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High quality nanomechanical oscillators are promising platforms for quantum entanglement and
quantum technology with phonons. Realizing coherent transfer of phonons between distant oscillators is a
key challenge in phononic quantum information processing. Here, we report on the realization of robust
unidirectional adiabatic pumping of phonons in a parametrically coupled nanomechanical system
engineered as a one-dimensional phononic topological insulator. By exploiting three nearly degenerate
local modes—two edge states and an interface state between them—and the dynamic modulation of their
mutual couplings, we achieve nonreciprocal adiabatic transfer of phononic excitations from one edge to the
other with near unit fidelity. We further demonstrate the robustness of such adiabatic transfer of phonons in
the presence of various noises in the control signals. Our experiment paves the way toward nonreciprocal
phonon dynamics via adiabatic pumping and is valuable for phononic quantum information processing.
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Introduction.—Manipulating phonon propagation in
nanomechanical systems can lead to cutting-edge applica-
tions such as imaging sensing [1,2], phononic switch [3,4],
phononic logic gate [5,6], and nonreciprocal phononic
devices [7-9]. In the past years, remarkable progress in
nanomechanical systems including nonclassical mechani-
cal states [10,11], high-quality oscillators [12—-14], and
hybrid quantum devices [15,16] have made them an ideal
platform for phononic quantum information processing.
However, until now, coherent transfer of phonons between
distant nanomechanical oscillators with no direct coupling,
which is crucial for scalable phononic quantum technology,
remains a challenge in experiments, although phononic
dynamics in a few mechanical modes have been observed
[17-24].

A common approach toward such a goal is to use swap
operations between two phononic modes [17-21]. In an
array of coupled nanomechanical oscillators, such an
approach requires a series of gate operations with fine-
tuned interactions and is therefore highly challenging.
Another protocol is the perfect coherent transfer [25,26]
which is a reciprocal scheme where the fine-tuned intersite
couplings lead to the coherent transfer of the initial
excitations in a mirror-symmetric way. Although realized
in a few experimental systems [27-32], this scheme too
depends on the precise control of the fine-tuned couplings
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as well as the accurate timing of the dynamics and is thus
neither robust nor scalable.

On the other hand, inspired by recent developments in
topological acoustics and topological mechanics in macro-
scopic systems [33-43], the study of topological nano-
mechanical oscillator systems which is at the interface
between topological physics and on-chip phononic tech-
nology have gained lots of interest [44—46].

Here, we report on the realization of robust, nonreciprocal
coherent transfer of phonons across an array of parametri-
cally coupled nanomechanical oscillators via a scheme of
adiabatic pumping. The scheme is based on the dynamically
modulated one-dimensional (1D) Su-Schrieffer-Heeger
(SSH) model [47-56] and is suggested to be superior,
i.e., faster, scalable, higher fidelity, and more robust against
nonadiabatic effects, than the known Thouless and other
topological pumping schemes [49,50]. With such a scheme,
the initial phononic state can be efficiently transferred to the
targeted oscillator in the forward direction, where the
backward propagation is suppressed. We further confirm
the robustness of the scheme by adding various noises to the
electrical control of the couplings between the oscillators.
These discoveries demonstrate that dynamically modulated
topological phononic systems offer a new route toward
robust, nonreciprocal coherent phonon transfer. Our Letter
opens a pathway toward adiabatic nonreciprocal phonon
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FIG. 1. Schematic of phonon transfer in a Gaussian-modulated
topological insulator. (a) The 1D SSH topological insulator with
an interface defect. The black dashed line indicates the interface
between two standard SSH chains. The staggered couplings of
two topological chains are g;, g, and ¢, g,. This structure with
large enough sites has three local states |y cz). Red arrows
represent the transmission path in an array of phonon cavities
(blue balls) via the topological zero-energy state |w(). (b) The
time-dependent interactions ¢ (¢) and ¢ (¢) with Gaussian form
while the interaction g, remains unchanged in the topological
structure. The inset exhibits the trajectory in the space (g, ¢}).
(c) Eigenenergy spectrum of the Gaussian-modulated topological
insulator with N = 7. Gray lines stand for the upper and the lower
energy bands. Three localized eigenmodes appear at the energy
gap shown by the blue area.

dynamics and quantum state transfer, and is valuable for
future quantum technology based on integrated phononic
systems.

