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Abstract 

Lithographically prepared plasmonic nanoparticles are ideal mechanical probes, as their 

vibrational behavior can be precisely tuned through particle size and shape. But these particles 

exhibit strong intrinsic and extrinsic damping that results in small vibrational quality (Q) factors. 

Here, we perform single-particle transient transmission microscopy to investigate the effect of 

substrate-particle binding strength on the vibrational Q-Factor of lithographically prepared gold 

nanodisks on glass. Weak and strong binding is realized through titanium adhesion layers of 

variable thickness. We find that strong binding leads to the generation of several new acoustic 

modes with varying Q-Factors that depend on the particle aspect ratio and substrate material. Our 

work proposes an approach to tune enhanced acoustic Q-Factors of lithographically prepared 

nanoparticles and offers a comprehensive description of their damping mechanism. 

 

Introduction 

Nanostructures with coherent acoustic phonons in the GHz and THz regimes are ideal 

mechanical resonators.1 Their acoustic frequencies and lifetimes depend sensitively on particle 

size, shape, and composition, as well as on the mechanical properties of the particle itself and its 

surroundings.2-8 This sensitivity allows the design of resonators with specific acoustic 

characteristics and provides the ability to sense intrinsic and extrinsic changes to the resonator. 

Plasmonic nanoparticles are especially advantageous because they offer an all-optical way to 

access acoustic vibrations through their localized surface plasmon resonance (LSPR).9-11 Based 

on these properties, nanoresonators have shown potential for applications in optomechanics,12-15 

biosensing,16, 17 sensitive mass spectrometers,18-22 and programmable devices.23-25  

Short acoustic mode lifetimes limit the performance of nanoparticles in many applications. 

Intrinsic and extrinsic mechanical damping results in small vibrational Q-Factors.11 Consistently 
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larger Q-Factors were achieved for chemically grown plasmonic nanoparticles because intrinsic 

damping is reduced due to their higher degree of crystallinity. Specifically, Q-Factors of 

approximately 30 were found for substrate-supported single-crystalline aluminum 

nanoparticles.26 Comparable Q-Factors between 20 and 30 were also observed for colloidal gold 

(Au) nanospheres and nanorods that were substrate-supported or optically trapped in water.2, 27, 28 

Further increased Q-Factor values were accomplished through distinct crystalline features or 

isolation from the environment. For example, Q-Factors up to 90 were found for aluminum 

crystals with a twin plane defect,26 and single-crystalline Au nanoplates on unsupported thin 

films exhibited Q-Factors up to 75.29  Five-fold twinned Au nanowires that were suspended over 

trenches showed Q-Factors reaching 100,30, 31 and Q-factor up to 200 were achieved for Au 

nanoplates on lacey carbon films.32 

Although lithographic techniques such as electron beam lithography produce polycrystalline 

nanostructures, they are nevertheless advantageous for the fabrication of mechanical 

nanoresonators, as they provide excellent control over particle dimension and shape, ensuring 

that all resonance frequencies are the same.33-35 However, the ability to create nanoparticles with 

large Q-Factors through lithographic techniques is still disputed. Studies of lithographically 

prepared Au nanodisks (AuNDs) and nanorods found a constant Q-Factor of approximately 10,28, 

36 which was later also confirmed for aluminum nanodisks. Maximum Q-Factors around 10 were 

also reported for lithographically prepared Au nanorings on glass substrates.26, 37 While these 

findings indicate that lithographically prepared metal nanoparticles do not offer large Q-Factors, 

other studies reported Q-Factor values between 20 and 30, reaching even as large as 50, for Au 

nanorods on glass substrates.38 Similarly, AuNDs on sapphire substrates exhibited Q-Factors 

around 30 with some particles yielding maximum values up to 70.39 Q-Factors approaching 70 
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were also accomplished for AuNDs on glass pillars.40 These results indicate that lithographically 

prepared particles could indeed support increased Q-Factors and compete with colloidal 

nanostructures. Still, in order to reliably achieve large Q-Factors with lithographically prepared 

nanostructures and utilize them in applications, a comprehensive understanding of their damping 

behavior is required. 

Single-particle transient transmission spectroscopy, coupled with finite element method 

(FEM) simulations, can resolve the acoustic properties of individual particles and determine the 

governing damping mechanisms.3, 5, 6, 27, 31, 41-50 Using this approach, which eliminates artificial 

damping due to particle size variations, several studies of lithographically prepared AuNDs on a 

variety of substrates discussed whether the acoustic damping depends on the influence of the 

substrate or on particle crystallinity. On glass, acoustic behavior was previously reported to be 

strongly affected by intrinsic damping due to polycrystallinity,51 leading to constant small Q-

Factors independent of the substrate.28 On the contrary, larger Q-Factors were achieved by 

placing AuNDs on glass pillars for reduced extrinsic damping into the substrate.40 Despite 

experiencing intrinsic damping, AuNDs on sapphire substrates exhibited aspect ratio-dependent 

Q-Factor enhancements, which, under the assumption of strong particle-substrate binding, were 

theoretically attributed to reduced extrinsic damping due to mode hybridization effects.39 Similar 

hybridization between acoustic modes of the particle and the substrate in the strong-binding 

regime was previously found for AuNDs on glass and Au nanocrosses on quartz substrates, but 

no Q-Factors were investigated.34, 36  

These observations suggest that both intrinsic damping based on crystallinity and extrinsic 

damping based on substrate-induced losses must be considered in order to describe the acoustic 

behavior of plasmonic nanoresonators. More importantly, it appears that the substrate’s influence 
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on extrinsic damping depends on its binding strength with the particle, raising the question of 

whether the desired Q-Factor enhancements could be intentionally generated through sample 

fabrication steps, such as the use of titanium (Ti) adhesion layers to control strong binding.36 

Although the ability to tune the Q-Factor of nanoparticles on different substrates through the 

binding strength presents an exciting possibility to overcome short acoustic mode lifetimes, this 

hypothesis has so far not been tested in detail. 

Here, we applied single-particle transient transmission spectroscopy to investigate the Q-

Factors of lithographically fabricated AuNDs on glass as a function of particle-substrate binding 

strength and aspect ratio. Ti adhesion layers of 2 nm and 4 nm were applied to achieve weak and 

strong binding between substrate and particle. In the case of strong binding, multiple acoustic 

modes with mode- and aspect ratio-dependent Q-Factors were observed. Using FEM 

simulations, we assign this behavior to the modification of acoustic modes through substrate-

induced mechanical constraints in strongly bound particles. In contrast, we found a single 

acoustic mode with a lower and constant Q-Factor for weak binding. Based on these results, we 

propose a mechanism to tune acoustic Q-Factors in nanoparticles on glass and offer a 

comprehensive description of acoustic damping in substrate-supported lithographically prepared 

AuNDs.  

 

Methods 

Electron Beam Lithography 

All AuNDs were fabricated using electron beam lithography. AuNDs with weak and strong 

binding on glass were fabricated with a thickness of 35 nm Au and Ti adhesion layers of 2 nm 

and 4 nm, respectively. 25x25x0.17 mm glass substrates (Corning, Product Number 2850-25) 
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were used. The AuNDs had diameters between 70 nm and 178 nm. Each sample contained 16 

particle arrays with rows of 15 particles per diameter. For sapphire substrates (25.4x25.4x0.2 

mm, Advalue Technology, Item Code SS-C-S-RU2), no Ti layers were employed and the 

AuNDs had diameters between 91 nm and 178 nm. 

