Downloaded via UNIV OF NOTRE DAME on December 15, 2023 at 21:32:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Vibrational Anharmonicity and Energy Relaxation in Nanoscale

Acoustic Resonators
Cameron Wright and Gregory V. Hartland*

Cite This: Nano Lett. 2023, 23, 11161-11166

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The fundamental and n = 3 overtones of Au
nanoplate thickness vibrations have been studied by transient
absorption microscopy. The frequencies of the n = 3 overtone are
less than 3X the frequency of the fundamental. This anharmonicity
is explained through a continuum mechanics model that includes
organic layers on top of the nanoplate and between the nanoplate
and the glass substrate. In this model, anharmonicity arises from
coupling between the vibrations of the nanoplate and the organic
layers, which creates avoided crossings that reduce the overtone
frequencies compared to the fundamental. Comparison of the
experimental and calculated quality factors shows that coupling
occurs to the top organic layer. Good agreement between the
measured and calculated quality factors is obtained by introducing
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internal damping for the nanoplate. These results show that engineering layers of soft material around metal nanostructures can be

used to control the vibrational lifetimes.
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anoscale materials display vibrational modes with

frequencies ranging from the MHz to THz depending
on the dimensions and composition of the material and the
identity of the mode." These modes have been used in
applications such as detection of the optical absorption of
single molecules,” measurements of the mass of single nano-
objects,” force sensing,’ and as probes of the frequency
dependent mechanical properties of materials.” In these
applications it is important to understand and control the
damping of the vibrational modes.””” The majority of the
applications use suspended nanostructures in order to reduce
environmental damping from the radiation of sound waves into
the substrate. High vibrational quality factors have also been
achieved by using low density substrates,'” manipulating the
aspect ratio of the nanostructure,'" or by introducin§ a spacer
layer between the nanostructure and the substrate.'” The use
of a spacer layer to increase the vibrational lifetimes is an
appealing approach from a device fabrication point-of-view;
however, the maximum quality factors that can be created in
this way are not well understood.

Recently we used transient absorption microscopy (TAM)
to measure the vibrational response of a gold nanoplate drop
cast onto a glass substrate."’ Long lived vibrational modes were
observed, even though there was no special preparation of the
substrate. The nanoplate also displayed up to n = 7 overtone
modes, see also ref 14, with frequencies that were almost exact
integer multiples of the fundamental breathing mode
frequency.”” The lifetimes of the overtone modes were
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significantly smaller than that of the fundamental. These
observations were explained using a continuum mechanics
model, where there is a low-density spacer layer between the
nanoplate and the substrate. This analysis showed that the
nanoplate in ref 13 behaved more like a free plate than a plate
attached to a solid substrate. The high quality factors and
multiple overtones for this nanoplate are atypical; usually metal
nanostructures on solid substrates have quality factors less than
20,"°7"” and multiple overtone modes are typically not
observed.

In this paper, we investigate the damping of the fundamental
compared to the n = 3 overtone mode for a series of
nanoplates. The data shows several differences to the special
nanoplate discussed in ref 13. First, the nanoplates in general
display anharmonicity: the overtone frequencies are smaller
than integer multiples of the fundamental, in contrast to the
results in ref 13. The overtone modes also have quality factors
higher than those of the fundamental mode. These results can
be accounted for by a continuum mechanics model that
consists of an organic “spacer” layer between the substrate and
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the nanoplate, and a second organic layer on top of the
nanoplate."*® This work provides important insights into
controlling nanoplate vibrational quality factors, which is
potentially useful for the development of nanoelectromechan-
ical devices for sensing applications.

The samples in the experiments were prepared by drop
casting a nanoplate solution onto a glass coverslip. Individual
nanoplates were identified under a microscope and inter-
rogated by transient absorption microscopy using a Menlo
Systems Dual Color 520/780 Asynchronous Optical Sampling
(ASOPS) system;”** see the Supporting Information for
details. The nanoplates were excited at 780 nm and probed at
520 nm. Ultrafast heating from the pump laser excites the
breathing modes of the structures, which produce modulations
in the transient absorption traces.”'® Vibrational spectra were
obtained by Fourier transforming the transient absorption
traces using the Fast Fourier Transform (FFT) routine
implemented in IgorPro (version 9.02), using the magnitude
squared output.