Gaussian-modulated topological insulator.—As shown
in Fig. 1(a), we consider a 1D phononic topological
insulator made of an array of N =2M —1 (M € even)
phonon cavities. Specifically, this topological insulator
includes two standard SSH chains combined by an inter-
face site. Both the first SSH chain with staggered couplings
g1 < ¢, and the second chain with staggered interactions
gy < g, are topological nontrivial and each chain has two
edge localized states [56]. Due to the sublattice symmetry,
these local modes appear at the energy gap of the SSH
insulator. Therefore, the structure of Fig. 1(a) supports three
nearly degenerate local modes: two edge modes and an
interface mode between the two SSH chains. The shape of
wave functions |y cx) of these local modes and their
mutual couplings depend on the parameters € = —g,/¢g,
and n = —¢} /g, [57]. By dynamically modulating g; and
¢, while keeping g, fixed, theories predict that it is possible
to realize adiabatic pumping among these three states that
are lying in the topological band gap of the SSH model
[49,50]. The advantage of this scheme is that the topo-
logical band gap protects these three states and the
adiabatic pumping, making them robust against imperfec-
tion, noises and nonadiabatic effects.

To achieve the adiabatic pumping, we choose the follow-
ing Gaussian modulations: ¢;(t) = Gyexp[—(t — /2 —
T/2/w?] and g (1) = Goexpl=(t +6/2 = T/2)/w?]
with delay 6 > 0, while g, = G, is fixed during the entire
pumping process 0 <t < T [Fig. 1(b)]. Such dynamic
modulations break the time-reversal symmetry and induce
the nonreciprocal adiabatic pumping [58,59]. Due to the
interaction and hybridization of |y} ), |wg) and |y ), the
three localized states of a finite system is represented as
lwo) and |y.). Figure 1(c) gives the eigenenergy spectrum
of N =7 which shows that the three localized states are
preserved and protected within the topological band gap
(the blue region) during the whole pumping process which
is a key difference between the Thouless pumping. Such
protection gives rise to the robustness of the adiabatic
pumping studied here.

The zero-energy state of a long but finite system can be
described by the linear combination of |y ¢ ) as

Cr CL

Wo) & = W) — == Vi)
|0> m| L> \/E%-:_—Cz| R>

Here, C; = f1(M,e,n)g, and Cg = fr(M.€,n)g; where
fr and fx are two functions depending on the system size
[57]. The delay between g¢;(¢) and ¢,(¢) ensures that at
t=0 ¢, > g, and hence Czx> C; and |yg) — |y.).
whereas at r=7 ¢; > ¢, and hence C, > Cyp and
lwo) = —|wg). Therefore, through the adiabatic pumping,
the initial state |y ) is converted to the final state |wg) [49].

The adiabatic condition here is [ di\/C3 + C% > /2
[49]. As the adiabatic pumping is mainly relevant to the
three localized states within the band gap, it resembles the
stimulated Raman adiabatic passage [49,50,57,60]. Careful
analytical and numerical study of the adiabatic pumping is
presented in detail in the Supplemental Material [57].

Experimental setup.—In the experiment, we fabricate an
array of doubly clamped nanomechanical oscillators of
high-stress silicon nitride on a silicon substrate [Fig. 2(a)].
Benefited from the top gold layer (~10 nm) and the phonon
frequency differences (see Supplemental Material [57]),
we can realize tunable electrostatic interactions between
adjacent oscillators [44,61]. With the staggered couplings
depicted in Fig. 1(a), seven nanomechanical oscillators
form a finite 1D phononic SSH system.

