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We realize a coherent transfer of mechanical excitation in a finely controlled artificial nanomechanical lattice. We
also realize strong dynamic coupling between adjacent high-𝑄 mechanical resonators, via modulated dielectric
force at the frequency difference between them. An excitation transfer across a lattice consisting of 7 nanobeams
is observed by applying a design sequence of switching for couplings, with the final effective population reaching
0.94. This work not only demonstrates the ability to fully control an artificial lattice but also provides an efficient
platform for studying complicated dynamics in one-dimensional systems.
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Nanomechanical systems have unique potential to
achieve so-called artificial lattices, compared to opti-
cal microtraps,[1,2] cavities,[3] Rydberg atoms,[4,5] and
some other systems. Recently, remarkable advances
have been made in strong couplings of several me-
chanical modes, where the coherent excitation transfer
between the modes is demonstrated.[6−10] However,
these manufactured structures face considerable diffi-
culties in terms of scalability, thus the coherent exci-
tation transfer across multiple modes remains unim-
plemented. Nowadays, the development of nanotech-
nology enables us to arrange the nanobeams close
enough, which makes it possible to realize strong and
tunable dielectric couplings between adjacent mechan-
ical resonators.[11] As a start, the coherent excita-
tion transfer across the coupled modes plays an es-
sential role in rehearsing a practical artificial lattice.
Moreover, the implemented system provides power-
ful tools for forming quantum and classical models in
the fields of topological phase transition,[12−15] many-
body systems,[16,17] programmable logic devices,[18]
and so on.

In this Letter, we report a coherent excitation
transfer across an artificial nanomechanical lattice,
where the nearest-neighbor couplings are fully con-
trolled. The fundamental flexural modes of adjacent
nanobeams are coupled via the dielectric forces gen-
erated from the applied static and dynamic voltages.
The strong coupling enables the much faster coherent
energy exchange than the mechanical dissipation. Un-
der this strong coupling condition, the physical mech-
anism of coupled multi-modes is analogous to an 𝑁 -
level quantum system. More importantly, the nearest-
neighbor couplings are linearly controllable. We could

finely control the couplings between arbitrary adjacent
modes to implement an actual artificial lattice with
versatile applications. We design a sequence for indi-
vidual switching the couplings in the lattice to route
the excitation transfer. The scalability of the proposed
scheme is also discussed.
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Fig. 1. Artificial nanomechanical lattice. (a) Micro-
scope graph of the suspending Si3N4 nanobeams (dark
yellow), the size of each is 200µm × 3µm × 100 nm. For
applying the voltages, 10-nm-thick Au is coated on the
nanobeams. The external electrodes (yellow) are 100-nm-
thick Au. The thickness of the Si3N4 substrate (dark blue)
is 300µm. (b) The cross sections of adjacent resonators,
indicating the two nanobeams inside the black box in (a).
When applied dc and ac voltages on the Au layer, the oscil-
lation of the resonator could coherently transfer to another
via dynamic coupling method. The blue lines represent
the generated electric field. (c) Examples of controlling
coupling strengths dynamically, switching (solid line) and
modulating (dashed line).

The nanomechanical artificial lattice shown in
Fig. 1(a) consists of 7 side-by-side double-clamped
high-stress Si3N4 nanobeams. The natural eigenfre-
quencies of the fundamental out-of-plane modes have
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slight deviations around 1 MHz, 𝜔0 ∼ 2𝜋 × 1MHz.
Benefit from the vacuum ambiance at 10−7 mBar and
at low temperature 4 K, the decay rates of these flexu-
ral modes are as small as 𝛾 < 2𝜋×10Hz, which means
that the quality factors 𝑄 exceed 1 × 105. The sam-
ple is fabricated using typical silicon/Si3N4 based pro-
cessing technologies (for details see Note 1 in the Sup-
plementary Material). The motions of adjacent res-
onators are coupled via modulated dielectric force,[11]
as shown by the schematic diagram in Fig. 1(b). By
applying a dc voltage 𝑉 dc, the static coupling be-
tween adjacent nanobeams is realized. However, this
coupling cannot transfer the excitation coherently be-
tween the resonators because of their eigenfrequency
difference and narrow bandwidth. To overcome this
problem, we employ the so-called dynamic coupling
method,[15,18,19,20] an ac pump voltage 𝑉 p

