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Abstract:  

 

Two-dimensional (2D) material resonators have emerged as promising platforms for advanced 

nanomechanical applications due to their exceptional mechanical properties, tunability, and 

non-linearities. We explore the strong mechanical mode coupling between two adjacent 3R-

WSe2 nanodrums at room temperature. Combining a piezoelectric material, as non-

centrosymmetric 3R-WSe2, and vibration manipulation is the building block for phononic 

experiments with 2D materials. By strategically placing gate grids beneath each resonator and 

by mapping the spatial distribution of these modes, we demonstrate the ability to transit between 

localized modes in individual membranes to delocalized, strongly coupled modes that span the 

entire suspended region. The coherent coupling is strongly tunable with simple gate voltage and 

remarkable resonance splitting was achieved, corresponding to up to 5% of the vibration 

frequency. These results showcase the potential of 2D material resonators for efficient 

information exchange, paving the way for novel applications in quantum technologies and 

nanoscale sensing. 
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In recent years, nanomechanical systems that incorporate two-dimensional (2D) resonators 

have demonstrated remarkable characteristics, including high-quality factors1–4 and exceptional 

modulation of mechanical vibrations.5,6 They have high Young's modulus and exceptional 

resistance to mechanical stress. Due to their atomic thickness, 2D mechanical resonators are 

both robust and highly extensible.7 Additionally, they have been implemented to generate 

mechanical frequency combs and to couple tunable modes. 8–11 Furthermore, 2D mechanical 
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resonators have low mass and low spring constants. It makes them suitable for detecting  low 

mass or force, 1,12,13 as well as for high-performance bolometers14 and sensitive spectrometers.15 

2D resonators possess another captivating aspect, which relates to their tunable and non-linear 

physics. Non-linearities often dominate their equations of motion, such as the duffing term16 or 

the damping term.17,18 These can be employed to manipulate the resonators modes,19 and they 

are even expected to take an even greater importance in the quantum vibration regime. 20 

With the recent progress in device fabrication and mechanical mode engineering, it is now 

feasible to couple the various vibrational modes of one21,22 or more11,23 2D resonators24 For 

example, it was possible to fabricate a tunable phononic resonator with a graphene membrane.25 

The coherent coupling10,26 between modes causes an extremely effective exchange of energy27 

between  them. This highlights the potential of 2D mechanical resonators in phonon 

propagation, information exchange, and quantum computing using classical systems, even at 

room temperature.28  The control over the mechanical coupling between two resonators is a 

critical building block for future experiments in the phononic domain with an array of 

resonators. It is remarkable that phononic waveguides have been previously reported by 

combining piezoelectric materials and series of juxtaposed membranes.29 A 2D material with 

such properties are the Rhombohedral bilayer TMDs,30,31 due to a non-centrosymmetric and 

sliding ferroelectricity at ambient.32,33 

 

Two-dimensional (2D) material resonators have shown significant strong coupling between 

modes of different resonators at very low temperatures 9,11,21,24,26,34,35 as well between modes of 

the same resonator at room temperature.8 In this study, we investigate a system consisting of 

two adjacent 3R-WSe2 nanodrums whose vibrational modes physically overlap. Our aim is to 

explore the properties of this system and to examine the mode coupling between the two drums.  

In order to extend to phononic, it is important to consider a coupling with pure mechanical 

origin since electrostatic coupling is difficult to achieve for assembly of resonators.10,36 Multiple 

resonators have been mechanically coupled via small beams37,38, via substrate, 23,26 or via 

juxtaposed mechanical modes. 29,39 Our system differs from previous investigations11,23 by the 

physical nature of the coupling, which is here purely mechanical and important compared to 

mechanical frequency. Up to now, such very strong coupling between mechanical resonators 

has only been reported at low temperature using graphene23 or through the electrostatic coupling 

of SiC nanowires36. A discussion through the spatial and frequency mapping of mechanical 

mode, allows us to assess the similarities and difference between the coupled modes between 

two separate nanodrums and the fundamental modes of a combined larger membrane.  



