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Non-reciprocal transmission of microwave
acoustic waves in nonlinear parity-time
symmetric resonators
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Acoustic waves are versatile on-chip information carriers that can be used in applications such as microwave filters and trans-
ducers. Nonreciprocal devices, in which the transmission of waves is non-symmetric between two ports, are desirable for the
manipulation and routing of phonons, but building acoustic non-reciprocal devices is difficult because acoustic systems typi-
cally have a linear response. Here, we report non-reciprocal transmission of microwave surface acoustic waves using a non-
linear parity-time symmetric system based on two coupled acoustic resonators in a lithium niobate platform. Owing to the
strong piezoelectricity of lithium niobate, we can tune the gain, loss and nonlinearity of the system using electric circuitry. Our
approach can achieve 10 dB of non-reciprocal transmission for surface acoustic waves at a frequency of 200 MHz, and we use it

to demonstrate a one-way circulation of acoustic waves in cascading non-reciprocal devices.

recently been integrated into solid-state platforms'~. Surface
acoustic waves (SAWs)’—elastic waves that propagate along
the surfaces of solid materials—have, in particular, been proposed as an
interface for solid-state quantum systems, including superconducting
qubits'?, defect centres®* and nanomechanical oscillators®. In such sys-
tems, continuously operating, non-magnetic non-reciprocal devices
are desired for phonon isolation and networking. Non-reciprocal
acoustic devices are based on a broken time-reversal symmetry and
can exhibit one-way transmission of propagating waves. Such asym-
metric acoustic wave transmission has been demonstrated in bulk
media with circulating fluids®, superlattices with nonlinear media®'’,
macroscopic metamaterials'"'?, a water-submerged phononic crystal’
and in deformed water—air interfaces via the acoustic radiation pres-
sure effect'’. However, these approaches are limited to operating
frequencies below a few megahertz. Non-reciprocity at microwave
frequencies has been demonstrated with SAWs in ferromagnetic
materials, but only weak phonon isolation was achieved'*'¢. Moreover,
ferromagnetic devices require magnetic fields, making them incom-
patible with many solid-state systems, including superconductors and
electron spins. Non-reciprocal phonon transmission using optome-
chanics has also recently been explored', but the approach remains
experimentally challenging, especially for integrated platforms.
Parity-time (PT) symmetric systems'*' consist of coupled
non-Hermitian subsystems with balanced gain and loss configu-
rations, and have been explored in integrated optical*’, acous-
tic**° and electrical™” platforms. In particular, acoustic PT systems
have been used for wave detection and manipulation, including
non-reciprocal wave transmission. Loudspeakers loaded with tai-
lored electrical circuits™” or an airflow duct™ have enabled PT
systems for airborne acoustic waves and demonstrated asymmetric
sensing and unidirectional invisibility”. Acoustic PT systems could
also be constructed by optomechanical systems*.

Q coustic devices operating at microwave frequencies have

In this Article, we report a PT-symmetric SAW system that oper-
ates at frequencies of hundreds of megahertz. The system is based
on two coupled resonators in a lithium niobate (LiNbO;) platform.
To introduce acoustic gain, loss and nonlinearity, we rely on the
fact that SAWs in a piezoelectric material (such as LiINbO,) are not
purely elastic waves but also have an electric field component. In
particular, we show that the gain in the SAW resonator can intro-
duce strong nonlinearity and be tuned electrically to fully compen-
sate for the loss of the resonator. Furthermore, we vary the coupling
strength, gain and loss of the resonators to break the PT symmetry
of the system and show non-reciprocal transmission of the acoustic
waves. To illustrate the potential of our approach, we also demon-
strate a one-way SAW circulation using two non-reciprocal devices
connected in series.

