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QUANTUM PHYSICS

Splitting phonons: Building a platform for linear
mechanical quantum computing

H. Qiao?, E. Dumur*?t, G. Andersson’, H. Yan?, M.-H. Chou?, J. Grebel*, C. R. Conner, Y. J. Joshi!,
J. M. Miller™3, R. G. Povey™, X. Wu!, A. N. Cleland™?*

Linear optical quantum computing provides a desirable approach to quantum computing, with only a
short list of required computational elements. The similarity between photons and phonons points to the
interesting potential for linear mechanical quantum computing using phonons in place of photons.
Although single-phonon sources and detectors have been demonstrated, a phononic beam splitter
element remains an outstanding requirement. Here we demonstrate such an element, using two
superconducting qubits to fully characterize a beam splitter with single phonons. We further use the
beam splitter to demonstrate two-phonon interference, a requirement for two-qubit gates in linear
computing. This advances a new solid-state system for implementing linear quantum computing, further
providing straightforward conversion between itinerant phonons and superconducting qubits.

inear optical quantum computing (LOQC)

presents a scalable approach to quantum

computing that relies only on relatively

simple optical elements such as beam split-

ters, phase shifters, and single-photon
sources and detectors (7). The similarity be-
tween photons and phonons poses the ques-
tion as to whether linear mechanical quantum
computing (LMQC) might be achieved using
phonons.

Prior experiments with phonons in solid sys-
tems have included the quantum control of
mechanical motion (2-4), entanglement be-
tween macroscopic mechanical objects (5-8),
coupling between surface acoustic waves and
qubits (9-13), the deterministic emission and
detection of individual surface acoustic wave
(SAW) phonons (14, 15), and the transmission
of quantum information (14-18), among other
demonstrations (19, 20).

Here, we explore the potential for linear quan-
tum computing by demonstrating a phonon
beam splitter for SAW phonons, first showing
that the beam splitter deterministically con-
verts a single incident phonon to a superposi-
tion output state, with one phonon in either
of the two output channels. This is a phase-
coherent process, which we further exploit
to demonstrate a single-phonon interferome-
ter, using qubits to control the phonon phase.
We further explore two-phonon interference
through the Hong-Ou-Mandel (HOM) effect
(21), central to a controlled-phase gate in LOQC
(1, 22), using two SAW phonons whose simul-
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taneous arrival suppresses the output of coinci-
dent phonons in the two output channels, in favor
of a superposed two-phonon-per-channel output,
with a suppression visibility of 0.910 + 0.013.

These results demonstrate the basic toolset
to begin exploring linear mechanical quan-
tum computing, which is perhaps unexpected
given that in our system, a single phonon rep-
resents the collective motion of a large num-
ber (~10%) of atoms.

Device description

Our device comprises two superconducting
Xmon qubits, Q; and Q, (23, 24), coupled via
two tunable couplers G; and G, (25) to two
unidirectional interdigitated transducers, UDT;
and UDT, (15). These are linked by a 2-mm-long
SAW phonon channel, interrupted by a phonon
beam splitter BS (Fig. 1, A to C). The beam
splitter, comprising a set of 16 parallel metal
fingers, is designed to reflect approximately
half of the acoustic signal, while transmitting
the remainder. Details for the qubit, UDT, and
BS designs appear in (26). The beam splitter
is intentionally positioned 300 nm closer to
UDT; than UDT,, resulting in 214- and 290-ns
travel times from each transducer to the beam
splitter. The variable coupler between each qubit
and its associated UDT allows us to shape the
phonon emission, with typical emission times
ranging from 14 ns (maximum coupling) to
more than 10 ys (minimum, “off” coupling),
which we characterize from the couplers’ time-
dependent emission rates «; () (fig. S2) (14).
The qubits, variable couplers, and their as-
sociated control and readout lines are fab-
ricated on a sapphire substrate, whereas the
acoustic elements (UDTs and BS) are fabri-
cated on a separate lithium niobate substrate.
After fabrication, the two dies are aligned
and attached to one another using a flip-chip

L)

assembly (27). The device is operated in a | Check for |

tion refrigerator with a base temperatur. .-
about 10 mK.