 

To start our fabrication process, we first produce bilayer single-crystal WSe2 flakes stacked 

vertically in a 3R configuration, by chemical vapour deposition (CVD).31 This particular 3R 

symmetry is non-centrosymmetric and can lead to interesting piezoelectric and phononic 

experiments using 2D materials. Our CVD-grown 3R-WSe2 bilayers are then transferred from 

the growth substrate (SiO2/Si) to a host substrate which holds electrical contacts fabricated by 

standard cleanroom processing, in the form of two connected holes in an 8-shaped 

configuration. The 2D material is pick up using an HQ graphene transfer station and a PMMA 

resin. The resin is then annealed at 350°C in a vacuum. Most importantly, each hole is 

individually gated at its base to selectively address the corresponding vibration by electrostatic 

means and contacted to source and drain via the voltage VDS. 

 

As depicted in Figure 1-a and 1-b, the local and independent electrostatic gates of the circular 

membranes are labelled VG1 and VG2 for the membrane 1 and the membrane 2, respectively. By 

varying the individual gate voltages (VGi ), we apply a local capacitive force on the membrane 

i, 𝐹𝑖𝑙 =  −
1

2
 
𝜕Cp,il

𝜕𝑧𝑖𝑙
⁄ 𝑉𝐺𝑖

2   with Cp,il  the capacitance between the membrane i and its gate 

contact l . The parameter 𝑧𝑖𝑙 is the vertical spatial separation between the related membrane and 

gate contact.  This capacitive force modifies the stiffness of  membrane i as ki(VGi) 
40. The 

pairing between each membrane and its gate thus allows one to individually tune the resonance 

frequency of each nanodrum, modelled as a conventional mechanical oscillator 𝜔𝑖 = √𝑘𝑖 𝑚𝑖⁄  

with mi its effective mass and  𝜔𝑖 the vibration frequency.  

 

Lock-in techniques are used to measure the mechanical movements. Here, the membranes 

motion is actuated by adding a small sinusoidal voltage (a few tens of millivolts) to the static 

gate voltage (VGi). The vibrations of the nanodrums are measured optically, using laser 

interferometry (red laser, λ=632 nm).5,19,41,42 This optical arrangement is very sensitive to the 

membrane movement due to the formation of a Fabry-Pérot cavity between the top 2D material 

and the bottom gold gates. The laser power is adapted to ensure a reduced photothermal effect 

in our samples (see supplementary information S4). 

 

In addition to the local gates VG1 and VG2 below the membrane, a pair of two large electrical 

contacts encloses the two resonators in a standard horizontal transistor arrangement. One 

contact is used to apply a global VDS voltage. 



 

At VG1=0 V, VG2=-5 V and VDS = 0 V, the membranes labelled 1 and 2 vibrate at frequencies 

𝜔1 = 28.31 × 2𝜋 MHz and 𝜔2 = 29.77 × 2𝜋 MHz, respectively, with quality factors of 

Q1=163 and Q2=201 (Figure1-d). The slight intrinsic frequency difference between membranes 

1 and 2 is possibly due to an imperfect geometry of the two SiO2 holes.  Different pre-

deformation or strain distribution acquired during the fabrication process could also explain this 

difference. Yet, we consider this small difference as minimal in the context of 2D material 

resonators. 

 

In the following, we investigate the vibration modes ω1 and ω2 as a function of the electrostatic 

strain applied to the membranes. Figure 1-e shows the dependence 𝜔1(𝑉𝐺1) and 𝜔2(𝑉𝐺2) in the 

specific case where 𝑉𝐺 = 𝑉𝐺1 = 𝑉𝐺2. Both membranes exhibit the same behavior with respect 

to 𝑉𝐺. For |VG| <15 V, we first observe a decrease in the resonance frequency due to capacitive 

softening.43 Then, for |VG| >15 V both membranes stiffen (𝑘 ∝ 𝑉𝐺
2) 41 and the resonant 

frequency increases41. We also observe a third mechanical mode, in Figure 1-e, ω3 around 33 

MHz. 