For AuNDs with a 2 nm Ti layer, the substrate was cleaned by washing in an ultrasonic bath 

with a 2% (v/v) Hellmanex detergent, 190 proof ethanol, and ultrapure water for 10 minutes 

each. Subsequently, the substrates were dried under a stream of nitrogen and plasma etched with 

oxygen for 2 minutes. Then, the substrates were spin-coated with a layer of poly (methyl 

methacrylate) resist (PMMA 950 A2, MicroChem) and Espacer 300Z (Showa Denko) at 3000 

revolutions per minute (rpm) each. Patterning of the resist was performed using the electron 

beam of a FEI QUANTA 650 SEM with a voltage of 30 kV and a beam current of 40 pA. The 

resist was developed in a methyl isobutyl ketone (MIBK): isopropyl alcohol (IPA) solution of 

ratio 1:3 (v/v). Using electron beam evaporation, metal layers were deposited on the substrate at 

a rate of 0.3 Å/s, with the thickness of the deposited layers monitored by a quartz crystal 

microbalance. The resulting structures were treated with a standard lift-off process by incubation 

in N-methyl-2-pyrrolidone at 65 °C for 2 hours. This fabrication was similar to our previous 

work.28, 36 On sapphire, an almost identical procedure was performed. In this case, a thicker 

PMMA layer was spin-coated onto the substrate at 2500 rpm to accomplish better lift-off. While 

no Ti layer was deposited, the Au layer thickness was increased to 40 nm. 

The same substrate cleaning process was applied for AuNDs with a 4 nm Ti layer. After 

plasma etching, the substrates were spin-coated at 4000 rpm for 1 minute with 950 poly (methyl 

methacrylate) A4 (Kayaku Advanced Materials), followed by a 2-minute bake on a 180-degrees 

Celsius hotplate. Afterward, the coverslips were spin-coated with the conductive polymer 
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Espacer 300Z (Showa Denko) at 3000 rpm for 1 minute and taken to an Elionix GLS-G100 

electron beam writer operating at 100 kV and 1 nA. The patterns were developed by immersion 

for 65 seconds into a 1:3 (v/v) solution of MIBK:IPA, followed by a rinse in IPA. Metal layers 

were deposited at a rate of 0.3 Å/s using an electron beam evaporator. Finally, excess Au and Ti 

were removed by soaking the sample in acetone for 72 hours, followed by gentle sonication and 

drying under a nitrogen stream. 

Single-Particle Transient Transmission Spectroscopy  

Transient transmission spectroscopy was conducted on a homebuilt setup by combining an 

ultrafast pump-probe scheme with a single-particle microscope (Zeiss Axio Observer.D1m), as 

shown in Figure S1. The light source was a Ti:Sapphire oscillator (KMLabs Griffin-10) that was 

pumped by a 532 nm laser (Coherent Verdi G10), producing sub-100 fs light pulses at a 

frequency of 86 MHz and a center wavelength of 800 nm. The average output power of the 

oscillator was 1.05 W. A typical configuration includes 27% of the oscillator output being used 

for the pump beams, either at the fundamental frequency of the oscillator or at 400 nm after 

frequency doubling in a beta barium borate crystal (Altos BBO-1004H). For the probe beam, 

approximately 25% directed into a non-linear photonic crystal fiber (NKT Photonics 

FemtoWHITE 800) generate a white light continuum, with various bandpass filters available to 

select spectral slices of 25 nm as the probe within a wavelength range of 500-1000 nm. For all 

experiments discussed here, non-plasmon resonant excitation at 400 nm was used to excite Au 

interband transitions. Depending on the plasmon resonance position (Figure S2), the probe 

wavelength was varied between 600 and 800 nm to be close to the resonance, using either the 

spectrally filtered white light or 3% of the oscillator fundamental output directly as an alternative 

probe beam.  
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An optical delay stage (Newport UTS150CC) in the probe beam paths controlled the 

temporal overlap of the pump and probe pulses. The pump was modulated with an optical 

chopper (Newport 3502) at 10 kHz. Pump and probe beams were recombined using a dichroic 

mirror, focused onto the sample by an oil immersion (Zeiss Plan-Apochromat, 63x, 1.4 NA) or 

air (Zeiss EC-Epiplan Apochromat, 100x, 0.95 NA) objective with a high numerical aperture 

(NA) and collected by a receiving objective (Zeiss LD Achroplan, 40x, 0.6 NA) in a 

transmission geometry. The energy densities of the pump and probe beams at the sample were 

kept constant at approximately 4.75  104 and 1.59  104 W/cm2 with beam sizes of 500 and 600 

nm, respectively, in order to create the same initial electronic temperature change and hence 

prevent heat induced changes of the acoustic frequencies.52 Optical filters were subsequently 

utilized to remove the pump beam, while the probe beam was detected by a photodiode (Femto 

DHPCA-100-F). The detected transmitted signal T was directed to a lock-in amplifier (EG&G 

Instruments Model 5302) that was referenced to the pump modulation frequency to read out 

changes in the pump-induced transmitted signal T. T was digitized with a data acquisition 

board (National Instruments USB-6229) and collected with a customized LabVIEW program. 

Using an oscilloscope (Tektronix TDS 2024C) to determine T from the photodiode, the 

differential transient transmission T/T was obtained.  

Transient transmission images were obtained by focusing the spatially and temporally 

overlapped pump and probe beams onto the sample, which was then scanned through the beams 

using a piezo scanning stage (Physik Instrumente P-517.3CL) (Figure S3). From the resulting 

image necessary for particle localization, single particles were placed in the beam path to 

measure T/T. To increase the signal-to-noise ratio, confirm the setup stability, and exclude 
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possible perturbations such as thermal reshaping of the particle due to laser heating, time 

transients were repeated at least two times and averaged for each particle (Figure S4).  

Hyperspectral Dark Field Scattering Spectroscopy 

Single-particle scattering measurements were performed using an inverted microscope setup 

(Zeiss, Axio Observer m1). Light from a tungsten halogen lamp (Zeiss, Axioline HAL 100) was 

focused onto the sample using an oil-immersion condenser (Zeiss, Achromatic-aplanatic 

Condenser, Item Number 424208) in dark field mode. Scattered light from the AuNDs was 

collected with either a 50× magnification air-space objective lens (Zeiss EC Epiplan-

NEOFLUAR, 50x, 0.8 NA) for smaller particles below 120 nm in diameter or a 74x reflective 

objective (Beck Optronic Solutions, Model 5007, 0.65 NA) for larger diameter AuNDs. The 

scattered light was directed into a spectrograph (Acton SpectraPro 2150i) and detected by a 

charge-coupled device (CCD) camera (Princeton Instruments PIXIS 400BR) after dispersion. A 

spectrograph and a CCD camera were mounted on a scanning stage that was driven by a linear 

actuator (Newport LTA-HL). Spectrally resolved images were measured by scanning the 

spectrograph over the field of view while collecting light through a slit aperture. The acquisition 

was controlled by a customized LabVIEW program. Dark-field scattering spectra were taken 

before and after transient transmission measurements to identify the plasmon resonance energies 

of the AuNDs and to ensure the absence of potential photothermal damage. 

Finite Element Method Simulations 

Finite element method simulations were performed to theoretically investigate the 

experimental results. Equation S1 in Note S1 was implemented in the commercial finite element 

modeling software COMSOL Multiphysics, using its eigenfrequency solver. Calculations were 

performed for AuNDs of various aspect ratios and with Ti thicknesses of 0 nm, 2 nm, and 4 nm. 
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Three computational scenarios of AuNDs were simulated to study the effect of the particle-

substrate binding strength on the acoustic mode shape and frequency. First, the bottom surface of 

an AuND with a 2 nm Ti layer was modeled with free surface boundary conditions to simulate 

the case of minimum substrate influence. Second, the bottom surface of an AuND with a 4 nm Ti 

layer was modeled to be in rigid contact with the substrate to simulate the other case of strong 

substrate influence. The scenario of rigid binding was also repeated for an AuND directly on a 

sapphire substrate. Third, we studied the acoustic vibrations in long Au cylinders as a model 

system for AuNDs with small aspect ratios below 1. 