PT-symmetric SAW resonators

Our PT-symmetric SAW system consists of two coupled SAW
resonators, defined by Bragg mirrors. Each resonator contains dis-
tributed cross-finger electrodes, known as interdigital transduc-
ers (IDTs), which are connected to external electronic circuits to
provide gain and loss (Fig. 1a,b). SAWs propagate along the crys-
talline X direction on the surface of 128° Y-cut LiNbO,, and this
configuration provides strong electromechanical coupling and low
propagation loss®. The Bragg mirrors feature >30dB reflectivity at
a frequency of 200 MHz, over a bandwidth of 8 MHz (Fig. 1c), and
are fabricated by etching grooves into LiNbO, with a pitch of 10um
to match the acoustic half-wavelength®. Within the reflection band
of the Bragg mirror, a SAW resonator without the IDT exhibits three
resonant modes with intrinsic quality factors of up to 10* Two more
IDTs, situated outside the coupled resonator system, are used as an
emitter—receiver pair for transmission measurements. These IDTs
are designed to have bandwidths larger than the Bragg reflection
band, and their transmission of —14dB (Fig. 1c) is excluded in the
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Fig. 1| Non-reciprocal SAW transmission using nonlinear PT-symmetric resonators. a, Schematic of our coupled SAW resonator system for
non-reciprocal transmission. Loss and gain are introduced in the passive and active resonators, respectively. IDTs are used to create gain and loss and to
generate and receive SAWSs. For devices in the broken PT-symmetric regime, higher transmission is expected in the forward direction than the backward
direction. b, Microscope images of our fabricated device. The dark and bright areas are grooves etched into the LiNbO, surface and aluminium electrodes,
respectively. The large square aluminium pads are used to connect to external circuits by wire bonding. The white dashed line in the top image indicates
the stitching boundary between two optical fields used to image the device. ¢, Measured transmission spectra of one device with strong coupling in the
unbroken PT-symmetric (reciprocal) regime and another device with weak coupling in the broken PT-symmetric (non-reciprocal) regime. Resonances are
observed in the bandgap (shaded grey) of a SAW Bragg mirror. For the coupled modes of interest (red circles), a mode splitting is observed in the unbroken
PT-symmetric regime, while only a single resonance is observed in the broken PT-symmetric regime. The transmission spectrum of a pair of IDTs is also
plotted. d,e, Numerical simulations of the magnitude of elastic displacement due to SAWSs propagating through broken PT-symmetric (non-reciprocal)
resonators in the forward (d) and backward (e) directions. The plots are stretched in the vertical direction for clarity.

characterization of our PT-symmetric resonators. We refer to the
resonator with gain (loss) as the active (passive) resonator, and we
consider the forward direction of propagation to be from the pas-
sive to the active resonator (Fig. 1a).

In a PT-symmetric system, there are two distinct regions of the
parameter space, determined by a coupling strength u between the
resonators and their gain g> 0 and loss y <0 (ref. ). In the unbro-
ken PT-symmetric regime, p>(g+|y|)/2. The real parts of the
eigenvalues of the system are different, resulting in a mode splitting
of the observed transmission spectrum (Fig. 1¢c). The transmission
is reciprocal in this regime. In the broken PT-symmetric regime,
the coupling between two resonators is weak, u < (g+ |7])/2, and the
eigenvalues share identical real parts. This corresponds to a single
resonance peak in the transmission spectrum, as we observe experi-
mentally in Fig. 1c. In the presence of additional nonlinearities, the
unequal localization in the active resonator between the forward
and backward inputs can result in non-reciprocal transmission*>*.
The details of our acoustic PT-symmetric system are discussed in
Supplementary Note 1.

We numerically evaluated the non-reciprocal response of the
coupled resonator system with an 80-groove Bragg mirror between
the resonators (Fig. 1d,e). In this case, the weak coupling between the
resonators puts the system in the broken PT-symmetric regime. The
energy flow between the two resonators is too small to reach equilib-
rium. As aresult, the forward-propagating wave (Fig. 1d) is first atten-
uated in the passive resonator, before entering the active resonator
featuring nonlinear gain. Thus, the wave experiences the high-gain
regime of the nonlinear active resonator, the signal is amplified,
and the overall system transmission is high. On the other hand, the
backward-propagating wave (Fig. 1e) first enters the nonlinear active
resonator. Due to its high amplitude, the wave experiences lower gain
due to gain saturation. Next, it enters the passive resonator, where it

268

experiences loss before it is detected via the IDT, resulting in a low
transmission. The PT symmetry breaking induces a stronger local-
ization in the active resonator for the backward-propagating wave
than the forward wave. The stronger localization results in a lower
gain and leads to a non-reciprocal transmission. On the other hand,
the use of a 30-groove Bragg mirror between the two resonators
yields stronger coupling than with the 80-groove mirror, putting the
system in the unbroken PT-symmetric regime. Here, an equilibrium
between the two resonators is reached, resulting in similar SAW
amplitudes in the active and passive resonators. Thus, the transmis-
sion spectra for backward and forward-propagating SAWs are recip-
rocal (Supplementary Note 4).