 

Figure 1 - The dual gated 8-shaped WSe2 nanodrums. (a) Opto-electromechanical platform 

based on two local gates to excite each nanodrum individually and a red laser to measure the 

vibrations. (b) Schematic top view of the device, showing the nanodrum radius R and separation 



L. (c) Optical image of the sample. The WSe2 flake appears as purple triangle on the image. 

The nanodrums are labelled 1 and 2. Vds is for the source drain voltage applied to measure  the 

transversal current along the sample.  Scale bar = 10 µm (d) The resonant frequency of the two 

nanodrums taken at VG1 =VG2=VG = -5 V. (e) Variation of the mechanical vibration of the drums 

ω1, ω2, and ω3 as a function of VG1/VG2. Both gates are activated at the same time and have the 

same excitation and voltage. (f). Variation of ω2 with respect to VG2 with VG1 = 0 V with 

excitation and measurement on nanodrum 2. The gate used for the excitation of the membrane 

is marked with a red colour on the corresponding schematic when activated.  

 

Figure 1- f shows the independent variation of 𝜔2 as a function of VG2 when VG1 is grounded. 

We see that 𝜔2varies in the same way as in Figure 1- e while we have weak dependencies 

𝜔1(𝑉𝐺2) and 𝜔2(𝑉𝐺1). A zoom of  𝜔1 is shown in supplementary information part S9. For these 

two uncoupled modes, we consider that the capacitive force of gate 1 over membrane 2 is weak 

(Figure 1-f) and vice versa (Figure 2-a) which translates mathematically as (𝐹12, 𝐹21 ≪

𝐹11, 𝐹22). 

 

 

 

 

 

Figure 2 - Two modes-coupling. (a) Variation of ω1 with respect to 𝑉𝐺1 with 𝑉𝐺2 = 0 V with 

excitation and measurement on nanodrum 1. An anti-crossing is observed at 𝑉𝐺1 = +21 𝑉 . (b) 

Corresponding numerical computation of the measurement of the movement amplitude A1 (1). 

(c) Quality factor of the modes ω1 and ω2 with respect to 𝑉𝐺1 extracted from measurement 

(circles) and from simulation (lines). Outside of the coupling area, the quality factors are distinct 

and become equal at the coupling region, which is an indicator of strong coupling. 
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In the first set of measurements, Figure 1-d and Figure 1-e show that there is no crossover of 

the frequencies 𝜔1 and 𝜔2.  To highlight the coupling between the two nanodrums, we study 

the variation of 𝜔1 as a function of VG1 (Figure 2-a) with VG2=0 V. We observe the same 

variation of 𝜔1 frequency as in Figure 1-e, while 𝜔2 hardly varies similarly to the Figure 1-f. 

An important difference, compared to Figure 1-e, is the anti-crossing of the frequency curves, 

𝜔1 =  𝜔2 near VG1 = ±22 V which indicates a strong coupling between the two mechanical 

modes. We define the experimental resonance peak splitting 2g, related to the intermodal 

coupling strength 𝑗, as being the minimum frequency difference between the two modes in 

Figure 2-a. The measured value is g = 255 kHz.  

To describe both the uncoupled region and the mode coupling, we consider the following 

coupled motion equations27,11:  

{
�̈�1 + 𝛾1�̇�1 + 𝜔01

2 𝑥1 = 𝑗𝑥2 + 𝑓𝑑 cos(𝜔𝑑𝑡)

�̈�2 + 𝛾2�̇�2 + 𝜔02
2 𝑥2 = 𝑗𝑥1

            (1) 

 

With 𝑥𝑖 the oscillatory amplitude of each membrane vibration, 𝜔0𝑖 are the natural frequencies 

of the two modes. 𝑓𝑑 the driving force, 𝜔𝑑 the driving frequency and  𝛾𝑖 = 𝜔𝑖 𝑄𝑖⁄  the damping 

rates of each membrane. To find the solutions of the equation (1), as previously described in 

references 27,11, the system has to be diagonalized. In Figure 2b, we recover the two frequencies 

𝜔1,2 of the coupled resonators. We extract and simulate the amplitude of both modes 𝐴𝑖 defined 

by 𝑥𝑖(𝑡) = 𝐴𝑖(cos 𝜔𝑑𝑡 + 𝜙𝑖).  