Single-phonon beam splitter

We first characterize the system by measuring
the response to single phonons with both qubits
set to the operating frequency of 3.925 GHz.
One qubit (either Q; or Q,) is excited to its |e)
state and a phonon is emitted, where we shape
the emission to have a hyperbolic secant wave-
form, 9 5 (¢) < sech(¢/20y,), through the cali-
brated time-dependent modulation of the
qubit’s variable coupling rate k; »(t) (14); the
characteristic wave packet width is oy, =
17.9 ns. The phonon released from Q; (Q,)
interacts with the beam splitter, ideally resulting
in the output state (Z|10) + |01))/+/2((|10) +
i]01))/+/2); see also fig. S1, B and C. We use
the notation |[ph;ph,), where ph; , denotes the
phonon number in the output channel di-
rected toward Q;,, respectively. The beam
splitter output is then captured by both qubits,
through a calibrated time-dependent varia-
tion of each qubit’s coupling rate. In Fig. 1, D
and E, we display the excited-state probability
Pq12(t) for each qubit and their joint excita-
tion probability P () as a function of mea-
surement time ¢. The joint excitation probability
P,(t) remains very small, consistent with the
expectation of no joint qubit excitation in this
measurement, as each experiment involves
only one phonon at a time. From these data,
we extract a beam splitter reflectivityn = 0.61
and effective itinerant phonon lifetime t,, =
1.3 us, in agreement with a separate charac-
terization of the BS design (fig. S1D) and
previous measurements of phonon propa-
gation loss in similar systems (14, 15). The
effective lifetime includes loss from phonon
scattering during transits between the UDTs
and the BS, and from the UDT and BS elements
themselves, as well as any losses during qubit
release or capture.

‘We perform two-qubit state tomography for
the final joint qubit state generated in Fig. 1D,
displaying the absolute value of the density
matrix p in Fig. 1F. We find a Bell state fidelity
F = \/Tr(pgen - |p|) = 0.816 + 0.004 to the
ideal Bell state pggy;, indicating that the pho-
non beam splitter maintains quantum coher-
ence; the uncertainties here and elsewhere
represent one standard deviation. Decay in
the principal density matrix elements is con-
sistent with phonon propagation and scat-
tering loss, included via the effective phonon
lifetime in the simulations that generate the
dashed frames.

Single phonon interferometry

We further demonstrate the coherence of the
BS element by performing a Mach-Zehnder-
like interference experiment using a single
itinerant phonon. In Fig. 2A, we display the
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Fig. 1. Device description and characterization. (A)

micrograph of two superconducting qubits (Q; and Q,) coupled to unidirectional
transducers (UDT; and UDT,) via tunable couplers (G; and Gy), on either side
of a phonon beam splitter (BS). Qubits and couplers are fabricated on a sapphire
die, with UDTs and BS on a separate, smaller lithium niobate die; micrograph
taken from the backside of the flip-chip assembled device. (B) False-color
scanning electron micrograph of transducer-mirror UDT combination, and

(C) top-left corner of BS. (D and E) A single phonon is sent from Q; (Q,) to the
BS and “split” by it, and the output is subsequently captured by each qubit.

False-color optical

Measurements of both qubits are made at time t, yielding the excited-state
populations Pg; (blue circles), Py, (orange squares), and the joint excitation
probability Pee (red diamonds). Solid-color lines are numerical simulations
(26). Insets: Control pulse sequences. (F) After the qubits capture the phonon
emitted in (D), we perform two-qubit state tomography yielding the two-qubit
density matrix p, with Bell state fidelity / = 0.816 £0.004. The tomography
measurement is repeated 10 times, and the density matrix is reconstructed in
each repetition and constrained to be Hermitian. Bars represent measured |p|,
and red dashed frames are simulated values.
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control pulse sequence, in Fig. 2B a schematic
representation of the experiment, and in Fig. 2,
C to E, the results from this experiment. A sin-
gle phonon is emitted from Q; with the same
waveform as in Fig. 1D, and the beam-split
phonon is captured by Q; and Q,. The phase of
Q; relative to Q, is then changed by A, and
the excitations are reemitted through a timed
release from each qubit, resulting in a zero-delay