Before presenting the experimental data, it is helpful to
review the continuum mechanics results for the breathing
modes of an isolated nanoplate (no substrate) and a nanoplate
on a substrate with no spacer layer.'******* For isolated
nanoplates, the frequencies depend on the boundary
conditions which can be free (zero stress) or fixed (zero
displacement). For a nanoplate with homogeneous boundary
conditions, i.e., both surfaces free or both fixed, the breathing
mode frequencies are @, = nmc;/h, where ¢, is the speed of
sound in the nanoplate, h is the thickness and n = 1, 2, 3, ...
When one surface is fixed and the other is free the frequencies

1 23 .
are @, = (n - ;)ml/h' For a nanoplate on a lower acoustic

impedance substrate (for example, gold on glass), the
frequencies are the same as those for an isolated nanoplate
with homogeneous boundary conditions. Conversely, when the
acoustic impedance of the substrate is larger than that of the
nanoplate, the frequencies are the same as those for an isolated
nanoplate with mixed boundary conditions (see the Support-
ing Information for more details). For a supported nanoplate
the quality factors of the vibrational modes depend sensitively
on the difference in acoustic impendence (Z = pc) between
the nanoplate and the substrate, with larger quality factors
obtained for large AZ.'®*° It is also important to note that in
general only the odd order modes are observed in transient
absorption experiments on nanoplates,m’14 as these are the
ones that correspond to volume changes.”’

Figure 1 shows vibrational spectra of two nanoplates on a
glass coverslip obtained by Fourier transformation of the
transient absorption microscopy traces. In Figure la excitation
is through the glass, and in Figure 1b excitation is through the
air. The peaks labeled n = 1 and n = 3 are assigned to the
fundamental and third overtone of the nanoplate breathing
mode. The peak labeled with an asterisk (“*”) in Figure la
corresponds to Brillouin oscillations in the glass.”**® This peak
does not appear when the sample is excited through air. The
red lines in Figure 1 show Lorentzian fits to the data. The
frequencies f; and quality factors Q, = f,/Af, from the fitting
procedure are f; = 20.10 + 0.01 GHz, Q, = 11.6 + 0.1, f; =
59.25 + 0.02 GHz, and Q; = 52 + 4 for the data in Figure la
and f; = 19.85 + 0.01 GHz, Q, = 53.8 + 0.1, f; = 54.99 + 0.02
GHz, and Q; = 138 + 18 for the data in Figure 1b. Note that
the errors from the fitting routine can be unreasonably small
(much less than the spacing between points for the

IS¢’ (a.u)

80
(b)
E)
S n=3
N n=1

€ 1 1
228 50 55 60

20 40 60 80

Frequency (GHz)

Figure 1. Vibrational spectra of two different nanoplates determined
from Fourier transforming single nanoparticle transient absorption
microscopy data. (a) Sample excited through the glass coverslip and
(b) sample excited through air. The peak labeled “*” in panel (a) is
assigned to Brillouin oscillations in the glass. The red lines are
Lorentzian fits to the data.

frequencies, for example). Thus, for the analysis presented
below, errors were determined from multiple measurements of
the frequencies and quality factors for a representative
nanoplate; see the Supporting Information for details.

The two nanoplates in Figure 1 show very differ behavior.
The strongly damped nanoplate in Figure la is relatively
harmonic (f; = 2.98f;), whereas, the high quality factor
nanoplate in Figure 1b displays significant anharmonicity (f; =
2.77f;). To further investigate the relationship between
anharmonicity and damping, a number of nanoplates were
interrogated. We obtained good data for 14 nanoplates where
both the fundamental and the n = 3 overtone could be clearly
observed in the vibrational spectrum. Several nanoplates also
showed the n = S mode, however, not enough to create a
reliable data set. Thus, in the following we concentrate on the
relationship between the frequencies and quality factors of the
fundamental and n = 3 overtone. Figure 2a shows the n = 3
overtone frequency (f;) plotted versus the fundamental
frequency (f;). The large spread in f; values is attributed to
the different thickness nanoplates present in the sample. The
important point from this figure is that the overtone frequency
is always less than or equal to 3X the fundamental frequency
(f3 < 3f;). We believe that this anharmonicity arises from the
presence of organic material either between the nanoplate and
the substrate or on-top of the nanoplate. The nanoplate modes
hybridize with the vibrational mode of these organic layers,””**
which causes a decrease in the overtone frequencies.

Figure 2b shows the quality factors versus normalized
frequency (Q, versus f,/n) for the fundamental and n = 3
overtone. The dashed horizontal lines are the expected quality
factors for a nanoplate on a glass surface without a spacer layer.
The data show large variance in the quality factors from the
different nanoplates. The values of Q; are in general higher
than those for Q,. This is in contrast to our previous paper,"”
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Figure 2. (a) Plot of the frequency of the n = 3 overtone (f5) versus
the frequency of the fundamental breathing mode (f;). (b) Quality
factor Q, versus f,/n for the fundamental and n = 3 overtone. Blue =
fundamental; red = overtone. The horizontal dashed lines in panel (b)
are the Q, values for a nanoplate on a glass surface without organic
layers.

where the fundamental was observed to have a much longer
lifetime than that of the overtone modes (in this respect the
nanoplate examined in ref 13 is an anomaly).