 For our system, we expect a pure mechanical coupling, as in a tug-of-war contest in which both 

resonators exercise forces on the shared part of the membrane.  Compared to reference11, the 

studied mechanical modes spatially overlap and the electrical resistance is low. 

In the numerical simulation in Figure 2-b, we obtain g = 255 kHz and j = 2.1015 Hz2 to reproduce 

the experimental variations.  This gives a cooperativity 𝑐 =
(2𝑔)2

𝛾1𝛾2
= 6.2 . The coupling is 

considered strong if the cooperativity 𝑐 > 1  , so we conclude on the strong coupling between 

these two modes.  

 

As the model describes the dissipations of the resonators, in Figure 2-c, we compare the 

experimental quality factors Qi of each resonator (open symbol) extracted from the Lorentzian 

fits on our measurements and those derived from numerical model (solid line). We observe a 

reasonable quantitative match between theory and experiment. Most importantly, our model 



captures a critical feature of the anti-crossing (𝑉𝐺1 = ±22 𝑉), where the quality factors of each 

membrane collapse to a single value.  Outside the anti-crossing region, we measure a low Q1 

and a high Q2. Such increase of dissipation and widening of the peaks in membrane 1 is 

expected since both electrical and laser excitations are applied on membrane 1. At the anti-

crossing, Q1 slightly increases from 90 to 175 while Q2 sharply decreases from 400 to 175. 

Under such strong coupling conditions, mechanical energy is exchanged between the two 

modes and this indicates that the two mechanical modes share the same energy dissipation 

channels at the anti-crossing.44 

 

The modes share the same dissipation channels in the anti-crossing zone. A plausible 

assumption is that the modes are also spatially delocalised and superimposed. To address this, 

we present a systematic mapping of the distinct modes in our devices between coupled and 

decoupled regimes. We displace the probe laser over the drum surface holding all static voltages 

constant. The amplitude and phase of the vertical membrane motion are then measured by 

interferometry.  

Let discuss about the results. Far from the anti-crossing, (VG1=15 V, VG2=0 V), the normalized 

amplitudes |𝐴| of the two modes are shown in Figures 3-a and 3-b. We observe two circular 

modes at frequencies 𝜔1 and 𝜔2 spatially localised on membrane 1 and 2, respectively. In first 

approximation, we could consider that these are both fundamental modes of the circular 

membrane, characterized by a node index n=0. The modes show a limited spatial overlap. 

However, it can be seen in the ω2 mode that the drum 1 vibrates slightly when the drum 2 is 

excited, this is not an artefact but the signature of a residual coupling between the two 

membranes and a consequence of a greater stiffness of membrane 2, which pulls on membrane 

1. This is confirmed by numerical simulations. 

 

In Figure 3-c and 3-d, we map the normalized amplitude (|𝐴|cos (𝜑)) taking in account the 

phase φ of the vibration of the ω1 and ω2 branches in the couple drum regime, close to the anti-

crossing (VG1=-21V, VG2=0V) 42. Each mode spatially extends to the other drum in a significant 

way. We can consider the modes as delocalised along the whole suspended membrane. The 

inner structure of each branch is now apparent: at |VG1| = 22 V, ω1 is the in-phase summation 

of the natural modes ω01 and ω02 while ω2 combines those fundamentals but in phase opposition. 