For numerical simulations, the symmetry of AuNDs allowed the computational domain to 

be reduced to the r–z plane only (2D-axisymmetric modeling). The z-direction was directed 

along the thickness (height) of the disk, r was along the disk’s radius, and the origin was in the 

center of the bottom surface of the Ti layer. To model elastic behavior of the much thicker glass 

layer and prevent reflections, perfectly matched layers on the bottom of the glass substrate were 

used to absorb propagating acoustic waves. We further assumed the substrate to be a half-sphere 

with a flat upper surface and a semi-infinite radius compared to the AuND. This geometry is 

illustrated in Figure S5. 

The FEM simulations were performed for a frequency interval from 0 to 50 GHz, 

resulting in a multitude of acoustic modes of both the AuNDs and the environment. The 

simulated acoustic modes presented in Figures 3-6 were selected by mapping the Q-Factors in 

frequency-versus-aspect ratio plots, and identifying continuous traces of enhanced Q-Factors in 

the frequency range of the experimentally observed modes. This methodology is in line with 

previous literature.53 
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Results and Discussion 

Transient transmission microscopy was used to resolve the acoustic vibrations of individual 

AuNDs on glass for different substrate-particle binding strengths. Figure 1a shows how we 

utilized Ti adhesion layers to control the binding strength of AuNDs to a glass support. Based on 

our previous work, Ti adhesion layer thicknesses of tTi = 2 nm and 4 nm were employed to 

establish weak and strong binding, respectively.36 The AuND aspect ratio, defined as the ratio of 

disk diameter and thickness, was tuned by varying the diameter dAu and maintaining a constant 

thickness tAu = 35 nm. All particle morphologies were confirmed using scanning electron 

microscopy (SEM) images (Figure S6). A representative transient of an AuND with an aspect 

ratio of 3.4 and a Ti adhesion layer of 4 nm is displayed in Figure 1b. Each AuND exhibited an 

initial fast rise and decay as illustrated, representing electron-electron and electron-phonon 

scattering, respectively, to quickly heat the AuNDs.11 This part of the signal was ignored, while 

we instead concentrated on the damped oscillations at longer pump-probe delay times. These 

oscillations reflected the damped acoustic vibrations that were launched impulsively by ultrafast 
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laser heating of the AuND, and were accompanied by an overall exponential decay due to 

radiation of heat into the environment.10 

Figure 1: Transient transmission microscopy resolved the acoustic vibrations of single AuNDs. a) 

AuNDs were characterized by their aspect ratio, determined by a variable diameter dAu and a constant 

thickness tAu. A Ti adhesion layer of thickness tTi was applied between particle and substrate to vary the 

binding strength. The thickness of the underlying glass substrate tGlass was considered semi-infinite 

compared to Au and Ti. b) Representative transient transmission of an AuND with an aspect ratio of 3.4 

and a Ti adhesion layer of 4 nm. Radiation of heat into the environment caused a slow overall signal 

decay. The oscillating part of the transient (black box) contained information about the acoustic 

vibrations, and was subject to further analysis in c) and d). Inset: SEM image of the measured single 

AuND. C) An exponential function corresponding to the first term in equation 1 (black, dashed) was fit to 

the signal (red) and subsequently subtracted to eliminate the decay component due to heat loss. Inset: 
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Power spectrum obtained by the Fourier transform of the signal residuals after subtraction of the 

exponential fit to obtain the frequency components of the oscillation. D) The fit of a damped cosine 

function (black, dashed) to the residuals (red) from C) yielded the oscillation frequencies and damping 

times. The damped cosine functions are represented by the second term in equation 1. 

 

We analyzed only the oscillatory part of the transient (Figure 1b, black box) to quantify 

acoustic vibration frequencies and damping times. An exponential fit was used to account for the 

decay component due to heat loss, as demonstrated in Figure 1c. After subtracting this 

exponential decay, a Fourier transform was applied to the residuals to yield the acoustic 

frequency components, as shown in the inset of Figure 1c. The extracted frequency components 

were improved upon by using them as starting values for a least-squares fit of an adjustable sum 

of damped cosine functions to the residuals, as presented in Figure 1d. Using the results of both 

fits, the exponential and damped cosine functions were combined and a final least-squares 

optimization was performed on the raw experimental data, according to:  

 
∆𝑇

𝑇
(𝑡) = 𝐴 exp (−

𝑡

𝜏𝑎
) + ∑ 𝐵 exp (−

𝑡

𝜏𝑏
) ∙ cos(2𝜋𝜈𝑡 + 𝜙) + 𝐶, (1) 

where T/T (t) is the differential transmission as a function of time delay t; 𝜈 is the acoustic 

frequency with a phase 𝜙; 𝜏𝑎 and 𝜏𝑏 are the decay time for lattice cooling and the damping time 

of the acoustic vibrations, respectively; A and B are adjustable amplitudes; whereas C is a 

constant offset that accounts for the signal not completely decaying within the measurement 

window. The first term in equation 1 describes lattice cooling to the environment. The second 

term describes the acoustic vibrations and was expanded from a single to multiple damped cosine 

functions to account for varying numbers of acoustic modes. The extracted damping times 𝜏𝑏 

and frequencies 𝜈 were used to calculate the vibrational quality factor Q = π𝜏b𝜈. Using this 
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methodology, we determined a Q-Factor of 15.2 ± 3.2 for the acoustic mode of AuNDs with an 

aspect ratio of 3.4 and a 4 nm Ti layer, as shown in Figure 1. This Q-Factor was slightly larger 

than the previously reported Q ≈ 11 for similar AuNDs on Ti layers of 2 nm,28 indicating a 

possible change in acoustic behavior due to the increased binding strength. All errors specified 

within this work correspond to the standard deviation from at least 5 measured particles for each 

aspect ratio. 

The substrate-particle binding strength affects the acoustic frequencies and modes of 

AuNDs. Figure 2 shows representative differential transmission transients and corresponding 

power spectra of weakly and strongly bound AuNDs with aspect ratios of 2.2, 3.4, and 4.6. All 

weakly bound AuNDs exhibited a single acoustic mode as indicated by the absence of beating 

patterns in the transients (Figure 2a-c) and confirmed by a single peak in the power spectra given 

in the insets. With values of 18.8 ± 1.1 GHz, 15.1 ± 0.9 GHz, and 11.3 ± 0.7 GHz, the acoustic 

frequency of this mode decreased with increasing aspect ratio.  

In contrast, strongly bound AuNDs had either one or two acoustic modes depending on the 

aspect ratio (Figure 2d-f). AuNDs with an aspect ratio of 2.2 exhibited a beating in the transients 

(Figure 2d), suggesting the existence of an additional mode. The corresponding power spectrum 

confirmed that two modes were present, with frequencies of 6.2 ± 0.9 GHz and 20.5 ± 1.3 GHz. 

