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Nanomechanical resonators driven parametrically enable binary information encoding based on the control of their
two possible vibrational phases. We present a protocol to flip the parametric phase in a graphene nanomechanical resonator
via annealing, offering a novel approach to nanomechanical logic. The core of our methodology involves driving the res-
onator with a parametric excitation near twice its resonant frequency and applying an external drive to break the symmetry
of the dynamical double-well potential of the bistable states. By introducing white force noise to anneal the resonator,
its vibrational phase settles into the state with the lower potential. The phase can be deterministically prepared in one of
two states, differing by approximately 7 radians, by controlling the phase of direct drive and annealing. The demonstrated
protocol offers a promising approach for nanomechanical logic with potential advantages in efficiency, error resilience, and

scalability.
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1. Introduction

Mechanical parametric resonance refers to the phe-
nomenon in which a mechanical resonator exhibits large-
amplitude oscillations induced by the periodic modulation of
its spring constant, provided that the modulation strength ex-
ceeds a certain threshold.!"?] This actuation mechanism has
been employed for mechanical amplification*! and is most
effective when the modulation frequency is twice the resonant
frequency of the fundamental vibrational mode fo.[%-111 A
canonical example is the pendulum with a periodically varying
length.['>~141 Mechanical parametric resonance in resonators
yields two accessible vibrational states characterized by de-
generate amplitudes but phases differing by 7.['5-18] In me-
chanical resonators, there exists a 50% probability that the
system oscillates in either of the two parametric states.!!71°]
To exert control over these phase states, an additional direct
drive near the natural resonance frequency is applied, serving
as a symmetry-breaking force.!!7-?%2!] The parametric phase-
encoded logic is protected by a phase gap of &, which is at-
tractive for advanced and reliable computation. Various phase
control techniques and phase encoding schemes have been de-
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veloped. In micrometer-scale beams incorporating quantum
wells actuated via the piezoelectric effect,!'”! bit storage and
bit flip operations are realized by manipulating the phase of
mechanical oscillations through the application of pulse se-
quences and trigger switches. Prior to writing any bit, both
the parametric and direct drives are turned off to initialize
the oscillator at zero amplitude. Subsequently, a small driv-
Other
researchers have introduced novel phase encoding schemes

ing force functions as a switch to control the state.

combining hardware carriers of levitated nanoparticles and
electrical LC resonator circuits with the approach of control-
ling the underlying potential rapidly.!?*! This approach enables
rapid modulation of the underlying potential, representing a
paradigm shift in phase-encoded logic operations by substan-
tially enhancing the speed of parametron bit-flip processes. In
graphene nanomechanical resonators, phase states can be ma-
nipulated by adjusting a DC gate voltage in the presence of
the parametric excitation and the drive.>*! Instead of sweeping
the frequency of the direct drive fyq and the parametric pump
fp» applying a DC bias ngc between the graphene membrane
and an underlying gate electrode tunes tensile strain within the
membrane, thereby tuning @y, and transitioning the resonator
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into and out of parametric resonance. Whether the pump fre-
quency is swept from below or from above parametric reso-
nance determines the subsequent parametric phase state. This
technique allows phase state flipping through simple adjust-
ments of the DC voltage; however, it necessitates adiabatic
transitions into and out of parametric resonance.

In this paper, we explore a method to manipulate the
vibrational phase in a parametric graphene resonator. Our
method is based on the annealing of the phase states in a
double-well pseudo-potential with broken symmetry. By ap-
plying an external drive frequency near the natural resonance
frequency fp, we induce symmetry breaking in the dynami-
cal double-well potential associated with the Hamiltonian gov-
erning the bistable states arising from parametric excitation at
2 fo.[24-271 The energy barrier separating these bistable states is
modulated through adjustments in either the amplitude or the
phase 6 (with respect to the pump) of the driving force.!!”! In a
scenario where the double-well potential exhibits asymmetry,
we introduce white force noise to anneal the oscillator, thereby
stabilizing it into the lowest energy phase state. Notably, this
phase transition is reversible only by inverting the potential
landscape and repeating the annealing process. Compared to
previously reported techniques, our protocol offers the advan-
tage of flipping binary phase bits without necessitating inter-
mediate transition states for resetting, nor requiring frequency
sweeps of the drive or gate voltage modulation, thereby en-
hancing operational efficiency. Furthermore, the phase bit in
our approach is strongly dependent on 6, obviating the need

n

for additional decision-making regarding phase retention or in-
version for subsequent phase bits based on the initial phase.
This characteristic also mitigates the propagation of errors, as
a single error does not induce cascading failures. Additionally,
the feasibility of fabricating large-scale arrays of graphene
devices on compact chips has been demonstrated,”®! under-
scoring the scalability of our approach. Overall, our findings
present an alternative strategy for the manipulation of nanome-
chanical phase bits.