Qiao et al., Science 380, 1030-1033 (2023)
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Fig. 2. Single-phonon interferometry. (A) Control pulse sequence. (B) Sche-
matic representation: A single phonon is emitted by Q;, split by the BS, and captured
by both qubits, a process identical to the Bell state generation shown in Fig. 1D. A
| brief frequency change of Q adds a phase shift A¢, followed by a phonon release from
each qubit, timed to give coincident signals at the BS and thus generating
interference. (C and D) Deterministic routing of the BS interference output to

| either Q; or Q,, respectively, for phase shifts A¢ = 1.46x or 0.54r. Solid blue,
orange, and red lines are simulations. (E) Excitation probability for Q; and Q, as a
function of the control phase A¢, showing an interference pattern with visibility
Vo = 0.806 +0.004 and Vg, = 0.910 +0.005. The relative phase A¢ is varied

by changing Q;'s frequency for a variable length of time, as illustrated in the pulse
sequence. Light blue and orange shaded areas denote one standard deviation
calculated from 34 repeated scans. Solid blue and orange lines are cosine fits.

interference at the BS. The phase-dependent
interference allows control of which channel
receives the output phonon, shown by plotting
the excited-state probabilities Pq; 5, as well as
the joint excitation probability P, for two
choices of phase A = 1.46w and 0.54x in Fig. 2,
C and D; these choices of phase result in rout-
ing the maximal output phonon population
to Q; or Q,, respectively. In Fig. 2E, we dis-

9 June 2023

play the resulting high-visibility interference
fringes for the final excitation probabilities
Pq12(tr) as a function of Ap. The interference
fringe visibility forQ; is Vq: = 0.806 + 0.004
and for Q,, Vq2 = 0.910 + 0.005, where the
visibilities are defined as Vq12 = (Pqiamx —
PQLZ,min)/(PQl.2,max + PQLZ,min)' There is a slight
misalignment in the interference pattern for
Pq; compared to Pqs, so that, e.g., the phases
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for Fig. 2, C and D, do not differ by exactlyr. This
is possibly because the phase difference between
reflected and transmitted phonons is not exactly
/2 [see fig. S1C and discussion in (28)].

Hong-Ou-Mandel effect

We next study two-phonon interference, shown
in Fig. 3, with the schematic process shown in
the inset to Fig. 3A. One phonon is emitted by
each qubit, timed so that the phonons arrive at
the beam splitter with a relative delay t; the
beam splitter output is then captured by the
two qubits. The probability P;; of having co-

incident single phonons in the outputs of a
lossless beam splitter with reflectivity 1 is (26)

Py(1) =1—2n+ 2n’+
(20" — 20) [Jou(t — Do (t)at o

For large delays, the integral is zero, so
Py(t» o15) > 1 — 2n + 2n? = 0.524, using the
measured beam splitter reflectivity n. For zero
relative delay and identical time-matched wave-
forms, the integral is unity, giving Py (0) = (1 —
211)2 = 0.048. The coincident probability Py; is
thus strongly suppressed for zero delay com-

A ‘I.O'I I 1I I Qzl OPIQ1;-
] |
- @]l o Pa
) S P |
|
Q L : D
ﬂrﬂ_ )
'] |
% A 2 R SRSy
e T e — e e
|
® & ]
|
|
|
Q (-
|
|
|
-
I
1.0F Mande 4 ey, Par 11
\ % O Pg, :
| © Pay |
o | 1\ o
00Ft=150ns . = e — s L h
0 200 400 600 800 1000
Time t (ns)
D 015 Pooren ' ' ' L]
_010} -
o®
0.05} op,
- aP11
0.00 200 100 100 200