𝑛 is combined
with 𝑉 dc via a low-frequency bias-tee, at the frequency
difference of the neighbor resonators, 𝜔p

𝑛 = 𝜔𝑛+1−𝜔𝑛.
The interacting dielectric force on the 𝑛th nanobeam
is expressed as

𝐹 elec
𝑛 = 𝑚𝑛𝐾𝑛(𝑡)(𝑥𝑛+1 − 𝑥𝑛)

= 𝑔𝑉 dc𝑉 p
𝑛 cos(𝜔p

𝑛𝑡)(𝑥𝑛+1 − 𝑥𝑛), (1)

where 𝐾𝑛(𝑡) is dynamic coupling strength and 𝑔 is a
geometric factor related to the shape, size and induced
electric field of the fabricated nanobeams. Typically,
the frequency difference is far less than the eigenfre-
quency, 𝜔p

𝑛 ≪ 𝜔0. As we reported earlier,[15] 𝐾𝑛 is
proportional to the applied 𝑉 ac

𝑛 (𝑡) when 𝑉 dc is fixed.
This significant linearly relationship brings broader
dynamical controllability to the independent coupling
strength, such as switching, modulating, and ramping,
as shown in Fig. 1(c).

Experimental characterization of the lattice is
shown in Figs. 2(a) and 2(b). We measure the re-
sponse spectra of coupled and uncoupled nanomechan-
ical resonators by using the magnetomotive technique
(also see the Supplementary Material).[21−23] The de-
vice is located in a uniform magnetic field along the
𝑥 direction (Fig. 1(a)) 𝐵 = 1T. Thus the driving
Lorentz force 𝐹D = 𝐼D𝐿𝐵 is generated when a cur-
rent passes through the nanobeam. Meanwhile, the
excited motion, perpendicular to the field, produces
an electromotive force across the nanobeam. Steady-
state response of 𝑉EMF(𝜔) vs 𝐼D(𝜔) is demodulated
by a high frequency lock-in amplifier (Zurich Instru-
ments, HF2LI), fitted by the formula

𝑉EMF(𝜔) =
𝑖𝜉𝜔𝐿2𝐵2/𝑚

𝜔2
0 − 𝜔2 + 𝑖𝜔𝜔0/𝑄

𝐼D(𝜔), (2)

where 𝜉 is a shape factor depending on the mode,
being about 0.81 for the fundamental mode of a
high-tension resonator (also see the Supplementary
Material).[22] In the absence of 𝑉 dc and 𝑉 p

𝑛 , the dissi-
pative rate (i.e., the decay rate) of an uncoupled res-
onator is obtained by the full width at half maximum
(FWHM) of response spectrum, as shown in Fig. 2(a)
(top panel), with a typical value 𝛾 < 10Hz.
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Fig. 2. Characterization of the device and transfer
scheme. (a) The response spectra (circles) are read out
using a lock-in amplifier, fitted with Lorentzian function
(solid red lines). The applied large dc voltage 𝑉 dc is fixed
to 8V. Top: the spectrum of single uncoupled mode, the
fitted FWHM is about 7.0Hz. Middle: dynamic coupled
two modes with 𝑉 p = 200mV, the splitting of peaks indi-
cates the effective coupling strength of 30Hz. Bottom: dy-
namic coupled three modes (cascaded, 1–2–3), measured
on the first one of the three resonators. (b) The coherent
Rabi oscillations between doubly coupled modes in (a).
The inset is the time-domain decay signal of an uncou-
pled mode, the decay rate is about 7.2Hz by fitting this
curve. (c) The strong dynamic coupling resonators are
analogous to a single particle in a multi-well potential. (d)
The scheme of transfer process in the three coupled res-
onators. The time unit 𝑇C is

√
2𝜋/Ω . Upper: the control

sequence, where we apply the effective ‘gate’ 𝐻̂ from 𝑡 = 0
to 𝑡 = 𝑇C. Lower: the time-domain excitation amplitudes
on different resonators, i.e., |𝛽𝑛|.