2. Theoretical model

The fundamental concept underlying phase encoding is
exemplified by the parametron.'?>3%! A first-order parametric
resonance can be excited by modulating the spring constant of
a harmonic oscillator at twice its natural angular frequency ®,
= 2wy. In contrast, a conventional harmonic resonance occurs
when the oscillator is driven at its natural angular frequency @y
= ay.P!) Near the natural frequency, the parametric resonance
exhibits bistability (green region in Fig. 1(a)). The two re-
sultant states possess identical amplitude and period, but their
phases differ by 7 radians.*?! Consequently, the oscillator can
stably occupy one of two phase states, designated as 0 and 1,
thereby facilitating the implementation of bit storage and bit-
flip operations.

Our methodology begins by incorporating a force noise
term into the equation of motion governing a nonlinear, para-

metrically excited resonator:18-20-33]

§@)

Fy

o
P4 T4 —2+ 2+ wf[l - Acos(mpt)]z = ——cos(wgt + 0) + =, (1)

Meff Meff

where z is the amplitude of displacement in the flexural di-
rection, dots on z represent derivatives with respect to time
t, T' = mp/Q with quality factor Q and resonant angular fre-
quency @y = 27 fp, & and 1 are the nonlinear conservative
restoring force coefficient and the nonlinear dissipative force
coefficient, respectively, Fy is the peak amplitude of the exter-
nal direct driving force, m¢ is the effective mass of the funda-
mental vibration mode, wg = 27 fy is the angular frequency of
drive force, @, = 27, is the angular frequency of parametric
excitation, 0 is the phase difference between the driving force
and the parametric excitation, A is the modulation strength of
parametric pumping, and & (1) is the fluctuating force noise. >4
In the simulations presented in Fig. 1, we employ parame-
ters characteristic of graphene resonators operating at room
temperature, specifically: meg = 1.2 x 10716 kg, @y = 27 x
50.2 x 10° rad/s, Q = 81, o = —4 x 10'® kg/(m*-s?), n =
3.4 x 107 kg/(m2~s) (see Appendix A). Figure 1(a) illustrates
the amplitude of the two stable phase states, depicted in blue,
which exhibit degeneracy in amplitude. Information encoding

Meff Meff

via these phase states is feasible within the green-shaded re-
gions near the parametric drive frequency f, = 2fy. The para-
metric modulation strength is fixed at A = 0.03, while both
the external driving force Fy and noise term & () are set to
zero. Figure 1(b) presents the stability diagram in the uv-plane,
where u and v represent the in-phase and quadrature compo-
nents of the resonator’s displacement over the simulation pe-
riod. The parametric drive frequency f}, is set to 100.4 MHz
and the force noise variance (£2) ~ 4.5 x 10729 N2, This
diagram indicates the most probable phase state of the res-
onator and corresponds to the stationary occupation probabil-
ities py and p;. Under these conditions, the phase stochasti-
cally switches between the two states, yielding nearly equal
occupation probabilities py ~ p| ~ 0.5, where the 1 and |
phase states are designated as logical bits 1 and 0, respectively.
The locations of the two phase states in the uv space can be ro-
tated arbitrarily by changing the phase of the reference signal,
but these states will retain a phase difference of 7 radians and
will remain degenerate in amplitude, so their amplitude sym-
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metry is unbroken. The amplitude symmetry of these states
is broken by the application of an external force with mag-
nitude Fy = 2 x 107! N and phase angle 8 = —45°, as de-
picted in Fig. 1(c). Here, the oscillator exhibits a preference
for the 1 phase state, with a stationary occupation probability
pt+ =~ 0.8. Figure 1(d) presents the stationary occupation prob-
ability p| as a function of 6 for various values of Fy ranging
from 10~ N to 6 x 10~'! N. An increase in Fy results in a
sharper transition in p|(6) and enhances the stability of the
phase within a specific state. We thus choose the parameters
Fy=6x10"1'N, 6; = —50°, and 6, = —20° for simulations
of phase state switching. If 6 varies over a range of 0 —360°,
two transitions are expected (see Appendix B). As depicted in
Fig. 1(e), the parameter 6 is initially set to 8; = —50° to con-
figure the double-well potential under the combined effects of
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Fig. 1.