The transients of strongly bound particles with an aspect ratio of 3.4 mainly displayed a similar 

behavior to their weakly bound counterparts with only one dominant frequency component of 

15.1 ± 0.5 GHz, as already illustrated in Figure 1. However, a few AuNDs of this aspect ratio 

revealed a small side peak at smaller frequencies in the power spectrum, as shown in the inset of 

Figure 2e, indicating a second acoustic mode with almost similar frequency. The fact that only 

some AuNDs exhibited this behavior highlights the importance of a single-particle approach, as 
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it is the only way to identify inter-particle variations. Larger, strongly bound AuNDs with an 

aspect ratio of 4.6 again showed distinct beating patterns in the transients, caused by two 

acoustic modes with comparable frequencies of 10.3 ± 0.8 GHz and 12.3 ± 0.4 GHz, also clearly 

visible in the power spectrum.  

Figure 2: Strong coupling between AuNDs and a glass substrate induced an aspect ratio 

dependence of the acoustic modes. Weak binding (left): Oscillating component of the transient 

transmission for representative AuNDs with aspect ratios of 2.2 (a), 3.4 (b), and 4.6 (c) and a Ti adhesion 

layer of 2 nm. The black dashed lines represent the fit of a single damped cosine function to the data. 

Strong binding (right): Oscillating component of the transient transmission for representative AuNDs 

with aspect ratios of 2.2 (d), 3.4 (e), and 4.6 (f) and a Ti adhesion layer of 4 nm. Here, the black dashed 

lines represent the fit of a combination of two damped cosine functions to the data. Insets: Power spectra 
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of the oscillating components generated by Fourier transform of the experimental data. For better 

visibility, the aspect ratio was abbreviated as AR. 

 

The data in Figure 2 suggest that strong binding was accomplished through the thicker Ti 

adhesion layer, altering the acoustic behavior of the AuNDs. For weak binding, the steady 

frequency decrease of the single observed acoustic mode with increasing aspect ratio is in good 

agreement with previous reports of in-plane breathing mode observations and theoretical 

simulations.28, 36, 54 In the case of strong binding, the higher frequency mode also exhibited 

decreasing frequencies with increasing aspect ratios, comparable to the in-plane breathing mode 

for weakly bound AuNDs, whereas the low-frequency mode did not follow a clear trend. These 

findings are consistent with previous reports of strongly bound AuNDs that supported additional 

acoustic modes apart from the breathing mode.36, 39  

The acoustic frequencies and Q-Factors of weakly and strongly bound AuNDs were 

determined for aspect ratios between 2 and 5 to better map out the effect the aspect ratio has on 

acoustic mode frequencies and damping. As a baseline, we first investigated the acoustic mode 

for the case of weak particle-substrate binding. Figure 3a illustrates the experimental acoustic 

frequencies of individual weakly bound AuNDs, plotted against their aspect ratio and color-

coded with their respective Q-Factor. All 112 AuNDs measured supported only a single mode 

with a frequency that decreased from ~20 GHz for an aspect ratio of 2 to ~10 GHz for an aspect 

ratio of 5. The average Q-Factor was 13.2 ± 4.5 over the entire aspect ratio range. Frequencies 

and Q-Factors for individual aspect ratios are provided in the supporting information (Table S1).  
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Figure 3: Strong particle-substrate binding led to enhanced Q-Factors at specific aspect ratios. a) 

Experimental acoustic frequencies of individual AuNDs on glass with a 2 nm Ti adhesion layer plotted 

against the AuND aspect ratio. The data points are color-coded with the value of the Q-Factor. b) 

Experimentally determined acoustic frequencies of individual AuNDs on glass with a 4 nm Ti adhesion 

layer plotted against the AuND aspect ratio. The data points are color-coded with the value of the Q-

Factor. Orange and green bars mark areas of interest for comparison with simulated results. Modes I, II, 

and III were identified as discussed in the text. For better visualization in a) and b), a small x-offset was 

applied within each group of data points corresponding to the same aspect ratio. See tables S1 and S2 for 

specific aspect ratios and the corresponding average Q-Factors. c) FEM simulated acoustic frequencies of 

the in-plane breathing mode of unbound (free) AuNDs with varying aspect ratios. No substrate was 

considered, leading to zero damping and no determination of extrinsic Q-Factors. Inset: Displacement 

profile of the in-plane breathing mode. Blue to red colors indicate increasing displacement, while arrows 

indicate displacement direction. D) FEM simulated acoustic frequencies and Q-Factors of strongly bound 

(fixed) AuNDs with a 4 nm Ti layer as a function of aspect ratio. The bimetallic AuNDs were considered 

to be in perfect mechanical contact with the glass substrate. Blue, orange, and green bars mark areas of 
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interest for further analysis and comparison with experimental results. Modes IV, V, and VI were 

identified. 

 

In contrast, strongly bound AuNDs supported three distinct acoustic modes with different Q-

Factors depending on the aspect ratio. Figure 3b summarizes the experimental results. Two 

modes, labeled I and II, were observed for small aspect ratios up to ~3, with frequencies of about 

5-10 GHz and 15-25 GHz, respectively. The average Q-Factors within this aspect ratio regime 

were 2.4 ± 1.9 for mode I and 15.0 ± 2.0 for mode II. For aspect ratios between 3 and 4.5, only 

mode II was seen with an average Q-Factor of 17.0 ± 2.6, which represents a maximum for 

mode II. For the largest aspect ratios from 4.5 to 5, mode II and an additional mode III were 

visible. While Mode II had a similar average Q-Factor of 12.2 ±.4.4 as seen for the smallest 

aspect ratios, the average value for mode III was determined to be only 4.3 ±.2.6. Both modes II 

and III had similar frequencies with an average frequency difference of only 2.0 ± 0.1 GHz. 

Frequencies and Q-Factors for individual aspect ratios are again provided in the supporting 

information (Table S2). 

FEM simulations were performed and compared to the experimental data to assign the 

different acoustic modes and investigate their acoustic damping. The acoustic Q-Factor can be 

separated into intrinsic and extrinsic contributions, Qint and Qext, according to:11 

 
1

Q
=

1

Qint
+

1

Qext
 (2) 

Intrinsic contributions describe the dissipation of vibrational energy due to, for example, particle 

crystallinity or density of grain boundaries and are generally larger for polycrystalline particles. 

Extrinsic contributions comprise losses of vibrational energy to the environment, such as the 

substrate, liquid media, and surface-bound ligands.11 FEM simulations do not consider intrinsic 
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damping mechanisms and the simulated Q-Factors correspond to Qext. Atomistic studies are 

required to consider defects, but are computationally expensive and have only been applied to 

much smaller systems.55, 56 In the following discussion, we, therefore, refer to Qext when 

discussing simulated Q-Factors. Due to the exclusion of intrinsic damping, the simulated Q-

Factors were generally much larger than the experimental values. 

Considering that the in-plane breathing mode was experimentally observed for weakly 

bound AuNDs,36 we calculated its acoustic frequencies for the limiting case of a free AuND. 

Figure 3c shows the simulated acoustic frequencies of the in-plane breathing mode of a free 

AuND, with values in the range of approximately 8-18 GHz. The experimental frequencies in 

Figure 3a were well described by these simulations. An average frequency difference of 2.1 ± 0.5 

GHz over all aspect ratios was observed and attributed to the previously reported stiffening effect 

caused by the substrate, even in the case of weak binding.36 Continuum mechanics describes a 

linear relationship between the acoustic frequency of the in-plane breathing mode of a free disk 

and its inverse diameter.54, 57 Indeed, plotting the experimental frequencies against their inverse 

diameter yielded a linear relationship that agreed well with the simulations (Figure S7), further 

confirming our mode assignment. Since no extrinsic medium due to the surrounding air was 

considered in the FEM simulations, extrinsic Q-Factors due to hydrodynamic damping were not 

determined. 

