the environment. Two situations are considered,



first we examine an infinite plate on a solid surface, with and without a spacer layer (which is
typically an organic material, such as surfactant or a polymer layer). This is a common
experimental situation.!*'!® The energy relaxation of the plate is simply determined by the acoustic
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impedances of the different materials, and the damping has a trivial size dependence so that

the quality factors for the nanoplate vibrations are independent of size.?>?* We then examine three

-12 infinite cylinders,” and infinite plates.!”

different types of structures in viscous liquids: spheres,
The presence of viscosity/viscoelasticity creates a frequency dependent response in the liquid,
which means that the liquid behaves differently for different sized structures when the structures
have nanometer sized dimensions. Finally, the way liquid relaxation times can be extracted from

ultrafast measurements is discussed, along with recent measurements on single nanostructures. !

We conclude with an outlook on possible applications.

2. Nanoparticle vibrations and damping:
Ultrafast laser excitation of metal or semiconductor nanoparticles causes rapid expansion,
that can coherently excite the vibrational modes of the particle that correlate with the expansion

2527 whereas,

coordinate.?*3! For metal particles this expansion is primarily through lattice heating,
for semiconductors there is also a large effect from the change in the unit cell dimensions that
occur upon electronic excitation.’?3 The frequencies of the modes depend on the size and shape
of the particles, and can be accurately calculated using continuum mechanics down to sizes of

several hundred atoms,>*37

corresponding to dimensions on the order of a few nanometers. Ref.
[2°] gives a recent review of the vibrational modes nanostructures. The vibrational motion is

damped by a combination of internal relaxation (thermoelastic effects) and energy dissipation in



the environment.® For solid like environments energy dissipation occurs by radiation of sound
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waves, while for a liquid viscous damping can also play a major role.
To calculate the frequencies and damping times for the vibrational modes we start with the

equations that describe the displacement/velocity and stress for a solid and for a compressible

fluid.!'!2 Following Ref. ['2], the equations for the displacement u and stress a° in the solid are:

2
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where pg is the density of the solid, and u; and A are the Lame constants. The equations for

velocity v and stress ¢/ in the fluid are:

av
Prop = —Vp + B(w)V?v (2a)

(2b)

o/ = (—p + k(@) (V.W)I + 2n(w) ((Vv + 2(vv)T) B vév 1)

where py is the fluid density, p is the thermodynamic pressure,'? and f(w) = k(w) + 4n(w)/3
where k(w) and n(w) are the bulk and shear viscosities of the fluid, which are potentially
frequency dependent.** The thermodynamic pressure is related to density fluctuations p; and
speed of sound ¢ in the fluid by p = c£?p;.!"""? k(w) and n(w) depend on the compressional and
shear relaxation times, Acomp and Agp. Using a Maxwell model for the fluid, these quantities can
be written as k(w) = 12/(1 — ilcompw) and n(w) =7/(1 — idgyw) where K and 7] are the
regular frequency independent viscosities.'>** In our analysis we assume that Acomp = Ash = 4,
so that B(w) = /(1 — iAw) where § = K + 47j/3. The reason for this assumption is that there

is not enough information in either the current literature,!? or the experiments discussed below, to

determine separate values of A¢omp and Agp,.



Equations (1) and (2) have a relatively simple form for breathing modes, which only
involve changes in the radius or thickness of the structure. To solve these equations one has to
write out the derivatives in the appropriate coordinate system, and choose functions for the
displacement or velocity in the different materials.”!%3° These functions should match the physics
of the problem, that is, they should be oscillating functions for the nanostructure and outgoing
waves for the surrounding medium.!%3° Matching the velocity (or displacement) and stress at the
surface(s) of the nanostructure then yields an eigenvalue equation which is, of course, different for
spheres compared to cylinders or plates. The real part of the solution gives the vibrational
frequency, and the imaginary part gives the damping (see the Supporting Information for details).
The damping is usually expressed as the quality factor Q = w/2y where y is the damping rate and
w is the angular frequency. In the following we consider two situations that correspond to recent
experiments: (i) an infinite nanoplate sitting on a solid substrate with and without a spacer layer, '+
16 and (ii) spheres, infinite cylinders and infinite nanoplates surrounded by a homogeneous liquid.*
12,3943 The ultimate goal is to understand the liquid experiments, but the substrate supported

structures provide an important comparison.