parametric modulation and an external force. Subsequently,
noise is introduced for a short interval of 160 ms to heat up the
resonator, thereby facilitating its transition toward the lower
potential well phase state. After turning the noise off, the os-
cillator undergoes cooling and stabilizes in the 1 state, main-
taining phase stability thereafter. In the subsequent stage, 6
is set to 6, = —20°, effectively inverting the double-well po-
tential such that the lower potential well corresponds to the
J state. Noise is again briefly applied and then switched off,
enabling the oscillator to settle into the | state. This proce-
dure results in a reversed phase state, as demonstrated by the
stability of the phase trajectory following the switching event.
The schematic of the modifications in the double-well poten-
tial throughout this process is provided in Appendix C.

T T T T

1(s)

Simulation of the phase encoding in a parametrically excited nanomechanical resonator. (a) Amplitude response z of the resonator calculated

as a function of parametric pump frequency f,, by solving Eq. (1). meg = 1.2 X 10710 kg, g = 27 x 50.2 x 10° rad/s, T’ = 3.9 x 10° rad/s, a@ = —4 x
1016 kg/(m?-s%), n = 3.4 x 107 kg/(m?-s), A = 0.03, Fy = 0, &(t) = 0. The red trace represents the unstable state. The shaded region highlights the range
of f, where there are only two stable phase states (blue branch representing the two amplitude-degenerate phase states). (b) Distribution of the in-phase and
quadrature components of the displacement uv. (£2) =~ 4.5 x 10720 N2, @y = 27 x 50.2 x 10° rad/s, and Fy = 0 N. (c) uv distribution with same (£2) and
g as in panel (b), Ffy =2 x 107! N, § = —45°. (d) Stationary occupation probabilities p | of the state | as a function of 6 with different values of Fy. From
dark to light: Fy = 10711 N, 2x 1071 N, and 4x 10~ N, respectively. Black dashed line: Fy = 6 x 107! N. (£2) and @ are same as panels (b) and (c).
(e) Phase of the direct drive 6 (6; = —50°, 8, = —20°), noise variance (§2> and vibrational phase @ of the resonator as a function of time. The phase state

is periodically flipped by tuning 6 and (£2).
3. Results and discussion

We proceed to experimentally validate our phase flip pro-
tocol. The device is a few-layer graphene nanomechanical res-
onator shaped as a ~ 3 — um diameter drum (this device has
been previously utilized in Ref. [35]; however, all measure-
ments reported herein are original). The membrane is sus-
pended over a local gate electrode, which is patterned at the
bottom of a cavity etched in SiO,. The device is held in a
vacuum of ~ 1073 mbar (1 bar = 10 Pa) at room tempera-
ture. The device is positioned within an optical standing wave
formed between a wave plate and the gate electrode, which

functions as a mirror.3441 An arbitrary waveform generator

(AWG) outputs a composite voltage signal applied to the gate
electrode (0V, = Aj cos(wat + 0) + Ay cos(mpt), where Ay is
the amplitude of the direct drive. A; and @, = 2@y correspond
to the amplitude and angular frequency of a secondary drive at
twice the fundamental frequency, serving as an effective para-
metric pump.[!%25] Here, A 5 represent the peak amplitudes of
the voltage waves at the gate. This composite waveform is ap-
plied together with a bias voltage ngc to actuate the graphene
membrane vibrations at frequency @q. The output voltage of
the photodetector, measured in the reflected light path, oscil-
lates at frequency @qg, with its amplitude proportional to the
vibrational amplitude of the membrane.*!#%] This signal is
recorded using a high-frequency lock-in amplifier. As a refer-
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ence, a sinusoidal voltage waveform with peak amplitude A3
at frequency @y, generated by the same oscillator within the
AWG, is utilized. Noise is introduced to the device source
via an additional bias tee, whose DC port is terminated with a
50-Q resistor to ground.

Figure 2(b) presents the amplitude of the resonator’s lin-
ear response, quantified as the electrical power R = 10 x
log;((Vi%/0.4) measured at the output of the photodetector as
a function of drive frequency fy and the gate voltage ngc, with
a drive power Py = —37 dBm at the gate, and with A =0. R
is in units of dBm and takes into account the output and input
impedances in the setup. Figure 2(b) shows that the resonant
frequency of the response is tunable with the gate voltage, and
the fundamental vibrational mode is unambiguously defined in
the spectrum.