In our experiment, we first used a single resonator geometry
to characterize the SAW gain and nonlinearity from an additional
IDT inserted in the middle of the resonator and connected to a
variable-gain electronic circuit (Fig. 2a). Specifically, the IDT was
connected (using wire bonding) to a negative-resistance electric cir-
cuit implemented by an operational amplifier with feedback resis-
tors (Fig. 2b). The trimmer resistor R; in Fig. 2b tunes the effective
negative resistance of the circuit (for details see Supplementary Note
5). Instead of dissipating electric energy, a negative resistor circuit
outputs electric energy with an applied voltage, and thus provides
the gain for SAW's (via the piezoelectric effect). Owing to the pres-
ence of gain and noise in the resonator, a SAW can be detected via
the receiving IDT without input. Below a certain gain threshold,
the spectrum of the output SAW features a resonance linewidth of
94(1) kHz, which is determined by the loss of the resonator. Detailed
transmission measurements were performed in this regime to char-
acterize the SAW amplification process (Supplementary Fig. 10).
When the gain is increased, SAW self-oscillation occurs and the
linewidth of the output SAW narrows significantly (Fig. 2c). This
indicates that the gain can fully compensate for the loss of the SAW
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Fig. 2 | Characterization of SAW gain and nonlinearity. a, Microscope image of a single SAW resonator for gain and nonlinearity characterization. The gain
for the SAWs is provided by the interdigital electrodes connected to an electronic circuit by wire bonding. b, Electronic diagrams of the negative resistor
providing SAW gain. The negative resistance is implemented by an operational amplifier and resistors. The equivalent negative resistance is tuned using
the adjustable resistor R;. ¢, Measured power spectral density (PSD) of the output SAW from the active resonator. When the gain is below the threshold for
self-oscillation, the spectrum of the SAW collected at the output IDT shows resonance with a linewidth of 94(1) kHz determined by the quality factor of the
resonator (Q=2,000). When the gain is increased above the threshold, the resonator linewidth narrows below 2.5 kHz (the spectral resolution set by the
spectrum analyser) and SAW self-oscillation is observed. d,e, Transmission spectra (d) and linewidth (e) of the nonlinear active resonator for various SAW

input powers. The transmission resonance broadens, and its amplitude reduces for greater input powers due to the nonlinear saturation.

resonator. Importantly, our negative resistance circuit features non-
linear gain. For a high input signal, the operational amplifier oper-
ates in the saturation regime, in which its output voltage is clamped
by the power supply voltages. The gain saturation is indicated by the
reduced transmission peaks and the increased linewidths at higher
input power (Fig. 2d,e). Similar to optical systems**>*"!, this satu-
ration nonlinearity breaks the time-reversal symmetry for SAWs,
but not the dynamic reciprocity””. Meanwhile, SAW loss is imple-
mented by an IDT connected to a resistor, and it behaves linearly
within our range of input powers (Supplementary Fig. 9).

Our PT-symmetric SAW devices can operate in the unbroken
or broken symmetry regimes by adjusting the coupling strength,
gain or loss of the resonators (Supplementary Note 2). The cou-
pling strength is experimentally controlled by varying the num-
ber of Bragg mirror grooves between the two resonators and
varies from p=295kHz for 20 grooves to u=9kHz for 90 grooves
(Supplementary Fig. 11). An 80-groove mirror (u=27kHz) is used
for measurements in the non-reciprocal broken PT-symmetric
regime, while a 30-groove mirror (u=180kHz) is used for the recip-
rocal unbroken PT-symmetric regime.