The good agreement between the experimental frequencies and the model of a free disk 

indicates a limited influence of the substrate in the case of weak binding. The inset of Figure 3c 

shows the calculated displacement profile of the in-plane breathing mode. Looking at the vertical 

AuND cross-section from the side, the profile illustrates the horizontal disk expansion during the 

in-plane breathing mode. The largely horizontal displacement suggests minimized transport of 
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acoustic energy into the substrate, diminishing its influence in the experiment. Additionally, if 

efficient transport of acoustic energy between AuND and substrate had been established in the 

experiment, increased substrate damping should have occurred for larger aspect ratios due to 

their larger contact areas. The almost constant experimental Q-Factors for different aspect ratios 

(Figure S8) are thus consistent with weak coupling.  

It is important that, while the experimental Q-Factors of weakly bound AuNDs did not 

exhibit clear trends with the aspect ratio, they showed particle-to-particle variations with Q-

Factors ranging between 6 and 27. The average Q-Factor of 13.2 ± 4.5 measured here is good in 

agreement with our previous report of a constant value of 11.3 ± 2.5.28 However, the increased 

standard deviation in the Q-Factor, amounting to 34% of the average value, indicates broader 

fluctuations. Assuming a minor influence of the substrate, we attribute the large Q-Factor 

variations to differences in intrinsic damping due to the heterogeneous polycrystalline nature of 

lithographically prepared structures. We hypothesize that the larger average Q-Factor and 

increased standard deviation observed are due to a few well-fabricated AuNDs with fewer 

internal defects, which support maximum Q-Factor values of ~27.  

Simulations of strongly bound AuNDs on a glass substrate reproduced the experimental 

results. As illustrated in Figure 3d, three acoustic modes labeled IV, V, and VI were identified. 

Modes V and VI were present throughout the entire investigated aspect ratio range and crossed 

at an aspect ratio of ~1.6. Both modes had comparable frequencies, only deviating from each 

other by about 2 GHz on average and decreasing from 34 to 8 GHz as the aspect ratio increased 

from roughly 1 to 5.5. In contrast, mode IV was only observed up to an aspect ratio of 

approximately 1.5 with a constant frequency of 8.7 ± 0.3 GHz. The simulated Q-Factors varied 

strongly between modes and aspect ratios, with an overall minimum of ~10 and a maximum of 
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~7250. The lowest simulated Q-Factors were found for mode IV, which had an average value of 

10.7 ± 2.5. Mode VI exhibited almost constant values of 23.4 ± 4.4 for all aspect ratios. Most 

importantly, mode V displayed generally larger Q-Factors than modes IV and VI and exhibited 

large Q-Factor enhancements with maximum values of ~7250 and ~1000 for aspect ratios of 

~1.2 and ~4.  

Before directly comparing the experimental and simulated data of strongly bound AuNDs, it 

is important to consider fundamental differences between the experimental and theoretical 

approaches. The largest simulated Q-Factors were two orders of magnitude larger than those 

seen in the experiment because intrinsic damping could not be considered, as mentioned above. 

In addition, a perfect mechanical contact between the particle and substrate was assumed in the 

simulation. While strong substrate binding for an adhesion layer thickness of 4 nm has 

previously been suggested,36 crystal defects at the glass/Ti and Au/Ti interfaces due to the 

polycrystallinity of evaporated metal films could contribute to a deviation from perfect 

mechanical contact in the experiment. Then, the ability to accurately identify multiple acoustic 

modes in an experimental transient depends on their respective excitation and detection 

efficiencies as well as their lifetimes.9, 39 Additional criteria are uncertainties in the fit analysis 

and the signal-to-noise ratio.58 We, therefore, expect discrepancies between experiment and 

simulation for 1) smaller particles with smaller transient signals, 2) modes of similar frequency, 

and 3) short-lived or inefficiently excited and/or probed modes.  

Mode I resembled mode IV in both frequencies and Q-Factors, indicating that a short-lived 

acoustic mode was excited for small aspect ratio AuNDs. It is important to point out, though, that 

modes I and IV were observed at different aspect ratios, shifted by a value of ~1. Additionally, a 

small frequency shift of about 3 GHz was observed. We partially attribute these differences to 
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the short acoustic lifetime and the small particle sizes giving smaller signals, which made the 

experimental measurement of mode I challenging. However, the average frequency standard 

deviation over all aspect ratios of mode I was only 1.2 ± 0.5 GHz and thus smaller than 3 GHz. 

Therefore, we suggest that the frequency differences between modes I and IV were 

predominantly caused by an imperfect contact in the experiment, as described earlier. 

Similarly, mode II showed clear similarities with mode V. Both modes, having comparable 

frequencies, exhibited a frequency decrease with increasing aspect ratio. Interestingly, the large 

Q-Factor enhancement of mode V at an aspect ratio of 4 was represented in the experiment. 

Mode II showed the largest experimentally observed Q-Factor for strongly bound AuNDs with 

18.8 ± 2.3 at an aspect ratio of 4. An average frequency difference of 2.8 ± 1.3 GHz between 

modes II and V was found, potentially due to the non-ideal contact in the experiment. However, 

since the frequency difference increased from approximately 1.4 GHz to 4.3 GHz when going 

towards smaller aspect ratio AuNDs with weaker signals, we attribute it mainly to experimental 

uncertainties. 

Mode III matched mode VI well but was experimentally challenging to resolve. The fact 

that mode III was only observed for the largest aspect ratio AuNDs was likely due to its similar 

frequencies compared to mode II. The interference of almost identical acoustic frequencies 

caused slow modulation patterns that required high signal-to-noise ratios and measurements with 

long pump-probe delay times. Thus, mode III could not be resolved for smaller aspect ratio 

AuNDs, for which the frequency difference between modes II and III became even smaller. 

Additionally, when fitting the experimental data to identify Q-Factors of modes II and III, the 

similar frequencies made an assignment of Q-Factors difficult despite their discrepancy of ~8, 

while having no effect on achieving an excellent fit quality. Since this discrepancy was also 
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observed in the simulated Q-Factors of modes V and VI, with V having consistently the larger 

Q-Factor, the simulation guided the assignment of the experimentally determined Q-Factors to 

modes II and III. 

The experimental and simulated acoustic frequencies and Q-Factors of strongly bound 

AuNDs showed good agreement, reaffirming that the additional acoustic modes and their 

modified Q-Factors are the result of substrate interactions in the strong binding regime. Because 

the simulations only considered extrinsic damping by the substrate and no intrinsic properties 

were tuned in the experiment, the different Q-Factors for specific modes and aspect ratios must 

be due to changes in the extrinsic damping. Our results are consistent with previous studies,36, 39 

but demonstrate for the first time the important role that substrate binding, here accomplished 

through the Ti adhesion layer, plays for lithographically prepared plasmonic nanostructures on 

glass. The Ti layer controls strong substrate binding and hence enables mode hybridization, as 

discussed more below, so that certain geometries, i.e., aspect ratios here, can be optimized to 

yield enhancements in Q-Factors by controlling extrinsic damping.  