The two membranes vibrate collectively and the branches resemble the two first harmonic 



modes, n=0 and n=1, of a combined elliptical membrane of width 2R and length (2R+2L). We 

also measure and simulate the mode ω3 in supplementary information Part S11. 

In Figure 3-e, we test the hypothesis of the spatial delocalization of collective mode ω1 by 

selectively exciting the mode ω1 using gate 1 or gate 2. It is not affected by the spatial origin of 

the actuating gate voltage, which is characteristic of a delocalized mode. 

 

 

The Figure 3g shows a numerical simulation, using COMSOL finite element modelling of the 

shape of the mechanical modes ω1 and ω2  of our 8-shaped resonator without bending stiffness. 

Figure 3 – Cartography of the vibrational modes. a) Shape of the amplitude of the circular mode 

ω1 at 𝑉𝐺1 = −15 𝑉, 𝑉𝐺2 = 0 𝑉.  b) Shape of the amplitude of the mode ω2 at 𝑉𝐺1 = 0 𝑉, 𝑉𝐺2 =
−15 𝑉. c) and d) Maps of the ω1 and ω2 modes taking into account the phase of vibration of both 

sides. e) Amplitude of the vibrational mode ω1 with excitations at gate 1 and 2 (indicated in red 

in the scheme). All scale bars: 1 μm. f) Zoom in the coupling region of the measurement and 

simulation of the modes ω1 and ω2. g) Simulation of the shape of the modes 𝜔1 and 𝜔2 using 

COMSOL with different values of stiffness for membrane 1. The green and black dotted lines 

guide the eye to the situation of two uncoupled and natural modes. 

ω1 

𝝎2 



We obtain two localized modes behaving as strongly coupled modes with an anti-crossing when 

the frequencies matched in qualitative agreement with the experimental dispersion diagram of 

Figure 3-f. Our simulation is only mechanic and does not consider capacitive effects as in ref 

11. The boundary between membrane 1 and membrane 2 is defined by a straight line that divides 

the device equally in two homogenous strains. It defines two local spring constants: k2* which 

is kept constant and k1* which varies linearly. k1* correspond to a gate bias using 𝑉𝐺1
∗ ∝ √𝑘1

∗, 

which corresponds to the parabolic stiffening regime (|VG1|>15 V).  We have also schematically 

represented the resonance frequencies of the two uncoupled natural modes ω02 and ω01. When 

𝜔1 <  𝜔2, away from the anti-crossing, the mode ω1 is confined within the borders of 

membrane 1 while ω2 is mostly present on the membrane 2 with a small contribution on drum 

1. When we approach the anti-crossing, the modes become more delocalized on the surface of 

both membranes until the spatial extension is maximized at the anti-crossing.  There, we 

observe a good agreement between the simulated mechanical coupling and measurements in 

Figure 3 c, 3 g and 3 e. 

Even if we qualitatively reproduce the spatial features of the modes at the anti-crossing, the 

frequency difference Δf=2g at the ω1/ω2 anti-crossing quantitatively differs between our 

experiment Δfexp=510 kHz and the COMSOL simulation Δfsim=9.4 MHz by more than a decade. 

This suggests that the experiment is not well reproduced by simulations but it suggests also that 

the mechanical coupling must be huge and, certainly, is at the origin of the strong coupling in 

our experiment.  

Since we experimentally observe different resonance frequencies (𝜔1 ≠ 𝜔2) at 𝑉𝐺1 = 𝑉𝐺2 =

0 𝑉), we know that the spatial strain distribution over the whole membrane is likely to be more 

complex. 45 



 

Figure 4 – Tunable strong coupling frequency. a) Simulations of resonant frequencies in 

function of 𝑉𝐺1 ∗ for different Length L (the sample has a length L=0.85 µm). The inset displays 

the corresponding coupling strength in percent of the resonance frequency. The red arrow 

indicates our device b) The two mechanical resonances in the anti-crossing region in function 

of ω and 𝑉𝐺2 for different 𝑉𝐺1 between -24 V and -36 V. c) The peak splitting difference 2g 

increases with the gate voltage applied to membrane 1. The red line is a guideline for eye. d) 

Cooperativity as a function of 𝑉𝐺1. 