To quantify the coupling between the oscillators, we
measure the frequency response spectrum of the fifth
oscillator from a lock-in amplifier by the magnetomotive
driving and detection technique [62]. The coupling strength
g is determined by the spectrum split in Fig. 2(b).
Importantly, the coupling g, scales linearly with the
amplitude Vgi of parametric voltage when the frequency

difference Q4 — Qs remains unchanged. This technique is
applied to realize other parametric couplings between the
oscillators. Taking into account of these couplings, the

(1)
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FIG.2. Dynamically modulated nanomechanical topological insulator. (a) Experimental setup. An interaction of adjacent oscillators is
fully controlled by the voltage V(1) = V; cos[(Q; — Q;)7] with a fixed dc voltage V4. The ac voltage and dc voltage are combined via
a Bias-Tee in the experiment. (b) The tunable parametric coupling between fourth and fifth oscillators under V4 =9.5 V.
(c) Experimental results of the linear relationship between voltage amplitude V. and coupling g for six parametric couplings under
V4 = 9.5 V. The slope y; is obtained by fitting experimental data. (d) All ac voltages are shaped to realize the Gaussian-modulated
topological insulator with the transmission period 7 = 50 ms, the width w = 9 ms and the delay constant 6 = 6.1 ms.

effective phononic Hamiltonian in the system can be
expressed within the rotating wave approximation as [63]

N-1
Hep = Zgi(b:‘rbﬂl +bi,1by), (2)

where b, is the annihilation operator of the ith phononic
cavity, g; denotes the coupling between the ith and (i + 1)th
oscillators. The tunability of these couplings are confirmed
by careful experimental calibration of the frequency split-
tings in Fig. 2(c). By varying parametric voltages Vl’;’]; in
time domain according to these fitting slopes y; in Fig. 2(c),
Gaussian-modulated interactions ¢ (¢) and ¢ () are real-
ized and a dynamically modulated phononic insulator is
implemented.

Nonreciprocal adiabatic pumping of phonons.—To real-
ize efficient adiabatic phonon pumping, we first numeri-
cally calculate the transfer probability of a single phonon in
the parameter space (5,w) of the Gaussian modulation
while the pumping duration 7 = 50 ms and the parameter
Gy = 100 Hz are kept fixed. The results are presented in
Fig. 3(a), while a backward pumping (i.e., from oscillator 7
to oscillator 1) is also calculated and discussed in
Supplemental Material [57]. We remark that these calcu-
lations go beyond the analytical results in Eq. (1) and
indicate the richness of the phononic adiabatic pumping in
finite SSH chains. In this Letter, we focus on the region

0 > 0. A close look at both the forward and the backward
coherent transfer is presented in Fig. 3(b) for w = 9 ms.
The results clearly demonstrate the nonreciprocity, i.e.,
P,_7 # P;_, due to time-reversal symmetry breaking.
From these results, an excellent parameter for unidirec-
tional coherent transfer is achieved at d = 6.1 ms when
w =9 ms.

Guided by the aforementioned calculation results, we
engineer the six parametric voltages V() to achieve the
designed couplings and their dynamic modulations, as
shown in Fig. 2(d). To test the unidirectional coherent
transfer of phonons, we excite phonons in the first oscillator
and then apply the designed dynamic modulations to the
couplings. In the experimental regime, a huge number of
phonons are generated and the number of phonons can be
described by the classical vibration intensity |x;|%. This
quantity for all oscillators was monitored via the lock-in
amplifiers during the pumping process [44].

In Fig. 3(c), we present the measured normalized
vibration intensity as a function of time and site index
for w =9 ms and 6 = 6.1 ms. The measured results agree
fairly well with the simulation in Fig. 3(e) with the same
parameters. An intriguing feature is that all the even sites
are barely excited during the whole process. To clearly
demonstrate the nonreciprocity of the adiabatic pumping,
we also performed measurements for the setup with the
initial phonons excited at the site 7. Results in Fig. 3(d)
show that the backward propagation is suppressed, dem-
onstrating clearly the nonreciprocal, unidirectional phonon

215901-3



PHYSICAL REVIEW LETTERS 129, 215901 (2022)

1 (c)

7

[$)]

Site index

w

0 10 20 30
Time t (ms)
(d),
85
c
£ N
53
1 Exp.

e
) ——
35
2
o
53
Exp. 1 Sim. 0
40 50 0 10 20 30 40 50
Time t (ms)
® 1
g5
R __Ur- I -
53
Sim.
1 . - . 0

10 20 30
Time t (ms)

o

FIG. 3.