0
Relative delay t (ns)

Fig. 3. Two-phonon interference. Each qubit is initialized to its excited state |e), and the qubit coupling rates
k12 controlled to emit a single phonon from each qubit, timed so that the centers of the phonon wave packets
reach the center of the beam splitter with a relative delay of (A) T = —150 ns, (B) O ns, and (C) 150 ns,

with extracted phonon wave packet widths of 6; = 8.4 ns (Q;) and o, = 8.3 ns (Q,). The output waveforms from
the beam splitter are subsequently captured by the qubits via a tuned variation of their coupling rates, and
simultaneous measurements of the qubits made at time t. Solid lines are numerical simulations (26). A schematic
of the process appears in the inset to panel (A), and a pulse sequence in the inset to panel (B). The coupling
remains on between release and catch. Blue and orange dashed lines in the pulse sequence denote phonon-arrival
times at the BS. (D) Two-qubit joint excitation probability Pee measured at time ¢ as a function of relative
delay t, showing a pronounced Hong-Ou-Mandel dip for coincident phonons. The visibility of the dip is

VY = 0.910 £ 0.013, with Pge max = 0.139 + 0.003 marked in the upper-left corner (black error bar). Gray line
is a Py, calculated from Eq. 1 with parameters extracted from panels (A) to (C) (see main text). Light-red
shaded area denotes 1 SD, calculated from 10 repeated scans for each delay .
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pared to large delays, with a theoretical visibility
Vin=[Pu(t » 612) — Pu(0)]/Pu(t» o15) = 0.908.

We cannot directly measure the coincident
phonon probability Py;, but the qubit joint ex-
citation probability P, serves as a proxy: The
probability for both qubits to be excited is
closely related to the probability of having a
phonon in each output channel. The two prob-
abilities are not in general simply related,
owing in part to the nonzero probability of
the two-phonon state in each output channel,
as well as the different phonon loss rates and
imperfect phonon capture by the qubits in
the two channels. However, we find experimen-
tally that P, and Py; are closely proportional,
with P, = aPy; with an empirical scale factor
o = 0.265. The experimental P,, is also in good
agreement with simulations for large and for
zero delay (Fig. 3, A to C).

We show the experimental pulse sequence
in the inset to Fig. 3B: The qubits are cali-
brated to emit phonons at 3.925 GHz, and the
variable couplers are tuned to release phonons
with a hyperbolic secant shape, with fit wave
packet widths o,, = 8.4 and 8.3 ns, respec-
tively, timed so the phonons arrive at the beam
splitter with relative time delay t. After emission,
the qubits are in their ground states |g). The
phonons output from the beam splitter are
captured by the two qubits, using the reverse
process to emission (14, 15), and the two qubits
are measured simultaneously. The capture
process is timed so that each qubit catches
its own beam-split phonon, with an efficiency
very similar to the single-phonon experiment
in Fig. 1, D and E.

In Fig. 3, A to C, we show the excited-state
probabilities for the two qubits for three dif-
ferent relative delays, t = —150 ns, T = O ns,
and t = 150 ns, including data taken during
the phonon emission and capture processes.
In Fig. 3D, we show the corresponding joint
excitation probability P, as a function of delay
time 1, directly extracted from the joint two-
qubit state measurements. When the delay
T 61,2, Phonons pass independently through
the beam splitter, yielding a joint qubit excita-
tion probability Pe max = Pq1 X Pqa = 0.139 £
0.003. However, when the two phonons arrive
at the beam splitter with zero delay t, two-
phonon interference suppresses the coincident
phonon output state |[11,,), and similarly sup-
presses P, with a minimum at zero delay of
Popmin = 0.0125 + 0.0018. The visibility of the
dip in Py, Vexp = (Pee,max - Pee‘min)/Pee,max =
0.910 + 0.013, agrees well with the visibility
calculated for Py;. In the “catch” portion of this
experiment, the qubits do not capture the en-
tire phonon signal; this can be seen in Fig. 3A,
where the transmitted portion of the phonon
from Q, briefly excites Q, at ¢ ~ 670 ns. As Qy’s
coupler is left on, this excitation is subsequently
reemitted. As in this process, the two qubits
are detecting the same phonon emitted by Q;;
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Fig. 4. Frequency and wave packet dependence of two-phonon interference. (A) Top: Schematic of
phonons released with different frequencies f;,. Main panel: After setting the frequency of Q; to f; =