Measurements of non-reciprocal transmission

The SAW devices and electronic circuits were assembled on a
printed circuit board for transmission measurements (Extended
Data Fig. 1). Non-reciprocal transmission is observed in the bro-
ken PT-symmetric regime (Fig. 3a), in which the loss and gain of
the resonators are tuned to maximize the non-reciprocal isolation.
At the optimum input power of 3uW (—25dBm), a Lorentzian
resonance peak is observed in the forward transmission spectrum,
while a reduced transmission near the SAW resonance frequency is
observed in the backward transmission spectrum. A non-reciprocity
of #=10.9dB is calculated from

_ SFwd (fO)

1
Spwd (f()) Srwd (fo)=max(Spya) ( )
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where Sp,q(f) and S,4(f) are the power transmission coefficients in
the forward and backward directions, respectively, and frequency f,
corresponds to the maximum forward transmission. The forward
and backward transmission spectra are measured separately by
launching a SAW from one input at a time. The measured maxi-
mum forward power transmission of Sg,4=0.2 corresponds to an
insertion loss of 7dB. The full-width at half-maximum bandwidth
of the forward input is measured to be 28 kHz, which is consistent
with the linewidth of the active SAW resonator. The non-reciprocity
varies with power because the nonlinearity is induced by saturation
(Extended Data Fig. 2). The dynamic range of the input SAW, which
is defined by a 3dB degradation of non-reciprocity, is measured to
be 8dB, ranging from —28 dBm (1.6 uW) to —20dBm (10 uW). At a
lower input power of 250 nW, SAWSs propagating in both directions
experience linear gain, and thus no significant non-reciprocity,
while at a high input power of 40 uW, the non-reciprocity is reduced
because SAWs propagating in both directions experience strong
nonlinear saturation.

Our experiments clarify that the non-reciprocity of the nonlinear
PT system originates from the inequality of nonlinear gains induced
by PT symmetry breaking for the forward and backward inputs,
and eliminate the confusion about the origin of non-reciprocity in
optical PT-symmetric systems®, in which full control and direct
observation of nonlinearity are not available. Furthermore, the
desired SAW transmission in the forward direction can be linear
and free from nonlinear distortion. Under the optimal input power
of 3uW, our PT-symmetric system remains in the linear regime for
forward-propagating signals. However, for backward-propagating
signals, stronger localization in the active resonator triggers strong
nonlinear saturation and suppresses the transmission. We use the
relative powers at higher harmonics to characterize the nonlin-
earity of the transmitted signals (Supplementary Fig. 12). For for-
ward transmission, the power ratio of the second harmonic is only
—31dBc (0.08%) at the optimal input power. For backward trans-
mission, at the same input power, the power ratio of the second har-
monic is as high as —13 dBc (5%).
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transmission is normalized to that of a pair of IDTs.

In contrast, reciprocal transmission is observed in the unbro-
ken PT-symmetric regime (Fig. 3b) using the resonator with a
30-groove mirror (coupling strength of y=180kHz) and the same
nonlinear gain and loss circuit. At the same input power of 3 uW,
similar transmission spectra with split resonances are observed
for both forward and backward SAW inputs. Although saturation
nonlinearity is observed with increasing input powers in both trans-
mission directions, only reciprocal transmission is observed in this
unbroken regime.

The concept of non-reciprocal SAW transmission can be lev-
eraged in many applications. As an example, we demonstrate the
one-way circulation of SAWSs using two non-reciprocal devices (Fig.
4a,b). Circulation is observed at the resonance frequency of the
device. A SAW from port 1 is almost entirely transmitted to port 2
(S,)). At the frequency of the maximum transmission in the S,, spec-
trum, transmission in the clockwise direction S,, is 20dB higher
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than that in the counterclockwise direction S, (Fig. 4c). Similarly,
for a SAW from port 2, the transmission to port 3 is 10dB higher
than that to port 1 (Fig. 4d). The higher off-resonance transmission
between port 3 and port 1 is caused by electrical crosstalk due to
the proximity of the IDTs. The discrepancy between different input
ports is probably caused by the small variation in resonance fre-
quencies and Q factors of the acoustic resonators.