2.1. Nanoplates supported on a substrate:

A diagram for an infinite plate (edge lengths much greater than thickness) supported on a
solid substrate is shown in Figure 1(a). For this model we choose oscillating functions for the
displacement in the plate and spacer layer, and propagating waves for the substrate. The boundary
conditions are stress free conditions at the top surface (z = d + h), and continuity of displacement
and stress at the inner surfaces (z = d and z = 0).!>% This yields five equations that have a non-

trivial solution when the determinant of the corresponding matrix is zero (see Supporting
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Figure 1: Diagram of (a) substrate supported plates with a spacer layer. h is the thickness of the
plate, and d is the thickness of the spacer layer. (b) Spheres and cylinders (left) and plates (right)

in a symmetrical liquid environment.

Information for details). After a little manipulation the solution can be written as the following

eigenvalue equation:

c cid \c c.d c
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where the eigenvalue & = wh/c;, and ¢; and p; are the longitudinal speeds of sound and densities
of the different materials (1 = plate, 2 = spacer layer and 3 = substrate). Note that when d = 0 (no
spacer layer), this equation reduces to ic;p;tan(é) — c3p; = 0, which is the result given in Ref.
[5] for a plate on a surface. Also, the properties of the substrate only enter into the eigenvalue
equation as the ratio of the acoustic impedances (Z; = c¢;p;) of the substrate and spacer layer:
Z3/Zy = c3p3/capy.

It is important to note that the nanoplates examined in our experiments have lateral
dimensions on the order of several microns and, thus, are strictly not infinite plates. Finite element

simulations of the breathing modes for circular plates with different diameter to thickness ratios



(D/h) show that the frequencies are essentially identical to those for an infinite plate for D/h >
10, which is satisfied for our samples.

Solving Equation (3) yields the frequency (v) and quality factor (Q) of the vibration
through v = ¢;Re[&]/2mh and Q = Re[¢]/2Im[£]. Importantly, there is no explicit frequency or
size dependence in Equation (3), besides that through the scaling of the eigenvalue £. Thus, the
quality factors, which are given by the ratio of the real and imaginary components of ¢, do not
depend on size. This means that within this model nanoscale plates on a solid surface behave the
same way (have the same quality factors) as macroscale plates with the same d/h ratio. In the
following we present results from this analysis in a similar way to that in Ref. [**], where the theory
for nanoplate dimers without a substrate was presented and discussed.

Figure 2(a) shows a plot of Re[€] versus the scaled distance d/h for a gold nanoplate on a
Si0O; substrate with a polymer spacer layer. The densities and speeds of sound used in these
calculations are ¢; = 3,240 ms~! and p; = 19,700 kg m~3 for Au, ¢, = 2,710 ms™! and p, =
1,150 kg m~3 for the polymer, and ¢; = 5,970 ms~! and p; = 2,200 kg m~3 for SiO,. There
are a series of modes that correspond to the fundamental, 1 overtone, 2" overtone etc. of the
thickness vibrational modes of the system. Also shown in Figure 2(a) are the eigenvalues for the
breathing modes of the free nanoplate ( ¢ =nm ) and the free spacer layer & =
mm(cy/c1)/(d/h) (black dashed lines). At small values of d /h the eigenvalues of the system are
very close those of free nanoplates. As d/h increases the eigenvalues undergo a series of avoided
crossings.** At certain d/h values the vibrational modes of the system switch from being
predominantly nanoplate breathing modes (¢ = nm), to predominantly thickness vibrations of the
spacer layer (¢ o< 1/(d/h)). This change in character occurs at points in the Re[¢] versus d/h

plot where the eigenvalues for the free nanoplate cross those of the free spacer layer.** Figure 2(b)



shows analogous calculations of Re[¢] versus d/h for different substrates: SiO», SizsN4 and Au.
The Re[€] values for the thickness vibrational modes are relatively insensitive to the substrate
except at small spacer layer thicknesses (d/h < 0.1), where the higher acoustic impedance

substrates cause an increase in frequency (that is, there is an overall stiffening of the system).
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Figure 2: Plots of Re[¢] ((a) and (b)) and quality factors Q ((c) and (d)) versus d/h for the
thickness vibrational modes of gold plates on different substrates. (a) Re[&] for the first six
modes for a SiO; substrate. The dashed black lines are the breathing modes of the free nanoplates
and the free spacer layer. (b) Re[¢] for different substrates over a smaller range: red = SiO»,
green = Si3sN4 and blue = Au. (c) Q values for the first three modes for a SiO; substrate. (d) Q
values for the fundamental breathing mode for different substrates. The colors in panels (c) and

(d) match those in panels (a) and (b), respectively.