The experimental validation of our protocol is presented
in Figs. 2(c)-2(e). We quantify the stationary occupation prob-
ability of the | phase state p| as a function of 6. Here, the
noise variance <§2> is determined by integrating the power
spectral density Syy(®) of the white voltage noise applied be-
tween the resonator and the gate over the noise bandwidth.
Compared to the ideal simulation depicted in Fig. 1(d), the
experimentally measured phases exhibit an additional offset
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attributable to wave propagation delays within the experimen-
tal setup. Given that the phase range of the lock-in amplifier
is confined between —7 and 7, a substantial offset may cause
the p,(0) to invert vertically. However, this inversion does
not invalidate the fundamental concept of employing bistable
parametric states for encoding purposes. The resonator pref-
erentially occupies the | state for 0 < —65°, whereas it oc-
cupies the 1 state for 6 > —35°.
6
trated in Fig. 2(d), where we plot 0, (£2), and the measured

Accordingly, we select

—75° and 6, = —25° to induce phase flipping, as illus-
phase @ as a function of time. The resulting phase has an
expected phase difference of nearly 7 radians and is stable in
time. Namely, we extract a flipping probability Py;, = 1, which
is defined as the ratio of successful phase flips to the total flip-

(23] after two hundred flips with a noise trigger

ping attempts

duration 7 ~ 100 ms (the inset in Fig. 2(d)). For comparison,

phase measurements conducted in the absence of added noise

are shown in Fig.2(e). The noise level is set to the minimum

value (£2) ~ 8.6 x 1078 V2 . instead of switching the noise
off entirely to mitigate the equipment communication delays.
The resonator remains in its initial phase state throughout the
modulation of 6, demonstrating that noise-induced annealing
is a critical component of the protocol.

(b) R (dBm)

1 1 1 1

180 Bt s o AL oo I Bt N 3 SR 0
—~ 135+ i
< 9o} 4
S g5t 4
Ot 1 1 1 1 i
0 10 20 30 40
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Fig. 2. Experimental demonstration of our phase encoding scheme. (a) Measurement setup. PD: photodetector; PBS: polarizing beam splitter; A/2 and A/4:
half-wave and quarter-wave plate; FLG: few-layer graphene; LIA: lock-in amplifier; AWG: arbitrary waveform generator; A laser beam with wavelength of
633 nm is used. (b) Linear amplitude response of the resonator to a small direct drive measured as the electrical power R = 10 x loglO(VPZD /0.4) at the output
of the photodetector as a function of the drive frequency fy and gate voltage ngc, The power of the direct drive is Py = —37 dBm. (c¢) Stationary occupation
probabilities p; of the state | as a function of 6. The noise variance (§2> ~822x107° Vr%ns. (d)—(e) Phase of the direct drive 6 (6; = —75°, 6, = —25°),
noise variance (£2) and vibrational phase @ of the resonator as a function of the time. In panel (d), (£2) =~ 8.22 x 107> V2, the trigger time T = 100 ms,
as shown in the inset. In panel (e), (§2) ~ 8.6 x 1078 Vi3, V& =11V, fy ~50.2 MHz, A; ~ 7.1 mV, Ay ~0.71 V in panels (c)-(e).

ms*
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Fig. 3. Optimization of the flipping probability Pg;p. Paip as a function of (a) the trigger time 7, (b) the noise intensity (E2), and (c) the phase difference A@. In

panel (a), (£2) ~8.22x 107> V2,
(d) Phase & of the resonator as a function of the time. 6,

all panels: ngc =11V, fg~502MHz,A| ~7.1 mV, and A, ~0.71 V.

Finally, we optimize the flipping probability Py;, of the
phase flipping protocol by changing the trigger time T, phase
difference 0, and the noise intensity <§2> Figure 3(a) presents
the flipping probabilities of @ for various trigger times 7.
Pyip is calculated based on 200 flips and reaches ~ 1 when
T > 60 ms. Given that T ~ 20 ms in Fig. 3(a), Pgjp ~ 0.65
is achieved after two hundred flip attempts. The first 30 sec-
onds of the measurement data are shown in Appendix D. Fig-
ure 3(b) displays the dependence of Py;, on the noise inten-
sity (£2). An increase in noise intensity leads to an enhance-
ment of P;p. This indicates that stronger noise levels en-
able the use of shorter 7. Nevertheless, care has to be taken
upon increasing the noise because excessive noise induces
stochastic transitions between the two states.?*47! In Fig. 3(c),
the flipping probability Pyjp is calculated from the measured
time evolution of @ (200 periods) with 8; = —75° — A@ and
6, = —25° + AB. The larger AG means stronger symmetry
breaking of the double-well potential.!'®) Notably, the enlarge-
ment of phase difference between 0; and 6, also enhances
Pyip. This indicates that the trigger time could be shortened
by tuning the energy barrier between two phase states. Fig-
ure 3(d) depicts the flipping of phase & as a function of time
with a larger AO (6; = —140°, 6, = 40°) but smaller noise
trigger intensity ((£2) x T =3.56 x 107 V2
to Fig. 2(d). The flipping probability Py, = 1 is measured
within continuous 500 flips. In contrast to the approach in