Even though extrinsic damping due to the substrate is the damping mechanism of interest in 

the strong binding regime, the overall smaller experimental Q-Factors relative to simulation 

suggest that intrinsic damping affected the measured acoustic lifetimes as well. Considering 

mode II, its average Q-Factors at each aspect ratio had standard deviations similar to the weakly 

bound AuNDs (Figures S8 and S9), indicating particle-to-particle variations in intrinsic damping 

due to heterogeneous polycrystallinity for strongly bound AuNDs as well. Additionally, the 

minimum and maximum Q-Factors for mode II were ~4 and ~28, respectively, while the Q-

Factor average over the entire aspect ratio range amounted to 13.9. Therefore, apart from the 

moderate enhancement at an aspect ratio of about 4, the overall Q-Factors of strongly bound 
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AuNDs were comparable to those of the in-plane breathing mode for weakly bound AuNDs. In 

agreement with the literature, these findings indicate that intrinsic damping is always an 

important channel for acoustic energy loss in lithographically prepared AuND.28, 39 Indeed, our 

results suggest that intrinsic damping can almost fully prevent strongly enhanced Q-Factors, 

despite reduced extrinsic damping, and needs to be accounted for in order to achieve the largest 

Q-Factors. Based on these results, it is most likely that the large variation in reported Q-Factors 

for lithographically prepared nanostructures,28, 38, 39 ranging from ~10 to ~70, is caused by 

intricate details of their respective fabrication process that determines both substrate binding and, 

importantly, internal crystallinity. 

Despite intrinsic damping playing a major role in our experiments, we used the simulations 

to understand how reduced extrinsic damping and thus Q enhancement is achieved for 

hybridized modes. Specifically, we studied the shapes of the modes IV, V, and VI and how they 

differ from the in-plane breathing mode of the unbound AuNDs. Simulated displacement profiles 

describe the direction and maximum amplitude of mechanical displacement that an acoustic 

mode causes in a particle and its substrate and provide detailed insight into the dependence of the 

Q-Factor on the acoustic mode and the aspect ratio. Figure 4 displays the displacement profiles 

of modes IV, V, and VI at aspect ratios 1.2 (light blue), 4 (orange), and 5 (green), using the same 

color-coding as in Figure 3d. These aspect ratios were chosen to consider cases of strongly 

enhanced as well as small Q-Factors and partially coincide with experimentally studied aspect 

ratios. In Figure 4, the displacement amplitude increases from blue to red, with arrows indicating 

the displacement direction. Black horizontal lines mark the interface between AuND and 

adhesion layer (top) and adhesion layer and substrate (bottom). In the following discussion of the 
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displacement profiles we consider the Ti adhesion layer to be part of the AuND,36 and term the 

interface between adhesion layer and substrate the AuND-substrate interface. 

Figure 4: Enhanced Q-Factors were observed when displacement minima were located at the 

particle-substrate interface. Simulated displacement profiles of the acoustic modes IV, V, and VI 

labeled in Figure 3 at aspect ratios 1.2, 4, and 5. The normalized displacement is color-coded and 

increases from blue to red. Arrows indicate the displacement direction. The AuND symmetry was utilized 

to reduce computational cost. Thus, unlike the displacement profile in Figure 3, each side-view profile 

resembles the vertical cross-section of the right half of the AuND-substrate system, with the left edge 

corresponding to the AuND center. See Figure S5 for further visualization of the simulated geometry. For 

better visibility, the aspect ratio was abbreviated as AR. 

 

The simulated displacement profiles deviated strongly from the in-plane breathing mode and 

were dependent on the aspect ratio. At an aspect ratio of 1.2, mode V resembled an edge mode in 

which the maximum displacement was concentrated in the top center and the edge of the disk 
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(Figure 4: light blue, top). Interestingly, the entire displacement seemed to be oriented in a circle, 

implying effective localization of acoustic energy inside the AuND. The corresponding Q-Factor 

was large, with a maximum value of ~7250. While the overall shape of the edge mode was 

maintained for aspect ratios 4 and 5 (Figure 4: orange and green, top), the displacement became 

more widespread and extended over both disk and substrate. For these aspect ratios, maximum 

displacement amplitudes were observed at the lower center and the upper edge of the AuND. 

Additionally, a distinct displacement minimum was located at the particle-substrate interface for 

aspect ratio 4, shifting slightly below the interface for aspect ratio 5 (red circles). The Q-Factor at 

aspect ratio 4 was smaller with a value of ~1000, but nevertheless presented a local maximum in 

the dependence of the Q-Factor on the aspect ratio for mode V. The Q-Factors further decreased 

for aspect ratios larger than 4, leading to a value of only ~300 at aspect ratio 5. 

The shapes of mode V indicate that the acoustic Q-Factor is inversely related to the amount 

of displacement at the particle-substrate interface. Among the considered aspect ratios in Figure 

4, the largest decrease in the Q-Factor of ~6200 for mode V occurred when the aspect ratio 

increased from 1.2 to 4. This observation can be attributed to the shift of the maximum 

displacement amplitude from the top of the AuND, where acoustic energy was conserved, 

towards the bottom of the AuND, where efficient transfer of acoustic energy into the substrate 

was enabled. However, there was no apparent change in the displacement amplitudes between 

aspect ratios 4 and 5, while the Q-Factor decreased by a value of ~700. Interestingly, the 

displacement minimum shifted from the AuND-substrate interface into the substrate, as indicated 

by the red circles in Figure 4, implying that even a spatially localized minimum in the 

displacement has an impact on the acoustic Q-Factor if located directly at the AuND-substrate 

interface. Thus, the reduced displacement directly at the AuND-substrate as compared to inside 
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the AuND or the substrate appears to be most important, since it prevents or minimizes the 

transfer of acoustic energy out of the AuND and thus reduces extrinsic damping. This 

interpretation is further strengthened by the fact that the by far largest Q-Factor of ~7250 was 

found for mode V at an aspect ratio of 1.2, which showed the smallest displacements at the 

AuND-substrate interface for all discussed modes and aspect ratios. 

The displacement profiles and associated Q-Factors for modes IV and VI are consistent with 

the above-proposed interface-mediated damping mechanism. At an aspect ratio of 1.2, mode IV 

exhibited a large displacement amplitude at the AuND-substrate interface, extending throughout 

the disk and into the substrate (Figure 4: light blue, bottom). The corresponding Q-Factor was 

only 20, as expected for acoustic energy being efficiently transferred into the substrate. The 

displacement profiles of mode VI were an inversion of mode V at aspect ratios 4 and 5 (Figure 4: 

orange and green, top and bottom), but showed smaller displacement maxima directly at the 

AuND-substrate interface than mode V. However, the corresponding Q-Factors of mode VI were 

only 20 and 10 at aspect ratio 4 and 5, respectively, smaller than for mode V. Following the 

above discussion, we attribute these reduced Q-Factors to a greater overall displacement at the 

AuND-substrate interface, since local minima were located further from the interface and closer 

to the particle center (orange circles).  

The investigation of the acoustic mode profiles allowed us to identify the origin of substrate-

induced Q-Factor enhancements in strongly bound AuNDs as the reduction of mechanical 

displacement at the AuND-substrate interface. First, strong binding creates hybridized acoustic 

modes for substrate-supported AuNDs with aspect ratio-dependent mode shapes. Enhanced Q-

Factors then occur for aspect ratios at which these hybridized acoustic modes experience greatly 

reduced displacement at the AuND-substrate interface. For AuNDs on glass, two of such Q-
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Factor enhancements were identified for mode V at aspect ratios of ~1.2 and ~4. Finally, we 

point out that similar Q-Factors were found for modes IV and VI at aspect ratios of 1.2 and 4, 

respectively, despite the much larger displacement at the AuND-substrate interface for mode IV. 