To realize the dynamic coupling between the res-
onators, we fix 𝑉 dc as large as 8V and apply a suf-
ficient pumping voltage 𝑉 p ∼ 200mV on one of the
nanobeams. When the pumping signal is at the fre-
quency difference 𝜔p = 𝜔2 − 𝜔1, we can observe a
normal mode splitting in the spectrum, indicating the
effective coupling strength Ω𝑛 = 𝐾𝑛/2 = 2𝜋 × 30Hz,
as shown in Fig. 2(a) (middle panel). For three ad-
jacent resonators, we apply the static and dynamic
voltages on the middle nanobeam. The 𝑉 dc remains
fixed to 8V, with 𝑉 ac

1 and 𝑉 ac
2 combined simultane-

ously. In general, the 𝑉 ac
𝑛 requires finely tuned to en-

sure that the effective coupling strength Ω𝑛 is uniform
(2𝜋× 30Hz). The spectrum of three normal modes is
observed when the pumping frequencies equal to re-
spective frequency differences, as shown in Fig. 2(a)
(bottom panel). Furthermore, we test the coherent
Rabi oscillations[6] and the damped exponential sig-
nal to verify the coupling strength and decay rate, as
shown in Fig. 2(b).

The dynamic coupling method enables the coher-
ent transfer of mechanical excitation between adja-
cent resonators. However, the process in a lattice is
more complicated. We consider the motion of three
dynamic-coupled nanomechanical resonators, assum-
ing that they are nearly identical,

𝑥̈1 + 𝛾1𝑥̇1 + 𝜔2
1𝑥1 = 𝐾1(𝑡)(𝑥2 − 𝑥1),

𝑥̈2 + 𝛾2𝑥̇2 + 𝜔2
2𝑥2 = 𝐾1(𝑡)(𝑥1 − 𝑥2) +𝐾2(𝑡)(𝑥3 − 𝑥2),
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𝑥̈3 + 𝛾3𝑥̇3 + 𝜔3
3𝑥3 = 𝐾2(𝑡)(𝑥2 − 𝑥3), (3)

where 𝜔𝑛 is the eigenfrequency, 𝐾𝑛(𝑡) = 𝐾𝑛 cos(𝜔
p
𝑛𝑡)

is the dynamic coupling strength with 𝜔p
𝑛 being the

pump frequency, 𝛾𝑛 = 𝜔𝑛/𝑄𝑛 is the decay rate with
𝑄𝑛 being the quality factor. In this study, 𝐾𝑛 is
much larger than 𝛾𝑛, which agrees with the strong-
coupling condition. When the pump signal is ap-
plied at 𝜔p

𝑛 = 𝜔𝑛+1 − 𝜔𝑛, we could introduce the
rotating-wave approximation into Eq. (3). Then the
reduced equations of demodulated complex ampli-
tudes {𝜓𝑛(𝑡)} is similar to the quantum Schrödinger
equation describing a single particle in a multi-well
potential like Fig. 2(c),[6,24,25] namely,

𝑖

⎛
⎝

𝜓̇1

𝜓̇2

𝜓̇3

⎞
⎠ =

⎛
⎝

−𝑖𝛾12 Ω1 0

Ω1 −𝑖𝛾22 Ω2

0 Ω2 −𝑖𝛾32

⎞
⎠

⎛
⎝

𝜓1

𝜓2

𝜓3

⎞
⎠ ,

(4)
where 𝑥𝑛 = ℜ[𝜓𝑛𝑒𝑖𝜔𝑛𝑡]. We adjust the effective cou-
pling strength Ω𝑛 = 𝐾𝑛/4𝜔𝑛 to be consistent, reach-
ing Ω = 2𝜋× 30Hz. This mapping is still valid in the
case of multi-coupled resonators.[15,26,27]