To understand these results, the continuum mechanics
model for a nanoplate on a surface was extended to include an
organic spacer layer between the nanoplate and the substrate,
with and without a second organic layer on top. See Figure 3
below for a diagram of the two models. Note that results for
the spacer layer without the top layer have been previously
discussed in refs 12 and 20. For a single spacer layer the
vibrational frequencies and quality factors are obtained by

solving the eigenvalue equation

ﬁfn}c—a% +i tan[ifn} I 0
oh | ep, c,h P,
(1)

where £, = wh/c, is the scaled frequency, d and h are the

c
tan[fn]ﬁ(i + tan
)

thicknesses of the organic layer and nanoplate, respectively,
and ¢; and p; are the longitudinal speed of sound and the
density of the material (i = 1 for the Au, i = 2 for the organic
material, and i = 3 for the glass). The frequencies and quality
factors are obtained from f, = cRe[&,]/(27h) and Q, =
Re[£,]/(2Im[£,]). For a nanoplate with a spacer layer and a
top layer the above eigenvalue equation is modified to
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The derivations of eqs 1 and 2 are presented in the Supporting
Information. Note that we have assumed for simplicity that the
spacer layer and the top organic layer have the same thickness.

Figure 3 shows the eigenvalues and quality factors calculated
from eqs 1 and 2 for the gold nanoplate/organic layer/glass
substrate system as a function of d/h. The eigenvalues show a
series of avoided crossings that occur when the nanoplate
modes (£, = nxr) come into resonance with the modes of the
organic layers.””** For the case of a single spacer layer (Figure
3a) the organic layer modes that appear are at the frequencies
for a layer with homogeneous boundary conditions: @, = nwc,/
d corresponding to Re[,] = nac,h/(c;d) on the eigenvalue
plot in Figure 3 (shown as the dashed lines in Figure 3a).
Adding a top organic layer (Figure 3b) introduces a second set
of organic layer modes with frequencies commensurate with
the vibrations of a layer under mixed boundary conditions.

These frequencies follow w, = (n - %)ﬁcz/ d and appear at

Re[&,] = (n - %)ﬂczh/(cld) (plotted as the dotted lines in

Figure 3b). At the avoided crossings, the vibrational
frequencies of the overtone modes of the nanoplate decrease
relative to the fundamental, which provides an explanation for
the anharmonicity observed in Figure 2a. Note that an
analogous effect has previously been observed for spherical Au
nanoparticles coupling to the modes of a SiO, shell.””** For
the Au nanoparticle—SiO, shell system, it was possible to
observe both increases and decreases in vibrational frequencies
from the avoided crossings, whereas only decreases are
observed for the nanoplates in our experiments.

The quality factors for the two models are presented in
Figure 3c,d. The calculations show that the quality factors
initially increase with increasing thickness of the organic layer
for both models. However, there are significant differences in
the Q,, values in the avoided crossing regions for the spacer
layer only model compared with the two layer model. When
the vibrational modes of the nanoplate mix with modes of the
spacer layer (Figure 3c and the second set of avoided crossings
in Figure 3d), they are strongly damped. In contrast, when the
nanoplate modes mix with the modes of the top layer (first set
of avoided crossings in Figure 3d), the quality factors increase.
For the experimental data, the quality factors of the n = 3
overtone are in general larger than those of the fundamental.
This means that the two-layer model is the correct description
of the data, and that the nanoplate vibrations hybridize with
the modes of the top organic layer.

To quantitatively compare the experimental quality factors
to the simulations, the quality factors are plotted versus (f5/f;)
— 3 in Figure 4. This quantity is a measure of the degree of
anharmonicity ((f5/f;) — 3 = 0 for harmonic vibrations and
(f3/f1) — 3 < 0 for anharmonic vibrations). The solid lines in
Figure 4 show the continuum mechanics results for the
fundamental (blue) and n = 3 overtone (red). The dotted
horizontal lines are the quality factors for a nanoplate on a
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Figure 3. Eigenvalues for a nanoplate on a glass substrate with (a) a single organic spacer layer and (b) with organic layers on the top and bottom
of the nanoplate for the n = 1 (blue), n = 2 (black), n = 3 (red), n = 4 (gold), and n = S (green) modes. The horizontal dashed lines show the
eigenvalues for a free nanoplate, and the curved lines that follow 1/d are the modes for an organic layer with homogeneous (dashed) or mixed
boundary conditions (dotted, panel (b) only). The corresponding quality factors are presented in panels (c) and (d) forthen=1,n=3,andn =35
modes (same color scheme as panels (a) and (b)). The horizontal dashed lines in (c) and (d) are the Q, values for a nanoplate on glass with no

spacer layer.