The calculated quality factors for the first three modes for the SiO; substrate are presented
in Figure 2(c). There are several points to note from this Figure. First, in general the quality
factors increase as the mode frequencies increase. This occurs because the damping rate is similar
for the different modes and Q = w/2y. The second important point is that at small values of d /h,
the quality factor increases as d/h increases. In this regime separating the nanoplate from the
substrate by a thin polymer layer reduces the damping. This effect was recently observed and
analyzed by Hettich et al. in experiments with gold films separated from a substrate by self-
assembled molecular layers.!* !¢ The calculations also show that as the thickness of the spacer
layer is increased, the quality factors go through a maximum that occurs at different d/h values
for the different modes. Comparison to Figure 2(a) shows that the maxima occur in the flat regions
of the Re[¢] versus d/h curves, where the vibrational modes have the character of the free
nanoplate breathing modes. The quality factors are greatly reduced in the regions where ¢ «
1/(d/h), i.e., where the vibrational modes take on the character of the spacer layer breathing
modes. This occurs because the spacer layer modes suffer strong damping, due to the small
difference in the acoustic impedance of the polymer and silica.'?

A low frequency mode is also seen in Figure 2(b) for the SizNs and Au substrates. This
mode is assigned to motion of the nanoplate relative to the substrate,** and is predicted to be
heavily damped. For example, at d/h = 0.5 the quality factors for this mode for the SisN4 and

Au substrates are Qgj,n, = 2.09 and Qp, = 3.46. The relative mode also occurs for the SiO,

substrate. However, we have only included modes with Q > 1 in the figures, and for SiO> this
only occurs at d/h > 1.3. In contrast to the small effects for Re[¢], the quality factors for the

nanoplate vibrations presented in Figure 2(d) show large differences for the different substrates.



The damping is greatly reduced for the higher acoustic impedance substrates, where there are
larger differences in acoustic impedance between the spacer layer and the substrate.

The analysis in Figure 2 shows that the thickness of the spacer layer, and the difference in
acoustic impedance of the spacer layer and substrate play important roles in the damping of the
nanoplate thickness vibrational modes. For a SiO; substrate (which is the most thoroughly
examined system experimentally) the calculations predict Q = 7.52 for no spacer layer (d/h =
0)."> However, such small Q values are typically not seen in experiments. In a recent study we
found a value of Q = 10 =+ 3 for nanoplates synthesized with PVP as a stabilizing agent.!” This Q
value implies a spacer layer thickness of ~ 1 nm (assuming that the spacer layer has the same
acoustic impedance of bulk polymer), which is consistent with the expected thickness of the
polymer layer surrounding the nanoplates. It is important to note that in this model the quality
factors and (and Re[¢]) only depend on the value of d/h, not the absolute values of d or h. This
is the normal result when the damping of the acoustic modes is controlled by radiation of sound

waves into a solid-like environment.!'>- 23

2.2. Nanostructures in viscous and viscoelastic liquids
We now turn our attention to nanostructures immersed in liquids. Liquid damping

experiments have been performed on a variety of samples, including nanospheres and nanorods

) 8, 11,40 9,39,45
b

(both single particle and ensemble experiments suspended and supported nanowires,
and suspended nanoplates.'® To interpret the results, and consequently obtain information about
the properties of the liquid, the experiments must be compared to theory. Relatively simple

expressions have been derived for the breathing modes of high symmetry structures (spheres,