We adopt the quantum mechanics methods to
make a clear description of the dynamics of Eq. (4).
Under the approximation that the decay rates of
all resonators are nearly equal, 𝛾𝑛 ≈ 𝛾, the diag-
onal damping terms can be neglected by assuming
a normalized ‘wavefunction’, |𝜑(𝑡)⟩ = 1

𝐴(𝑡) |𝜓(𝑡)⟩ =
1

𝐴(𝑡) (𝜓1, 𝜓2, 𝜓3)
T. Here 𝐴(𝑡) =

√︀∑︀ |𝜓2
𝑛| ∼

𝐴(0) exp(−𝛾𝑡/2) is the normalization factor, mainly
involving the dissipation. Actually, the standard de-
viation of the experimental measured decay rates is
about 0.5Hz, satisfying the approximation (for de-
tailed experimental and numerical results see Note 2 in
the Supplementary Material). Now Eq. (4) is rewrit-
ten in the form of quantum mechanics without dissi-
pation,

𝑖|𝜑̇⟩ = 𝐻̂|𝜑⟩, 𝐻̂ =

⎛
⎝

0 Ω 0

Ω 0 Ω

0 Ω 0

⎞
⎠ , (5)

where 𝐻̂ is the effective Hamiltonian. Obviously, the
solution to Eq. (5) is |𝜑(𝑡)⟩ =

∑︀
𝛼𝑛|𝜑𝑛⟩ exp(−𝑖𝜖𝑛𝑡),

where 𝛼𝑛 = ⟨𝜑𝑛|𝜑(0)⟩ with |𝜑𝑛⟩, 𝜖𝑛 being the eigen-
vectors and eigenvalues of 𝐻̂, respectively. We use a
set of natural bases {|𝑛⟩} to represent |𝜑(𝑡)⟩, |𝜑(𝑡)⟩ =∑︀
𝛽𝑛(𝑡)|𝑛⟩ with |𝑛⟩ denoting (0, . . . , 0, 1, 0, . . . , 0)T.

The coefficient 𝛽𝑛 represents the normalized com-
plex amplitude of the 𝑛th resonator, equivalent to
the probability amplitudes,

∑︀ |𝛽𝑛|2 = 1. Figure 2(d)
shows the excitation amplitudes {|𝛽𝑛|} versus time,
demonstrating the coherent transfer of excitation from
the 1st nanobeam to the 3rd nanobeam at a certain
time 𝑇C =

√
2𝜋/Ω . We represent this transfer as

|𝜑(0)⟩ = (1, 0, 0)T → |𝜑(𝑇C)⟩ = (0, 0,−1)T, with a

𝜋 phase flip theoretically. The demodulated phase in
𝛽𝑛 represents the accumulated phase of the system in
the process. However, these phases play little signifi-
cance because the eigenfrequencies of these resonators
are inconsistent in experiment. This is also because
we cannot ensure that all pump signals have the same
initial phase.
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Fig. 3. Coherent excitation transfer in the lattice. (a) The
measured normalized excitation amplitudes of each res-
onator versus time in the experiment. The typical transfer
across a unit cell is shown in (d), refer to the dashed box.
The amplitudes are normalized. (b) Numerical results for
(a) without dissipation. The color bar of (a) and (b) is
between them. (c) The equivalent location of a single exci-
tation transferred (red points), and the error bars indicate
one standard deviation. The solid blue line is the design
trajectory. The insets show the spectra of nanobeam 3
when the switch of coupling is turned on or off. The ver-
tical axis represents the signal power (arb. units), while
the horizontal axis represents the frequency in units of
Hz. (d) The dynamics of the 1st unit cell, pointing to
the dashed box in (a). Upper: the stagger sequence of
two switches for coupling, the front switch is applied later
to avoid diversion. Lower: the normalized amplitude |𝛽𝑛|
(dots), with the error bars smaller than the data points.
The solid lines are predicted trajectories under the design
control sequences.

