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S1. Thermal noise spectra of the free cantilever

The thermal noise spectra of cantilever were recorded in the free state (far from the sample surface)

under ultrahigh vacuum. Figure S1 presents the power spectral density of the flexural and torsional

oscillations.

Figure S1: Thermal noise power spectral density flexural (blue) and torsional (red) vibration
modes. Resonance peaks corresponding to the first three flexural modes and the first torsional
mode are labeled.

The flexural resonance frequencies are identified at 21.97, 142.82, and 462.64 kHz, corresponding

to the first-, second-, and third-order bending modes, respectively. The first-order torsional mode is

observed at 401.31 kHz. Additionally, as mentioned in the main text, a distinct but unidentified peak

appears at 372.31 kHz. The origin of this specific feature is not yet fully understood and may from

internal cantilever resonances; it remains a subject for further investigation. These free-resonance

values serve as the reference for identifying the contact resonance shifts described in the main text.

S2. Details and parameters of the phononic friction model

The dynamics of the tip–MoS2-Au(111) system are governed by the Langevin equations of motion

presented in the main text. In these equations, 𝜇1 and 𝜇2 are the damping coefficients representing

the energy dissipation during sliding. To ensure numerical stability while maintaining the physical

characteristics of the oscillating system, we set the damping to be sub-critical with the damping
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ratio of 0.6. Therefore where 𝜇𝑖 = 0.6 × 2
√︁
𝑘𝑖/𝑚𝑖. The thermal noise terms 𝜁1(𝑡) and 𝜁2(𝑡) are

defined by the fluctuation–dissipation relation ⟨𝜁𝑖 (𝑡)𝜁𝑖 (𝑡′)⟩ = 2𝑚𝑖𝜇𝑖𝑘𝐵𝑇𝛿(𝑡 − 𝑡′). For simplification,

the temperature 𝑇 was set to 0 K in the present simulations. Numerical integration was performed

using the fourth-order Runge–Kutta algorithm with a spatial resolution of 2000 sampling points per

MoS2 lattice constant (𝑎1). Structural and mechanical parameters, including the lattice constants of

MoS2 and Au(111) as well as the effective cantilever stiffness and mass, were determined directly

from experimental measurements. The complete set of parameters used in the phononic friction (PF)

model is summarized in Table S1.

Table S1: Parameters in the PF model calculations.

Parameter Symbol Value Unit
MoS2 lattice constant 𝑎1 3.15 Å
Au(111) lattice constant 𝑎2 2.88 Å
cantilever stiffness 𝑘1 419.73 N/m
moiré stiffness 𝑘2 419.73 N/m
effective mass (tip) 𝑚1 6.59 × 10−11 kg
Effective mass (moiré) 𝑚2 6.59 × 10−12 kg
tip–MoS2 potential amplitude 𝑢1 30 eV
MoS2-Au(111) potential amplitude 𝑢2 0.06 eV
perturbation amplitude 𝛼 5 -
actuation frequency 𝑓a 468 kHz
sliding velocity 𝑣s 10 µm/s
damping coefficients 1 𝜇1 3.03 × 10−3 1/ns
damping coefficients 2 𝜇1 9.58 × 10−3 1/ns
simulation temperature 𝑇 0 K

S3. Fast Fourier transform analysis of calculated instantaneous friction

To resolve the dynamic components of Figure 4b in main text, a fast Fourier transform (FFT) was

performed on the calculated instantaneous friction traces.

As shown in Figure S2, the frequency spectrum distinguishes two primary components: the wash-

board frequency ( 𝑓wb = 𝑣s/𝑎1), arising from the tip traversing the atomic lattice potential, and the

external actuation frequency ( 𝑓a = 468 kHz). The distinct resolution of these peaks confirms that the
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Figure S2: The FFT spectra of the instantaneous friction under 468 kHz actuation. Green dashed
lines denote 𝑓a and its harmonics. Inset: Magnified 0–300 kHz range, where black dashed lines
identify the washboard frequency ( 𝑓wb = 31.75 kHz) and its harmonics.

friction reduction results from the dynamic superposition of mechanical modulation and potential

corrugation.

S4. Determination of torsional contact resonance frequency in calcula-

tion

The torsional resonance frequency of the cantilever in its free state was set to 410.61 kHz in

calculation, consistent with the experimental measurement. Upon establishing contact with the

MoS2 surface, the total system stiffness increases due to the additional interfacial contact stiffness

(𝑘u), shifting the resonance to a higher frequency ( 𝑓c):

𝑘u =
𝜕2𝑉 (𝑥1, 𝑥2, 𝑡)

𝜕𝑥2
1

. (S1)

In the presence of external actuation, 𝑘u is not a constant value but fluctuates periodically as the tip

oscillates within the modulated potential landscape. The instantaneous contact stiffness is defined

by the second derivative of the interaction potential:
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Figure S3: Calculated instantaneous contact stiffness 𝑘u as a function of time under 468 kHz
vibrational actuation.

The contact resonance frequency for the PF model was estimated by evaluating the time-averaged

contact stiffness. As shown in Figure S3, for an actuation frequency of 468 kHz, the mean value of

𝑘u is approximately 149.57 N/m. The resulting torsional contact resonance frequency 𝑓c can then be

estimated using the effective spring–mass relation:

𝑓c =
1

2𝜋

√︂
𝑘1 + 𝑘u
𝑚1

(S2)

Substituting the simulation parameters (𝑘1 = 419.73 N/m, 𝑚1 = 6.59 × 10−11 kg, and 𝑘̄u ≈ 149.57

N/m) yields a contact resonance frequency of approximately 467.71 kHz. This value closely aligns

with the applied 468 kHz excitation, confirming that the significant friction reduction observed in

the simulation results from the resonance suppression of stick–slip instabilities.
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