infinite cylinders and infinite plates) in a homogeneous environment.”!? However, the theory is
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much more complicated for nanostructures on a substrate, or for vibrational modes that produce
shear in the liquid (such as the extensional modes of nanorods).” 434647 For these reasons we
concentrate on the breathing modes of suspended spheres, infinite cylinders and infinite plates.
Figure 1(b) shows a schematic diagram of a sphere/cylinder or infinite plate in a
homogeneous liquid. For spheres the displacement in the particle is taken to be a spherical Bessel
function of the first kind j; (ksr), and an outgoing spherical wave e’*/" /r is used for the
medium.!!"!2 For cylinders the choices are Bessel functions J; (x) and Hankel functions H, (x) of
the first kind for the particle and medium, respectively.”3° For plates sine and cosine terms are
used for the particle, and the displacement in the medium is modeled as an outgoing plane wave,
ikrz

either e —ikyz

ore depending on the direction.! The boundary conditions are now continuity
of velocity and stress at the interfaces between the particle and fluid (which are at r = R for the
spheres and cylinders, and z = 0 and z = h for the plates).””!> 3 This yields a set of equations
that can be solved by setting the determinants of the corresponding matrices to zero, see Refs. ['%-

12] and the Supporting Information for details. The results for the different cases are:

c’  4i jo (kR
Spheres: 4% w;y(a)) + f_)f k’R% — kg ],O(—S) =0 (4a)
c a?ps  ps(1—iks(w)R) Jj1(ksR)
c?  2i cr?py — lwf(w) Ho (ks (w)R ksR
Cylinders: ZLZ+ a);y(a)) + ( r > )kf(a))R—O( r(w) )— s Jo(ksR)
Cr C1°Ps C1°Ps H, (k(w)R) J1(ksR)
=0 (4b)
Plates: .2 ps? + pr(citps — iwf(w)) + 2iclps\/pf(cf2pf — iwp(w)) cot(kgh)
=0 (4c)
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where j;(x), J;(x) and H;(x) are spherical Bessel functions, Bessel functions and Hankel

functions of the first kind, respectively, ¢; and c; are the longitudinal and transverse speeds of

w
cr 1—iw/3(w)/c12¢pf

gives a complex frequency @, and the quality factor for the vibrational modes of the nanostructure

sound in the solid, ks = w/c; and k¢ (w) = .12 Solution of the above equations

are given by Quig = Re[@]/2Im[@] (the “lig” subscript emphasizes that damping is due to
dissipation of acoustic energy into the surrounding liquid).

The quality factors for spheres, cylinders and plates in water and glycerol are plotted versus
the frequency in Figure 3 for water (Fig. 3(a)) and glycerol (Fig. 3(b)). The solid lines show the
results using the full viscoelastic calculations, and the dashed lines are for an inviscid liquid (K =
fj = 0). The viscosities and liquid relaxation times needed for the viscoelastic calculations were
taken from Ref. [!?]. The simulations show that at low frequencies both models for the liquid give
identical quality factors, and a frequency independent response. This occurs because the viscosity
terms in Equations 4(a) — (c¢) are multiplied by w. Thus, for w — 0 the equations reduce to the
corresponding expressions for spheres, cylinders or plates in a solid-like environment, where
damping is simply determined by the acoustic impedances of the particle and the surroundings
(see the Supporting Information for details).

As the vibrational frequency increases viscosity becomes important, and the quality factors
start to decrease due to viscous damping. However, when the vibrational frequencies approach
the relaxation rate of the liquid (Aw = 1), the Q values start to flatten off, and reach a limiting
value for Aw > 1. This occurs because at high frequencies the liquid cannot respond to the
vibrational motion of the nanostructure.” !> 42 Thus, the viscoelastic model predicts frequency
independent quality factors at low frequencies where viscosity is unimportant, and at high

frequencies where the vibrational period is much shorter than the liquid relaxation time. Note that
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Figure 3: Quality factor for liquid damping Q;;, versus frequency for spheres (blue), cylinders

(green) and plates (red) in (a) water and (b) glycerol. The dashed lines show results for an inviscid

fluid (no viscosity) and the full lines are for a viscoelastic fluid.

the dimensionless parameter Aw is often referred to as the Deborah number D for the system.® !!-
42 In general a system is considered to behave like a solid when D > 1, and a liquid for D < 1.*
11,42

The calculations presented in Figure 3 show that spheres give the largest quality factors,
and also have the largest change in quality factor with frequency. This means that performing

experiments with spheres offers the best opportunity to observe viscoelastic effects and, thus,

13



measure liquid relaxation times.!! Clearly to interrogate viscoelastic effects experiments should
be performed for Aw > 1, where there are clear differences between the inviscid and viscoelastic
liquid models. However, this is experimentally challenging as it requires ultrafast, preferably

single particle measurements, on very small structures (dimensions on the order of 10 nm).