With the AuND-substrate interface area being much larger for bigger aspect ratios, this finding 

suggests that the total contact area between the AuND and the substrate also affects the transfer 

of acoustic energy and the magnitude of extrinsic damping, in contrast to our previous result for 

weak binding.28 

To test the validity of our simulations as well as our hypothesis of interface-mediated 

extrinsic damping for strongly bound AuNDs, we performed simulations of rigidly bound 

AuNDs that were directly placed on a sapphire substrate. Such studies were reported previously 

and were chosen as a benchmark.39 Figure 5a shows the simulated acoustic frequencies plotted 

against the aspect ratio and color-coded with the corresponding Q-Factor. Again, three acoustic 

modes, labeled VII, VIII, and IX, were observed. The overall trends were comparable to those 

on a glass substrate with frequency differences on the order of ~5 GHz. Mode IX was not 

observed for aspect ratios smaller than 2.6, where it intersected with mode VIII. Most 

importantly, Q-Factors of mode VIII ranged from ~50 to ~100 for aspect ratios above 3, but 

were enhanced for smaller aspect ratios with two maxima at aspect ratios of ~1.1 and ~2.1, 

where the Q-Factor increased to ~25000 and ~3000, respectively. In contrast, the Q-Factor of 

mode VII was small with maximum values of ~10, while mode IX exhibited a constant Q-Factor 

value of ~60. The calculated acoustic frequencies and, in particular, the second maximum in Q-

Factors at an aspect ratio of ~2.1 agreed well with the literature,39 validating our computational 

approach. However, both modes VIII and IX were reported to be present for the smallest aspect 

ratio AuNDs with similar frequencies but Q-Factors that differed by two orders of magnitude. 
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The near degeneracy of the acoustic frequencies likely concealed the existence of mode IX at 

aspect ratios below 3 here at the resolution of our simulations.  

The displacement profiles of AuNDs on sapphire were comparable to those on glass. Figure 

5b illustrates the displacement profiles of the simulated acoustic modes VII and VIII on sapphire 

for the aspect ratio of 2.1. This aspect ratio was chosen since it exhibited a maximum in Q-Factor 

and corresponds to the maximum for glass at AuND aspect ratio of 4, as explained further below. 

Modes VII and VIII resembled an out-of-plane mode and an edge mode that agreed well with 

the literature,39 again confirming our simulations. These profiles clearly demonstrate how large 

and small displacements at the AuND-substrate interface lead to small and large Q-Factors for 

modes VII and VIII, respectively. The correlation between mode profiles and Q-Factor 

enhancement on both sapphire and glass supports our explanation of interface-mediated extrinsic 

damping, independent of substrate material, as long as strong binding is present.  
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Figure 5: Strong binding of AuNDs on sapphire causes comparable Q-Factor enhancements. a) 

Simulated acoustic frequencies and Q-Factors of fixed AuNDs on a sapphire substrate plotted against the 

aspect ratio. Three modes labeled VII, VIII, and IX were observed. The disk was considered to be in 

perfect mechanical contact with the substrate. The orange bar marks an area of interest for further mode 

analysis in b). b) Displacement profiles of the acoustic modes VII and VIII for an aspect ratio of 2.1. The 

profiles are shown as vertical cross-sections of the right half of the AuND-substrate system. For better 

visibility, the aspect ratio was partially abbreviated as AR. 

 

The comparison of AuNDs on sapphire and glass demonstrates that, under the assumption of 

strong binding, the acoustic modes and Q-Factors of AuNDs could be further tuned through the 

substrate material. The Q-Factor maxima of mode V on glass occurred at aspect ratios of ~1.2 

and ~4, whereas those of mode VIII on sapphire were found at aspect ratios of ~1.1 and ~2.1. At 

the same time, the magnitudes of the Q-Factor maxima differed between AuNDs on sapphire and 
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glass. Maximum Q-Factors of ~7250 and ~1000 were observed for the first and second 

maximum for AuNDs on glass, respectively, while Q-Factors of ~25000 and of ~3000 were 

obtained for AuNDs on sapphire. It is important to note that the Ti adhesion layer was omitted 

for the simulations of mode VIII on sapphire to validate our results against previous work.39 

However, the change from a bi-layered to a monometallic disk has been reported to cause only a 

frequency shift.36 Therefore, the different Q-Factor maxima in terms of their aspect ratio and 

magnitude when switching from glass to sapphire must be due to the substrate material.  

This comparison illustrates the importance of also considering the stress at the interface. 

Indeed, the Q-Factors of the discussed edge modes V (on glass) and VIII (on sapphire) were 

found to have a strong dependence on the relative acoustic impedances of the AuND and the 

substrate. Figure S10 illustrates how the smaller acoustic impedance mismatch between the 

AuND and the substrate leads to larger and narrower maxima at smaller aspect ratios. Here, the 

smaller acoustic impedance mismatch for the sapphire substrate resulted in larger Q-Factor 

maxima at smaller aspect ratios compared to glass. Therefore, for mode hybridization in the 

strong coupling regime, the choice of substrate and particle material offers the ability to engineer 

Q-Factor maxima at desired aspect ratios through control of their relative acoustic impedances.  

The dependence of the Q-Factor on the displacement at the AuND-substrate interface can be 

understood with a simplified model of a long cylinder. Figure 6a shows the schematic of a long 

Au cylinder with a diameter of 40 nm and a height of 1000 nm on a sapphire substrate. 

Assuming an oscillating edge mode, illustrated in Figure 6b for an AuND with an aspect ratio of 

2.1 on sapphire, mechanical displacement in the cylinder was calculated. Figure 6c displays the 

vertically directed displacement uz caused by the edge mode at the center of the cylinder (r=0) 

and at different positions along the cylinder height in black. Using the cylinder diameter, the 



32 
 

different height positions were translated into aspect ratios. The cylinder can therefore be 

regarded as a representation of many AuNDs with continuously increasing thicknesses. When 

moving along the cylinder height, effectively increasing the aspect ratio, an oscillatory behavior 

of uz around zero displacement was observed, indicating a series of displacement nodes within 

the cylinder. For comparison, we also plotted the Q-Factors of the edge mode in AuNDs of the 

same aspect ratios on a sapphire substrate in red. Interestingly, the displacement nodes (i.e., zero 

displacement) in the cylinder aligned perfectly with the maxima in the calculated Q-Factors of 

the AuNDs.  

Figure 6: Using the model of a long cylinder, the Q-Factor enhancement in AuNDs depends on 

displacement nodes at the particle-substrate interface. a) Schematic for the model system of a long Au 

cylinder that was fixed onto a sapphire substrate. The diameter and height of the cylinder were set to 40 

nm and 1000 nm, respectively. b) Representative displacement profile of an acoustic edge mode in an 

AuND with an aspect ratio of 2.1 on sapphire, color coated with the normalized displacement amplitude. 

The profile is a vertical cross-section of the right half of the AuND-substrate system. Only the edge mode 

was considered in the analysis and discussion of the cylinder. c) Comparison of the vertical displacement 
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uz of the edge mode in the center of the cylinder on sapphire (black) and the simulated Q-Factors of the 

edge mode in AuNDs (red). The displacement in the cylinder was determined for each point along the 

cylinder height. Height positions were translated into aspect ratios for better comparison, using the 

cylinder diameter. The dashed vertical line indicates the overlap of a displacement node with the Q-Factor 

maximum at an aspect ratio of 1.1. The dotted horizontal indicates zero displacement for better 

visualization. 