Performance of the non-reciprocal SAW devices

The performance of our non-reciprocal SAW devices is not funda-
mentally limited and could be improved. We evaluated the depen-
dence of the non-reciprocity, the dynamic range and the insertion
on the device parameters, including the coupling strengths and
the gain in Supplementary Note 3. From the theoretical analysis, a
non-reciprocity of over 35 dB, a dynamic range of over 50dB and an
insertion loss of 0 dB could each be feasible with our non-reciprocal
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SAW resonators. However, there is a trade-off between the various
parameters. Generally, a weaker coupling strength between the SAW
resonators leads to a larger dynamic range, but greater insertion
loss, while higher gain of the active resonator will result in stronger
non-reciprocity, lower insertion loss, but a smaller dynamic range.
In practice, the gain and nonlinearity are limited by the commer-
cially available operational amplifiers used in our demonstration,
which are not designed to have strong nonlinearities. An integrated
circuit designed specifically for this purpose or a nonlinear super-
conducting circuit could further improve the non-reciprocity of our
SAW devices. We note that use of the gain would inevitably bring
noise into the system. However, passive PT-symmetric acoustic sys-
tems could be constructed to avoid the additional noise due to the
gain, as has been demonstrated for optical systems”’~>.

Conclusions

We have reported a compact piezoelectric platform based on lith-
ium niobate for non-Hermitian and non-reciprocal acoustic wave
propagation. The electrically tuned gain and loss of two coupled
acoustic resonators introduce nonlinearity, breaking the PT sym-
metry of the system. In our experiments, we used acoustic waves
with an operating frequency of 200 MHz, but the frequency could
be extended to a few gigahertz by geometrically scaling the design®.
Furthermore, a fully integrated high-frequency acoustic platform
could also be built using application-specific integrated circuits,
instead of discrete electronic components. Our PT-symmetric sys-
tem could be of use in the manipulation, routing and amplification
of microwave phonons in integrated devices, and our active SAW
circuits could enrich acoustic signal processing for next-generation
wireless communication.

Methods

Device design and fabrication. The SAW devices were fabricated on a 128° Y-cut
LiNbO, substrate (the SAW propagates in the X direction of the crystal). The
SAW resonators were defined by Bragg mirrors (periodically etched grooves).

The length of a single SAW resonator was 600 um (between the edges of the Bragg
mirrors). The grooves were patterned by photolithography using a maskless aligner
(Heidelberg Instruments MLA 150), and the LiNbO, was etched by reactive-ion
etching using argon gas. The pitch of the grooves was 10 um (which matches the
half-wavelength of the SAW for a frequency of ~197 MHz) and the etch depth

was 0.5um. The width of the grooves was 5um at the centre of the Bragg mirror
and tapered to zero within 10 periods at both ends of the Bragg mirror to reduce
acoustic losses (Fig. 1b). The number of grooves for the external Bragg mirror was
54, while the number of grooves for the coupling Bragg mirror, which determines
the coupling strength between two resonators, varied from 20 to 90 for strongly
coupled to weakly coupled resonators. IDTs, electrical connections and contact
pads were fabricated using 120-nm-thick aluminium deposited by thermal
evaporation and patterned by photolithography and a liftoff process. The electrode
pitch (width) of the IDT was 9.8 um (4.9 um) and its central frequency matched
the SAW resonance frequency. The presence of the metal reduced the speed of

the SAW, and the pitch of the IDT was thus slightly smaller than the pitch of the
groove. The number of electrodes was 38 (19 signal and 19 ground electrodes) for
the external IDTs outside the SAW resonators. These IDTs gave a bandwidth of
~10 MHz from the transmission measurements and covered the reflection band of
the Bragg mirror. For the in-resonator IDTs that provide SAW loss and gain, the
number of electrodes was 8 (4 signal and 4 ground electrodes). The contact pads
were wire-bonded to the printed circuit board (Extended Data Fig. 1).

Data availability

Source data are available for the graphs plotted in Figs. 1-4 and Extended Data Fig.
2. All other data and findings of this study are available from the corresponding
author upon reasonable request.
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Extended Data Fig. 1| Photo of the printed circuit board (PCB) used for non-reciprocal SAW device measurements. This PCB supports simultaneous
measurements of two devices. Signal from Port 1to Port 2 is defined as the forward direction.

NATURE ELECTRONICS | www.nature.com/natureelectronics

Content courtesy of Springer Nature, terms of use apply. Rights reserved



ARTICLES NATURE ELECTRONICS

Nonreciprocity (dB)
FNECY
1 1
'\.
\
L )
/

-35 -30 -25 -20 -15
Input SAW power (dBm)

Extended Data Fig. 2 | Measured non-reciprocity of the broken-PT-symmetric SAW resonators versus various input powers. The non-reciprocity is
defined in Equ. (1).
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