3. Measuring liquid relaxation times from experiments:

The results in Section 2 provide continuum mechanics expressions for how the
environment affects energy dissipation for nanometer sized acoustic oscillators. In real systems
the measured quality factors also contain contributions from the intrinsic damping from the

40-41

material of the particle and, for ensemble experiments, inhomogeneous effects from the

distribution of sizes and shapes in the sample.® !! Thus, the total quality factor is given by

1 1.1
Q_QO QBTLU

(8)

where Q, contains the intrinsic damping contributions and/or size distribution effects, and Q.
accounts for energy dissipation into the environment. Therefore, to measure Q,,,, the intrinsic
damping/size distribution effects have to be determined.

For single particle studies of liquid damping this can be done by recording data for
nanostructures with and without a surrounding fluid.>* %> Examples of these measurements for
suspended Au nanoplates are presented in Figure 4.!° The panels on the left show transient
absorption traces for three different nanoplates in air, and the corresponding traces for the
nanoplates in liquids are shown on the right. The high frequency oscillations in the transient
absorption data in Figure 4 are from the breathing mode of the nanoplates. Adding liquid to the
system significantly increases the damping of the breathing mode, and the difference between the

quality factors for the nanoplates in air and liquid gives Qeny = Qi A lower frequency
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Figure 4: Transient absorption traces of single suspended Au nanoplates in different environments:
(a) air and water, (b) air and a 50/50 water/glycerol mixture, (c) air and glycerol. The red lines are
fits to the experimental data. The high frequency oscillations are the breathing modes of the plates
and the low frequency oscillations in the liquid experiments are Brillouin oscillations. Reprinted
with permission from ACS Nano 2021, 15, 1833-1840. Copyright 2021 American Chemical

Society.

oscillation also appears in the liquid experiments. This signal is assigned to Brillouin oscillations
in the liquid.!® Brillouin oscillations are an interference effect caused by reflection of the probe
beam from the nanoplates and from sound waves in the liquid that are generated by ultrafast
excitation of the nanoplates. For normal incidence the Brillouin oscillation frequency is fz =
2¢eng /Ay, Where c¢ and ny are the speed of sound and refractive index of the fluid, and A, is the
probe wavelength.*® Note that the presence of Brillouin oscillations can complicate analysis of

the breathing modes when the two frequencies are similar.**->* However, these two signals can be
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differentiated by changing the probe laser wavelength.>!-52

The frequency of the Brillouin
oscillations can also provide information about the viscoelastic properties of the liquid,'® !-2 but
in this Perspectives article we focus on measuring liquid relaxation times through the damping of
the breathing modes.

Figure 5(a) shows plots of the calculated quality factors versus frequency for gold
nanoplates in a viscoelastic liquid (solid lines) and inviscid liquid (dashed lines). The markers
show the average values of Q;;4 from the experimental measurements, where the error bars are
standard deviations. Comparison to the continuum mechanics calculations shows that the
viscoelastic fluid model gives a much better description of the experimental data for both water
and glycerol than the simple inviscid model that ignores viscosity. This is a clear demonstration
that viscoelastic effects are important for the high frequency vibrational modes of Au nanoplates
in simple liquids.® 101!

Ensemble measurements for spherical and bipyramidal Au nanoparticles have also shown
that viscoelastic effects are needed to correctly describe vibrational damping in viscous liquids.®
1146 However, single particle measurements for suspended Au nanowires could be explained
simply by radiation of sound waves in the surrounding liquid (the inviscid fluid model).?% 4343
This shows the difficulty in probing fluid viscoelasticity through vibrational damping
measurements. To do this accurately high frequency acoustic oscillators with large intrinsic
quality factors are needed. Chemically synthesized Au nanoplates are an excellent system for this,
as they can be made with widths on the order of 10 — 20 nm, corresponding to breathing mode
frequencies of 80 — 160 GHz, and they have large intrinsic quality factors (typically > 100).!0-17-18

Another way of interpreting the data in Figures 4 and 5(a) is to use the experimental values

of Qy;4 to estimate the relaxation times for the liquids. The relaxation times from this analysis for
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Figure 5: (a) Quality factors Q;;4 versus frequency for Au nanoplates in water and glycerol. The
dashed and solid lines correspond to the inviscid and viscoelastic fluid models, respectively, and
the symbols show the experimental data (errors are standard deviations). (b) Liquid relaxation
times, A;;4, determined from the experiments. The line shows the relaxation times from Ref. [12].