 

The model of a long cylinder confirmed enhancement of the Q-Factor as a function of 

displacement at the interface, leading to discrete maxima for certain aspect ratios. In this 

comparison, at each aspect ratio, the cylinder represented the limiting case of an AuND with an 

edge mode at its top, thus isolated from the substrate and only inducing small vertical 

displacements that caused loss of acoustic energy. However, the model revealed periodic nodes 

in these vertical displacements. By matching the aspect ratio of an AuND with the location of a 

displacement node in the cylinder, the displacements at the AuND-substrate interface can be 

eliminated and a minimum loss of acoustic energy can be achieved (see Figure S11 for further 

visualization). As shown in Figure 6c, this simple model predicted a displacement node at an 

aspect ratio of 1.1, thus confirming that the previously discussed first maximum in Q-Factor for 

AuNDs on sapphire is the result of minimized displacement at the AuND-substrate interface. For 

larger aspect ratios, the simple isolation of the edge mode from the substrate does not strictly 

apply any longer, leading to more complicated displacement profiles at the AuND-substrate 

interface, as, for example, shown for mode V at aspect ratio 4 in Figure 4. Thus, the 

displacements at the cylinder center alone are not sufficient to describe the acoustic Q-Factors, 

and the displacements across the entire particle-substrate contact area has to be considered to 

account for potential displacement minima.  
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 Based on these results, we propose the following description of acoustic damping in 

lithographically prepared AuNDs. Both intrinsic and extrinsic damping must be considered, as 

shown by the discrepancy between experimental Q-Factors and simulated Qext factors. Intrinsic 

damping strongly damps the acoustic vibrations due to the polycrystallinity of the structures and 

can suppress enhanced Q-Factors even when reduced extrinsic damping is achieved. Previous 

studies have reported Q-Factors of ~10 for Au nanorings and weakly bound AuNDs,28, 37 ~50 for 

Au nanorods,38 and ~70 for strongly bound AuNDs and AuNDs on pillars.39, 40 The wide range 

of Q-Factors, therefore, indicates that intrinsic damping can be reduced. We suggest that 

polycrystallinity can be minimized through control of the lithographic process, especially the use 

of slow evaporation rates for crystal growth and a high vacuum for minimized contamination. 

Extrinsic damping of substrate-supported AuNDs predominantly depends on the mechanical 

displacement at the particle-substrate interface and varies strongly between different acoustic 

modes. The acoustic modes of AuNDs change with the particle-substrate binding strength and 

become aspect ratio dependent, providing a tool to control extrinsic damping. 

In the case of weak binding, the acoustic modes of AuNDs approximately correspond to 

those of a free disk. The weak particle-substrate coupling limits the loss of acoustic energy into 

the substrate because, due to its high excitation and detection efficiencies,39 only the in-plane 

breathing mode is observed in the experiment. The in-plane breathing mode exhibits a mostly 

horizontal displacement direction and remains unchanged over a large aspect ratio range. The 

horizontal directionality of the AuND vibrations limits extrinsic damping, and the Q-Factors 

appear constant for varying aspect ratios and substrates. As a result, acoustic damping of weakly 

bound AuNDs is dominated by intrinsic effects. However, small effects of the substrate can be 
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observed through increased acoustic frequencies compared to simulations of a completely free 

disk. 

For strong binding, the substrate restricts the mechanical displacements within the particle 

and creates new acoustic modes. The displacement profiles of the new modes contain both 

horizontal and vertical components that change with the aspect ratio. Aspect ratio-dependent Q-

Factors are generated as a result, with large Q-Factor enhancements occurring when 

displacement minima are located at the particle-substrate interface due to minimized loss of 

acoustic energy into the substrate. Lastly, the acoustic mode profiles of strongly bound AuNDs 

also depend on the relative acoustic impedances of particles and substrate. Smaller impedance 

mismatches create narrow Q-Factor maxima with respect to the aspect ratio, shift the maxima 

towards smaller aspect ratios, and increase the maximum achievable Q-Factor. Therefore, under 

the condition of strong binding, large acoustic Q-Factors in AuNDs can be engineered through 

the substrate material, aspect ratio, and binding strength. Based on comparable observations of 

Au nanocrosses,34 we propose that this mechanism can be applied to arbitrary particle shapes. 

Although we do not consider hybridization of acoustic modes within the AuNDs and cannot 

exclude their importance, we find excellent agreement with recent theoretical investigations that 

have interpreted enhanced Q-Factors as a result of radiative coupling between particle modes 

displaying similar frequencies.53 

The particle fabrication process is of utmost importance for the experimental realization of 

large Q-Factors with lithographically prepared nanostructures. While the particle crystallinity 

directly determines intrinsic damping, the quality of the particle-substrate interface is crucial to 

establish strong binding and control the extrinsic damping. Therefore, the potential to obtain 

large Q-Factors through both maximized Qint and Qext relies on the fabrication and resulting 
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particle quality. Indeed, our measurements of AuNDs on a sapphire substrate without Ti 

adhesion layers did not exhibit the enhanced acoustic Q-Factors that were predicted by 

simulations and reported by a previous study (Figure S12).39 Instead, the experimental results 

agreed well with the in-plane breathing mode of a free disk (Figure S13). We, therefore, 

conclude that strong binding was not accomplished, most likely due to an imperfect sample 

fabrication, consistent with the sensitivity of direct metal-substrate interfaces to the fabrication 

process and elevating the use of adhesion layers as a robust and proven method to accomplish 

strong binding.59 Furthermore, internal crystallinity and surface binding strength should be 

correlated, making it difficult if not impossible to lithographically fabricate high-quality 

nanostructures on a support while remaining in the regime of weak substrate coupling to isolate 

only the in-plane breathing mode of a free particle. 

 

Conclusion 

We studied the effect of strong particle-substrate binding on the acoustic Q-Factors of 

lithographically prepared AuNDs with Ti adhesion layers on glass substrates using single-

particle transient transmission spectroscopy and FEM simulations. We found that strong binding 

modifies the acoustic properties of the AuNDs, creating several new hybridized modes whose 

displacement profiles are aspect ratio dependent. We identified that the displacements at the 

AuND-substrate interface were most important for the loss of acoustic energy through extrinsic 

damping, with small displacements at the interface diminishing the energy transfer into the 

substrate and thus giving the largest Q-Factors. Weakly bound AuNDs approximately exhibited 

the acoustic behavior of a free AuND, with a single acoustic mode observed corresponding to the 

horizontal in-plane breathing mode. Because the displacement profile of this mode did not 
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change with aspect ratio, the extrinsic damping and thus the Q-Factor was found to be constant 

for all studied aspect ratios. 

The aspect ratio dependent mode hybridization between the AuNDs and glass substrate for 

thick adhesion layers was found to cause distinct displacement minima at the AuND-substrate 

interface and hence Q-Factor enhancements for specific geometries. This effect was reproduced 

for sapphire as a substrate material through additional simulations. By switching to sapphire 

while maintaining strong binding, the acoustic impedance mismatch was decreased, leading to 

even larger Q-Factor maxima, but at smaller aspect ratios. Our results therefore rationalize the 

large spread of Q-Factors reported for lithographically prepared nanostructures and uncover the 

underlying mechanism of resonator geometry and impedance mismatch dependent mode 

hybridization that minimizes extrinsic damping. Under such optimized conditions, while 

carefully controlling metal evaporation to create strongly surface bound and high quality 

structures, it is then possible to generate hybridized acoustic modes with very large Q-Factors for 

lithographically fabricated resonators, despite intrinsic damping due to polycrystalline defects. 

Finally, the ability to controllably transform these nanoparticles from flawed towards efficient 

acoustic resonators with large Q-Factors through the control of substrate binding and impedance 

as well as resonator geometry opens the door to applications in sensing and acoustic signal 

generation.  
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Associated Content 

Supporting Information 

Schematic of the transient transmission microscope; plasmon resonances of AuNDs; spatial 

resolution with refractive objective; reproducibility of transient transmission measurement; 

additional details on FEM simulations and AuND geometry; SEM images of AuNDs; acoustic 

frequencies versus inverse AuND diameter; tabulated values of acoustic frequencies and Q-

Factors for individual aspect ratios; acoustic Q-Factor versus aspect ratio; Q-Factor dependence 

on acoustic impedance; visualization of displacement in long cylinder. 
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