-ms) compared

6) = —75°, 6, = —25°. In panel (b), T =20 ms, 8; = —75°, 6, = —25°. In panel (c), T =20 ms, (£2)
—140°, 8, = 40°, (£2)

~8.22x107° V2

ms*

=1.78 x 10* V2., noise trigger time T = 2 ms shown in the inset. In

rms>

which the gate voltage is varied sufficiently slowly to ensure an
adiabatic state transition, ?*! flipping the phase states using an
uncorrelated force noise is a nonadiabatic, out-of-equilibrium
process. Indeed, the occupation probability of a given state de-
pends on the transition rates out of both states, which are ther-
mally activated.[*8>11 The stochastic nature of the interstate
transitions also implies that the burst of force noise should
be long enough to guarantee that the state is flipped. We
have found that the minimum duration 7 ~ 2 ms of the burst
yielding Pgip ~ 1 is still significantly larger than both the pe-
riod of vibrations 1/fy =~ 2 x 1078 s and the ringdown time
0/fo ~ 1.6 x 1079 s, two fundamental time limits in rapid
phase flip protocols.!!??%] Therefore, while our process oper-
ates more rapidly than an adiabatic gate voltage sweep, it re-
mains considerably slower than the most rapid phase flip pro-
tocols.

4. Conclusion

In summary, we have developed and experimentally
demonstrated a phase encoding protocol for graphene
nanomechanical resonators. While earlier works have focused
on manipulating the phonon populations of strongly cou-
pled nanomechanical modes with microwave pulses at cryo-
genic temperatures, >4 we focus on manipulating paramet-
ric phase states with noise bursts at room temperature. Our
encoding is classical. Namely, we cannot create a state based
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on the superposition of the two phase states; it is either one
or the other. In this sense, our method is less versatile and
is more the mechanical equivalent of classical bit encoding.
The resonator is parametrically excited, resulting in a sym-
metric bistable system which is subsequently perturbed by
the application of an external direct driving force. Building
upon this framework, we integrate annealing with white force
noise and implement phase control between the direct drive
and parametric excitation to select the phase state. The com-
pact dimensions of the device facilitate high-density integra-
tion on a single chip, while the low mass of graphene en-
ables operation with minimal power consumption. Addition-
ally, the extensive frequency tunability of the graphene res-
onator supports both coupling between adjacent devices and
effective isolation.[>! Moreover, the dynamical double-well
potential enhances phase stability by mitigating the effects
of phase noise.®! The pronounced sensitivity of the energy
landscape and phase bits to the phase difference between the
driving force and parametric excitation effectively prevents the
propagation of chain errors. The methodology presented here
could be extended to other two-dimensional materials, includ-
ing MoS;, which exhibits higher quality factors at low temper-
ature due to the large energy gap in the phonon dispersion that
reduces energy dissipation.’3’8! In addition, our work holds
promise for future applications, including nanoelectromechan-
ical logic circuits and network systems.

Appendix A: Response of resonator with the di-
rect drive and with the parametric pump

The linear response of the resonator without the paramet-
ric pump, measured as the electrical power R at the output of
the photodetector as a function of drive frequency fjy, is illus-
trated in Fig. Al(a). The response Vpp(®q) = kz(@q) (blue
curve), fitted with a linear transduction factor x, yields key
mechanical parameters: quality factor Q ~ 81, effective mass
of resonator meg ~ 3.4 x 1071 kg, and resonant frequency
fo ~50.2 MHz. The quality factor of the resonator can be im-
proved by cooling the device to low temperatures?>°! or by
using twisted bilayer graphene membranes.[®"! Figure A1(b)
illustrates the nonlinear response of the resonator under para-
metric pumping. The blue and red curves correspond to mea-
surements taken during increasing and decreasing drive fre-
quency sweeps, respectively. Fitting the data (orange curve)
allows estimation of the nonlinear coefficients: nonlinearities
o ~ —4 x 10'% kg/(m*-s?), n ~ 3.4 x 107 kg/(m*-s). Fig-
ures Al(c) and Al(d) show the measured power R as a func-
tion of driving frequency (fg = fp/2) and the parametric ex-
citation voltage (A,), in the absence of an external drive. The
drive frequency is swept upward in Fig. Al(c) and downward
in Fig. AI1(d). A threshold parametric excitation amplitude
A m ~0.57 V is identified, above which parametric resonance
emerges.