The experimental data was taken from Ref. [10].

the Au nanoplates are plotted against the weight percentages of glycerol in water in Figure 5(b).!°
The relaxation times vary from a picosecond for water to just under a nanosecond for glycerol.
The solid line shows the literature values from Ref. ['?], which are in reasonable agreement with

the experimental data. Thus, the acoustic mode damping experiments can provide reliable
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estimates of liquid relaxation times. The drawback for these measurements is the relatively large
errors, which arise from two effects. First, we need to subtract two sets of measurements to
determine Qy;4, and the errors from the two measurements add for the final value. Second, the
Q1iq values are not very sensitive to viscosity and the liquid relaxation time. For example, @y,
changes by about a factor of two for water compared to glycerol, whereas, the relaxation times
change by almost 3 orders of magnitude. This necessarily means a large uncertainty in the

relaxation times determined from Q;, measurements.

4. Summary and Outlook:

Ultrafast laser irradiation of metal nanostructures excites symmetric vibrational modes of
the structures that correspond to changes in size. When the nanostructures are in a solid
environment, or supported on a surface, these modes lose energy by radiation of sound waves into
the environment.?’-2% 2 The efficiency of this process depends on the difference in acoustic
impedance between the nanostructure and the surroundings. The energy dissipation rates can be
manipulated by adding a spacer between the nanoplate and the surface, but the quality factors do
not depend on the size: nanoscale objects show the same relaxation behavior as macroscale
objects.!3:15.20,23,39
In contrast, for a liquid environment the response of the liquid depends on the frequency
of the vibrational motion and vibrational profile.® 112 At large sizes (low vibrational frequencies)
relaxation is simply determined by the acoustic impedance of the liquid. As the size decreases,
and the corresponding vibrational frequencies increase, viscosity effects become important and the

vibrational quality factors start to decrease. Finally, when the period of the vibrational motion is

faster than the liquid relaxation time, the quality factors reach a plateau, which is the signature of
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a viscoelastic response in the liquid. In this high frequency limit the liquid has an inviscid solid-
like response, with an increased acoustic impedance compared to the low frequency regime. Thus,
the response of the liquid to the vibrational motion depends on the size of the nano-object.

The presence of viscoelastic effects in nanoparticle-fluid interactions is now well
established in experiments. It has been observed for the high frequency breathing mode vibrations
of nanoplates (discussed in detail above),'? and nanospheres,'! and also for the extensional modes
of nano-bipyramids.® These experiments are challenging, because they require accurate quality
factor measurements, as well as a procedure for separating intrinsic damping from environmental
effects. In single particle measurements this can be done by performing experiments on the same
nanostructure with and without a surrounding liquid.

Beyond demonstrating that viscoelastic effects occur in simple liquids, ultrafast
measurements provide a way of measuring liquid relaxation times. Because the relaxation times
are obtained by comparison to theory, the experiments need to be done on a system that can be
accurately modeled. Theories have been presented for the breathing modes of spheres,!? infinite
rods,” and nanoplates suspended in a liquid.!® These systems have simple boundary conditions of
continuity of displacement/velocity and stress at the different interfaces. The extension to
supported nanoplates should also be possible. Theories have also been presented for the
extensional modes of nanorods, although the boundary conditions are more complicated in this
case.®%- 4647 Note that it is also possible to use acoustic mode damping experiments to study
relaxation is solid materials.!* 1® However, the way the relaxation time is introduced into the
material’s properties is very different for solids compared to liquids.'® Thus, ultrafast
measurements in combination with continuum mechanics analysis have the potential to provide

new information about soft materials. Importantly, when implemented with single particle
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detection, these experiments offer the intriguing possibility of interrogating liquid properties with

tens of nanometers spatial resolution.

Supporting Information: The Supporting Information for this paper contains details for the
derivation of the eigenvalue equations for nanoplates on a surface, as well as those for spheres

cylinder and plates in viscoelastic liquids.
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