The above scheme of excitation transfer has a good
scalability because of the dynamic coupling technique,
which only requires the fabricated nanobeams to be
approximately identical. Thus, we experimentally ex-
tend the unit cell composed of three nanomechani-
cal resonators into an artificial lattice with 3 unit
cells end to end (7 nanobeams totally). To imple-
ment an efficient transfer in this lattice, we need indi-
vidual switching for the applied effective 𝐻̂ on each
unit cell. Equation (1) reveals that we could con-
trol the nearest-neighbor coupling 𝐾𝑛 by turning-on
and off the pump voltage 𝑉 p

𝑛 . Furthermore, we de-
sign a stagger sequence for controlling the adjacent
couplings to avoid the diversion in lattice. We apply
the front pump voltage 𝑉 p

𝑛−1 after 𝑉 p
𝑛 for the 𝑛th res-

onator, as shown in Fig. 3(d). In experiment, this con-
trol sequence avoids the effect of the imprecise control
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gate in a long lattice, resulting in a coherent transfer
from |𝜑(0)⟩ = (1, 0, . . .)T to |𝜑(𝑡)⟩ = (0, . . . , 0.97)T,
as shown in Fig. 3(a), which agrees well with the nu-
merical results in Fig. 3(b). Thus the final effective
population is |𝛽7|2 ≈ 0.94.

We directly demodulate the vibration signal
of nanomechanical resonators to obtain the time-
dependent amplitude 𝑟𝑛(𝑡) with its phase 𝜙𝑛(𝑡) us-
ing the lock-in amplifier, thus 𝜓𝑛(𝑡) = 𝑟𝑛𝑒

𝑖𝜙𝑛 . For the
mentioned normalized complex amplitude 𝛽𝑛, we have
the following normalization at each point in measure-
ment,

𝛽𝑛(𝑡) =
𝜓𝑛(𝑡)√︀∑︀ |𝜓𝑛|2

. (6)

In this work, the total time measured is 72ms with
the decoherence time of the system being about
150ms, and the measured amplitude of final signal
on nanobeam 7 is still much larger than the baseline
noise. Thus the normalization (6) is valid for the en-
tire measurement.

When the excitation signal transmits in the lattice,
we calculate the equivalent location to represent the
transfer of mechanical energy, defined by

𝑃 (𝑡) =
∑︁

𝑛

|𝛽𝑛(𝑡)|2𝑛, (7)

as shown in Fig. 3(c). We observe that the designed
control sequence guarantees the accuracy of the ap-
plied effective gates well, even with intrinsic fluctu-
ations in the fabricated device and pump voltages.
Meanwhile, the detailed dynamics in each unit cell is
in good agreement with the predicted lines, as shown
in Fig. 3(d).

Now we perform a simple extension to a much
larger nanomechanical lattice with 31 resonators (16
unit cells end to end) in a numerical simulation. Em-
ploying the same coupling scheme and controlling se-
quence, we coherently transfer the excitation between
the frontiers of the lattice, as shown in Fig. 4(a). How-
ever, we find that in a sufficient extended lattice, the
dissipation will destroy the transfer. The final signal
on resonator 31 is as small as −70 dB of the initial ex-
citation, as shown in Fig. 4(b) (light yellow bars and
blue line and dots). The signal decay is extremely hard
to avoid, due to the finite quality factor of nanome-
chanical resonators. Meanwhile, the initial excita-
tion strength is also limited by the nonlinear effects
of nanobeams. Alternatively, we could build some
nanomechanical relay amplifiers in the lattice.