We propose to explore the effect of the geometry in our system and to get a better understanding 

and perspective of the observed mechanical coupling. In Figure 4-a, we vary the distance L 

between the two resonators in our COMSOL simulations, while maintaining constant the radius 

R of each drum. The native strain is considered homogenous. Using our experimental 

fabrication parameter,L=0.85 µm, we obtain a theoretical value of 𝑔=15% of 𝜔  which we can 

compare to our experimental value of g <1% of 𝜔. At the limit L=0 (ie. a single resonator), the 

two superimposed modes become the n=0 and n=1 uncoupled harmonic of a circular membrane 

and 𝜔2 𝜔1 ⁄ = 1.6 as expected.35 In this specific case, the two gates will be too close (𝐹12, 𝐹21 ≈

𝐹11, 𝐹22) to measure anything and the system is not anymore similar to a tug-of-war game.  

 

To investigate the discrepancy between the theoretical and experimental values of the frequency 

difference g, the Figure 4-b represents the modulation of the frequency and the coupling 

strength g in our system by tuning VG1. Excitation and optical measurements are performed on 



membrane 2. The gate bias 𝑉𝐺1is sweep from -24 V to -36 V. The resonance peak splitting and 

the coupling strength are modulated by an order of magnitude (g = 250 kHz to g = 2.05 MHz) 

as shown in Figure 4-d. In the Figure 4-d, the cooperativity c is increased by a factor 11 between 

𝑉𝐺1  = -24 V and 𝑉𝐺1 = -36 V. The obtained c=66 represents a very strong coupling at room 

temperature. We are then able to reach a factor g up to g = 5% of 𝜔 knowing that 10% is the 

limit to ultra-strong coupling.46,47  

We notice, but do not explain, that g depends almost linearly on 𝑉𝐺1. It does not converge 

asymptotically to the simulated value of 15% limit but tend to sub linearly diverge above 5%. 

The frequency difference between the two modes, is large and fixed in the simulation, whereas 

it is lower and tunable in our experiment. Our simplified model has certain limitations and does 

not define the real limit of our system.  

This result paves the way for the measurement of ultra-strong coupling by coupling two 2D 

mechanical resonators. Especially since it was recently demonstrated on circular membranes 

made from 2D materials that it was possible to apply a very high gate voltage. 48 In this work, 

we studied mechanical resonators of 2D materials physically coupled and the tunable coupling 

between these vibrations. We studied the differences between the uncoupled and coupled modes 

of vibration by mapping the latter, showing the confinement of the uncoupled modes and the 

delocalisation of the coupled modes. Next, we were able to achieve very strong coupling 

regimes with frequency difference g=5% of the vibration frequency. In references 25,29 and in 

phononic devices in general, 1D or 2D arrays of resonators are considered, connected together 

by small beams or coupled with a localized mode overlapping as in our device. In reference 29, 

the coupling between two adjacent resonators is weak.  Our work represents the basic element 

for future applications in phononic with possible 2D piezoelectric, and with a tunable and strong 

coupling.  

We pointed out the similarities and differences between a two circular-drum device and a dual 

gated 8-shaped resonator due to our dual gate configuration which tune independently the 

spring constant of half the 8 shaped resonators. At L=0 µm, the two modes are superimposed 

and they are different harmonics of an oscillator.49,50 Under our experimental conditions, 

L=0.85 µm, and beyond, we clearly observe an anti-crossing region. An intermediate regime 

must exist between the two cases. However, in 2D materials, it is possible to hybridize or couple 

these modes together due to the tunability of vibrations in the membranes of 2D materials.8,51 

 



Supplementary material: It includes additional Atomic force microscopy, optical 

measurements, photocurrent measurements and multiple additional material for the mechanical 

measurements as non-linearities and coupling measurements. 
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