surface without a spacer layer. At small values of d/h the
experimental data and the calculations are in good agreement,
and both are close to the values expected for a nanoplate in
direct contact with the substrate. At larger values of d/h the
calculations are in good agreement with the experimental data
for the fundamental mode, in both the form of the plot (Q,
increases with (f3/f;) — 3 before reaching a plateau) and the
magnitude. The agreement is not as good for the n = 3
overtone. However, good agreement between the experimental
and calculated quality factors can be achieved for the n = 3
mode by adding internal damping: that is, by calculating a total
quality factor by 1/Q,; = 1/Qyp + 1/Q; where Q,, is the
damping due to radiation of sound waves into the substrate
(which is obtained from eq 2) and Q,, is the internal damping
contribution.”” The dashed lines in Figure 4 show Q,,, for the
fundamental and n = 3 overtone for a value of Q;,, = 150. Using
this value for Q;,, brings the experiments and calculations into
good agreement for the n = 3 mode; however, the agreement
between the experiments and calculations is now slightly worse

for the fundamental mode. This may indicate a frequency
dependence for the internal damping. Note that the value of
internal damping used here is consistent with our previous
measurement for the “essentially free” Au nanoplate in ref 13,
as well as previous measurements for other Au nanoplate
samples.””

The anharmonicity data also allow us to estimate the
thickness of the organic layers in these experiments. Figure S3
of the Supporting Information shows a plot of (f3/f;) — 3
versus f;. The largest anharmonicities (the most negative values
of (f3/fy) — 3) occur at f; & 20 GHz, which correspond to
nanoplates with thicknesses of approximately 80 nm. Large
anharmonicities occur at the avoided crossings between the
nanoplate modes and modes of the organic layer. For our

system this happens when & = 37 = %ﬂczh/ (c,d), which
corresponds to d/h = ¢,/(6¢c;) ~ 0.14. This implies a 10 to
11 nm thick organic layer, which is not unreasonable (we
presume that the nanoplates in these experiments will be
coated with multiple layers of surfactant). Note that we expect
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Figure 4. Experimental (points) and calculated quality factors for the
fundamental (blue) and n = 3 overtone (red) as a function of the
relative anharmonicity (f5/f;) — 3. The horizontal dotted lines show
the quality factors for a nanoplate with no substrate, the solid lines are
the results calculated using the two layer model (eq 2), and the
dashed lines are the calculations with internal damping included (Q,,
= 150).

some heterogeneity in the thickness of the organic layers. This
will change the points where the avoided crossings occur,
which will affect both the anharmonicity and the quality
factors. Plotting the quality factors versus (f3/f;) — 3 removes
this effect to some extent and provides a convenient way to
compare theory and experiment.

In conclusion, the fundamental and n = 3 overtones of the
thickness vibration of Au nanoplates on a surface have been
examined using transient absorption microscopy. The results
show that the nanoplate vibrations are in general anharmonic:
the frequencies of the overtone modes are not integer
multiples of the fundamental frequency as expected for a free
nanoplate™ or a nanoplate directly in contact with a solid
substrate.'®”® A continuum mechanics model consisting of a
gold nanoplate on a glass substrate with organic layers on top
of the nanoplate and/or between the nanoplate and the
substrate was developed to explain these results. Within this
model, the anharmonicity arises from coupling between the
vibrational modes of the nanoplate and the modes of the
organic layers. This creates avoided crossings that reduce the
fre%uencies of the overtone modes relative to the fundamen-
tal.”® This coupling also affects the vibrational quality factors.”’
The experiments show that the quality factors of the overtone
modes are larger than that of the fundamental modes, which
can only be explained by coupling to the top organic layer in
the two layer model. Plotting the quality factors versus the
scaled frequency (f;/f;) — 3, which is a measure of the
anharmonicity, provides a way of comparing the experiments
and calculations. Good agreement between experiment and
theory can be obtained by including a modest amount of
internal damping, Qine = 150, which is consistent with previous
measurements.' >’

These results show that engineering organic layers between
the nanoplate and substrate and on top of the nanoplate is a
potential way to control vibrational quality factors. Higher
quality factors occur when the nanoplate vibrations are
coupled to the vibrational modes of the top organic layer.
For the n = 3 overtone this occurs when the thickness of the
organic layer is around 14% of the nanoplate thickness (see
Figure 3). The ability to create systems with high quality
factors is important for applications such as mass sensing””*
and for investigating physical phenomena like vibrational
coupling between nanostructures.'® It may also be possible to

study how internal damping depends on vibrational frequency
using these measurements.”’ However, a problem with the
current system is the lack of control and/or knowledge of the
thickness of the organic layers. The sample in these
experiments was created by simply drop casting nanoplates
onto a glass surface. The organic layer thus comes from the
surfactant that coats the nanoplates in solution, which is not
controlled. Current work is focused on creating samples with
well-defined organic layers to provide a quantitative test of the

theory.
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