The nanomechanical parametric amplification be-
tween two adjacent resonators is realized by apply-
ing the pump voltage 𝑉 p

𝑛 (𝑡) at a high frequency.[28,29]
When 𝐾𝑛(𝑡) = 𝐾𝑛 cos(𝜔

p
𝑛𝑡) is applied at 𝜔p

𝑛 = 𝜔𝑛 +
𝜔𝑛+1, the vibration of the adjacent resonator is dy-
namic amplified with phase preserving, i.e., the so-
called non-degenerate parametric amplification.[30−33]

Here we employ the parametric amplifier as relay am-
plifiers in the artificial lattice, locating at the end of

every two unit cells. By setting an appropriate pump
voltage, we make the amplifier gain regular in finite
time 𝐺 = 11.6 dB to cover the dissipation without
varying the control sequence. The numerical results
are shown as gray bars in Fig. 4(b), with the same re-
sults in units of dB shown by red dots. Using relay
amplifier shows much more feasible than enhancing
the quality factor of nanobeams, or actuating strong
initial excitation. The amplifier requires much smaller
pump voltage than the couplings, since the gain is sen-
sitive to the pump voltages. However, when the pump
voltage approaches the critical point, this amplifier
will enter the unstable range, where the sensitivity is
greatly enhanced (for detailed simulation see Note 3
in the Supplementary Material). The place and gain
of these relay amplifiers should be appropriately set in
experiments.
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Fig. 4. Numerical extension to a larger lattice with 16
unit cells, 𝑁 = 31. (a) The normalized excitation ampli-
tude during the transfer. The vertical axis of each frame
ranges from 0 to 1.1 unit amplitude. The total transfer
time is about 360ms, under the same coupling strength
in our experiment. (b) Light yellow bars: the intrinsic
amplitudes on each resonator, with the same decay rate
7.2Hz in our experiment. The final excitation signal is
about −70 dB of the initial. Blue dots show the decaying
amplitudes in units of dB. Gray bars: the amplitudes of
resonators using relay amplification. The signal is ampli-
fied at the end of every two unit cells. The red dots show
the amplitudes in units of dB.

Combined with the controllable couplings and di-
rect observation of vibrating amplitudes, the im-
plemented lattice takes advantage of studying one-
dimensional (1D) topological systems under open
boundary conditions. For example, considering
Eqs. (4) and (5), the staggered couplings Ω𝑛 make the
lattice conform the Su-Schrieffer–Heeger (SSH) model,
the simplest 1D lattice with topology.[34] Furthermore,
the dynamics of wavefunction could be reconstructed
by observing the time-dependent amplitudes of each
resonator. This lattice can also be used to study some
non-Hermitian systems. If we manually control the
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decay rates staggered around the same value 𝛾 + 𝛾1,
𝛾 − 𝛾2, the effective Hamiltonian (5) with incorporat-
ing gain and loss is established, which is often used to
study the 𝑃𝑇 -symmetry.[35]

In summary, we have implemented a strong-
coupling artificial lattice consisting of multiple high-
𝑄 nanomechanical resonators using dynamic dielec-
tric force between adjacent nanobeams. We propose a
scalable scheme for excitation transfer in the artificial
lattice and experimentally demonstrate it with 𝑁 = 7.
We perform the experiments at temperature 4K and
the device is integrated into a small chip with the size
3mm× 3mm, which needs to be emphasized that the
functional area size is 100µm square. To practically
extend this scheme, we provide a solution to avoid
the influence of dissipation on excitation transfer in a
large lattice and verify it by numerical results.

In addition, we finely control the couplings in the
lattice and make a direct observation on vibrations of
nanobeams, which enables many applications on 1D
topological or 𝑁 -level systems, despite classical do-
main. For example, some topological effects in me-
chanical systems are reported and predicted,[36−38]

the simulation on population transfer in multi-level
systems is also available.[39−41] Furthermore, the im-
plemented system has potential for observing compli-
cated dynamics in the fields of phase transition,[42]
artificial gauge fields[43,44] and exotic states.[45]

We thank Yongguan Ke, Chaohong Lee, Jiangbin
Gong, Changkui Duan for helpful discussion.
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