0.6 0.8 0.6 0.8

Ay (V) Ay (V)

Fig. A1. Response of the resonator: (a) Linear amplitude response of
the resonator to a small direct drive measured as the electrical power R =
10 x logo(Vi%,/0.4) at the output of the photodetector as a function of f;
(red dotted line). Vg‘lc =11V, Py=—37 dBm. Blue curve: fitted by the linear
motion equation of resonator, where meg ~ 3.4 x 1071% kg, fy ~ 50.2 MHz,
[~ 3.9 x 10° rad/s. (b) Parametric response measured as the power R as
a function of fy swept increased (blue curve) and decreased (red curve).
ngc =11V,A; ~0V, A, ~0.7 V. Orange curve: fitted by Eq. (1), where
o~ —4 x 10'® kg/(m?-s?), n~34x 107 kg/(m?-s). Parametric vibrational
amplitude measured as the power R as a function of A, when fj (c) increases
and (d) decreases respectively. V;C = 11V, power scale: —100 dBm (blue)
to —40 dBm (yellow).

Appendix B: Calculated p(60) as a function of 0
over the interval of 0°-360°

With Fy = 6 x 107! N in Fig. 1(d), p, as a function of 6
over the interval of 0°-360° is shown in Fig. B1. This func-
tion exhibits a periodicity of 360°. 8; and 6, can be selected
to resultin p|(0) ~ 0 and p|(6) ~ 1, respectively.

LOF=—==7 =

Fig. B1. Calculated stationary occupation probabilities p of the state |
as a function of 8 with Fy = 6 x 10711 N, (£2) ~ 4.5 x 1072 N2 and
wg/27 = 50.2 MHz. Other parameters are the same as in Fig. 1(d),
Mmegr = 1.2 x 10716 kg, @p/2w = 50.2 MHz, T = 3.9 x 10° rad/s, a =
—4 % 10'0 kg/(m?-s2), n = 3.4 x 107 kg/(m?-s), A = 0.03.

Appendix C: Schematic depicting the tuning the
double well potential of the system in our phase
encoding protocol

Figure CI illustrates the evolution of the resonator, in-
cluding its initial condition prior to phase encoding. Initially,
when only parametric excitation is applied, the double-well
potential is symmetric, and the resonator resides in one of the
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two phase states separated by a saddle point. Each state has
an equal probability of 50% (stage I). The introduction of an
external driving force with a the phase 0; breaks the symme-
try in the dynamic double-well potential, resulting in a phase
state settling at a lower potential and thus becoming energeti-
cally favored. Following annealing through the application of
noise, the resonator transitions into the lower potential state
and remains there after the noise is turned off (stage II). This
behavior can be reversed by adjusting the phase from 6 to
6,, which lowers the potential of the opposite phase state. Af-
ter subsequent annealing, the resonator again transitions to the
lower potential state, but with its phase inverted (stage III).
Successive phase encoding processes correspond to iterative
transitions between stages II and III.

High energy

0 1 0 1 0 1
—>
—
Low energy I II III

Fig. C1. Schematic diagram of tuning the double well potential of the sys-
tem in our phase encoding protocol. Stage I: external direct drive is off.
Stage II: external direct drive is on with a phase of 8. Stage III: external
direct drive is on with a phase of 6,.

Appendix D: Flipping phase states with Py;, < 1

In the case of 7 ~ 20 ms in Fig. 3(a), Paip ~ 0.65 after
two hundred flip attempts. The measured @ within the first
30 seconds is shown in Fig. D1.

D o (oot it Pont s | St ot | ot s o]
0 5 10 15 20 25 30
t (s)
Fig. D1. Phase of the direct drive 6 (6, = —75°, 6, = —25°), force noise
variance (£2), and measured phase @ of the resonator as a function of time.

The trigger time 7 is set to 20 ms. ng° =11V, f4~50.2 MHz,A| ~7.1 mV,
Ay ~0.71 V.
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