3.925 GHz, we vary the relative frequency of Q, (horizontal axis) with zero relative delay t while monitoring
the joint excitation probability P after phonon capture (vertical axis). Wave packet widths are fixed at 6;, = 16.0
and 16.7 ns. A high-visibility dip V = 0.899 + 0.013 is observed at zero frequency difference. Gray line represents
a Py from frequency-domain theoretical model in (26). (B) Top: Schematic of phonons released with different
wave packet widths o7 ,. Main panel: We fix both phonon center frequencies at 3.925 GHz, as well as the

width o; = 8.8 ns for Q, while varying that for Q, over the values o, = 18.7, 28.9, 36.4, and 43.3 ns, and perform
the two-phonon interference experiment. We plot the relative phonon wave packet width o, /o; (horizontal

axis) and show the resulting HOM dip visibility (vertical axis). The measured visibility is maximal when the wave
packets have equal widths, then falls with increasing relative width. First data point is from Fig. 3D, and the
other data are from fig. S4. Gray line is calculated from Eq. L.

only one qubit can be excited at a time, SO P
remains small in this portion of the measure-
ment. There is a similar behavior at ¢ ~ 750 ns
in Fig. 3C, involving the phonon emitted by Q,.
For zero delay, the two-phonon signal is only
partially captured by the receiving qubits, as
each qubit can only catch a single phonon;
this is similar to the response of non-number-
resolving photon detectors (see fig. S3, showing
a variation of this measurement process).
We also study the indistinguishability of the
two phonons by varying their relative center
frequencies and wave packet widths. While fixing
the phonon wave packet widths 6;9 = 16.0 ns
and 16.7 ns, setting the delay t to zero, and
fixing Q;’s frequency to f; = 3.925 GHz, we
systematically vary Q,’s frequency f; using
the qubit flux control. In Fig. 4A, we display
the resulting measured joint excitation prob-
ability P, as a function of relative frequency
detuning Af = f; — f>. We observe a clear dip
in P, with frequency Af, with visibility V =
0.899 £ 0.013. The full width at half maximum
of the dip is 9.5 MHz, close to the bandwidth
of the phonon wave packets. A similar exper-
iment has been done with optical photons (29),
with similar results. Next, to study the wave-
form width dependence, we vary the wave
packet width o, of Q, while fixing that of Q;
to o; = 8.8 ns. With a pulse sequence similar
to that shown in Fig. 3B, we perform a two-
phonon interference experiment, with results
displayed in Fig. 4B. The observed variation in
visibility is in excellent agreement with the

Qiao et al., Science 380, 1030-1033 (2023)

prediction of Eq. 1. This experiment can also
be performed while arbitrarily varying the func-
tional dependence of the phonon waveform; we
show an example of this in fig. S5.

Conclusion and outlook

Together, these experiments demonstrate a
quantum-coherent beam splitter, operated
with single-phonon sources and detectors,
and the ability to control phonon phase through
a qubit. These provide all the elements needed
to explore the implementation of linear me-
chanical quantum computing in this system.
An outstanding question is whether phonon
loss can be made sufficiently small to en-
able scaling to useful computational systems.
Certainly, gigahertz-frequency bulk acoustic
systems, as well as mechanically suspended
optomechanical resonators, have much lon-
ger phonon lifetimes than we demonstrate
here (3, 30), providing some optimism for
better performance. It is unlikely that this
acoustic approach to linear quantum com-
puting will compete with optical approaches,
in which recent implementations have some-
what smaller size elements operating at much
higher speeds (31, 32). However, the straight-
forward integration of phononic circuits with
superconducting qubits might provide im-
portant opportunities for hybrid computing
systems and will further support the devel-
opment of phononic communication networks
(33-38), possibly integrating computational
capabilities.
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Editor’s summary

Phonons are the fundamental quantum vibrations within materials, with individual phonons representing the collective
motion of many trillions of atoms. Efforts are underway to determine whether these mechanical vibrations can be
developed into a quantum-computing architecture just like their optical cousin, photons. Qiao et al. demonstrate a
beam splitter for single phonons and controlled two-phonon interference. Adding to the ability to launch and detect
single phonons, a beam splitter now provides the final piece in the toolbox to develop a mechanically based platform
for quantum computing. —lan S. Osborne
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