10 20 30 40 50
Time t (ms)

40 50 0

Nonreciprocal adiabatic pumping of phonons. (a) Numerical result of the transfer probability P,_; in parameter space (5, w).

(b) The forward transfer probability P;_,; and the backward transfer probability P;_,; for w = 9 ms. (c),(d) Experiment of forward and
backward phonon transport for w = 9 ms and 6 = 6.1 ms, respectively. (e),(f) Simulation counterpart of (c),(d). Experimental results
(c),(d) and numerical simulations (e),(f) are derived from the normalized vibration intensities and single phonon probability

distributions.

transfer from site 1 to site 7. Again the measured results
agree well with the simulation results in Fig. 3(f). The mea-
sured transfer probabilities P;_,; and P_,; also agree with
the calculated results in Fig. 3(b) where the standard error
comes from statistics for many repeated measurements.

Robustness against noises.—We now verify the robust-
ness of the adiabatic phonon transfer against noises in the
electrical gate voltages that control the couplings between
oscillators. In particular, we separately examine the effect
of white noise and impulse noise on the transfer scheme. As
shown in the inset of Fig. 4(b) and Supplemental Material
[57], different Gaussian white noises with the same
standard deviation ¢ are added into neighboring couplings
g; (i=1,...,6). Figure 4(a) presents the eigenenergy
spectrum of the dynamically modulated topological insu-
lator with N = 7 under the white noises. It is evident that
the phonon transfer channel (topological zero state) |y) is
still protected by the energy gap. Therefore, the transfer
probability P;_; keeps efficient with the increase of noise
ratio 6/G,, see Fig. 4(b). Each transfer probability of
Fig. 4(b) is the statistical result under one hundred sets of
random noises with Gaussian distribution.

For the experiments under impulse noises, we deliber-
ately generate three types of square-wave pulses in the
couplings [57]. Figure 4(c) gives the eigenenergy of the
dynamic topological insulator under one of the impulse
noises. The corresponding robustness results are shown in
Fig. 4(d). The other two impulse noises and related
experimental results are exhibited in Supplemental
Material [57]. We find that this robustness holds even
the strength of the impulse noises reach 30% of G. The
error of data in Figs. 4(b) and 4(d) is primarily caused
by the tiny variations of oscillators’ frequencies when

continuously varying the amplitudes of control voltages
in the experiment. The robustness of unidirectional pho-
non transfer is also checked by numerical simulations in
Supplemental Material [57].
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FIG. 4. Robustness against noises. (a),(c) Eigenenergy spec-
trums of the dynamically modulated topological insulator with
N =7 under the Gaussian white noises and the impulse noises,
respectively. These noises are present at the control voltages,
which is equivalent to the noises on the interactions g;. The
topological zero-energy eigenmode (the red line) is still protected
by the energy gap represented by the blue region. (b),(d) The
transfer probability P;_,; versus two kinds of noise ratio ¢/G,,
and AG/G,. Insets: the magnitudes of the white noises and the
impulse noises are described by the standard deviation ¢ of
normal distributions and the amplitude AG of square-wave
pulses, respectively. The duration time of each square-wave
pulse is 1 ms. The transmission period 7 = 50 ms and the
interaction Gy = 100 Hz. Error bars represent the statistical
confidence of 1 standard deviation.
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Summary and outlook.—In conclusion, we realize the
adiabatic pumping of phonons in a 1D nanomechanical
topological insulator. The underlying scheme provides a
way to achieve high fidelity unidirectional coherent transfer
of phonons and is robust against noises. Our experiment
unveils an excellent example where dynamic modulation
can offer unprecedented control over phonons in nano-
mechanical systems and a remarkable way of achieving
nonreciprocal phonon dynamics for future applications,
such as cooling phononic resonators [9], chiral transport
[64], and routing quantum information in phononic net-
works [65]. The dynamic modulation also opens a pathway
toward temporal pumping [66—68], synthetic gauge fields
[63], and on-chip topological phononic logic devices
[69,70]. Moreover, although our experiment was carried
out with coherent excitations, the topologically protected
unidirectional transport is valid for transferring single
quantum states [25]. This scheme could be expanded to
other tunable quantum systems, including superconducting
circuits and cold atoms systems.
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