aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Hardware-Efficient Quantum Random Access Memory with
Hybrid Quantum Acoustic Systems
Connor T. Hann, Chang-Ling Zou, Yaxing Zhang, Yiwen Chu, Robert J. Schoelkopf, S. M.
Girvin, and Liang Jiang
Phys. Rev. Lett. 123, 250501 — Published 17 December 2019
DOI: 10.1103/PhysRevlLett.123.250501


http://dx.doi.org/10.1103/PhysRevLett.123.250501

Hardware-efficient quantum random access memory with hybrid quantum acoustic
systems

Connor T. Hann,! Chang-Ling Zou,? Yaxing Zhang,! Yiwen
Chu,® Robert J. Schoelkopf,! S. M. Girvin,'! and Liang Jiang'

! Departments of Applied Physics and Physics, Yale University, New Haven, Connecticut 06511, USA
2Key Laboratory of Quantum Information, CAS,
University of Science and Technology of China, Hefei, China.
3 Department of Physics, ETH Ziirich, 8093 Ziirich, Switzerland

Hybrid quantum systems in which acoustic resonators couple to superconducting qubits are
promising quantum information platforms. High quality factors and small mode volumes make
acoustic modes ideal quantum memories, while the qubit-phonon coupling enables the initialization
and manipulation of quantum states. We present a scheme for quantum computing with multimode
quantum acoustic systems, and based on this scheme, propose a hardware-efficient implementation
of a quantum random access memory (QRAM). Quantum information is stored in high-Q phonon
modes, and couplings between modes are engineered by applying off-resonant drives to a transmon
qubit. In comparison to existing proposals that involve directly exciting the qubit, this scheme can
offer a substantial improvement in gate fidelity for long-lived acoustic modes. We show how these
engineered phonon-phonon couplings can be used to access data in superposition according to the
state of designated address modes—implementing a qRAM on a single chip.

Introduction.—The coupling of superconducting qubits
to microwave resonators, termed circuit quantum electro-
dynamics (cQED) [1, 2], constitutes one of today’s most
promising quantum computing architectures. Microwave
modes provide good quantum memories [3], while su-
perconducting nonlinearities enable the initialization [4],
manipulation [5, 6], readout [7], and protection [8, 9] of
quantum states encoded in microwave photons. How-
ever, long microwave wavelengths could potentially limit
the scalability of ¢cQED systems. On-chip resonators
face trade-offs between compactness and quality fac-
tor [10, 11], and microwave modes with millisecond co-
herence have thus far only been demonstrated in large
3D cavities [3, 12].

Recently, coherent couplings between superconducting
qubits and acoustic resonators have been demonstrated
in a remarkable series of experiments [13-25]. These
so-called circuit quantum acoustodynamic (cQAD) sys-
tems (Fig. 1) possess many of the advantageous proper-
ties of cQED systems, e.g., superconducting qubits can
be used to generate arbitrary superpositions of acoustic
Fock states [17, 21] and perform phonon-number resolv-
ing measurements [24, 25]. Yet relative to electromag-
netic modes, acoustic modes can provide dramatic bene-
fits in terms of size and coherence times. The velocities
of light and sound differ by five orders of magnitude,
and short acoustic wavelengths enable the fabrication of
ultra-compact phononic resonators [26]. Furthermore,
acoustic modes can be exceptionally well-isolated from
their environments—quality factors in excess of 101 were
recently demonstrated in GHz frequency phononic crys-
tal resonators [27]. A variety of applications for such plat-
forms have been proposed, including quantum transduc-
tion [28], entanglement generation [29, 30], and quantum
signal processing [31, 32|, but surprisingly the direct use
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FIG. 1. Multimode cQAD. A transmon qubit (red) is piezo-
electrically coupled to (a) a bulk acoustic wave resonator, (b)
a surface acoustic wave resonator, or (¢) an array of phononic
crystal resonators.

of cQAD systems for quantum computing has received
relatively little attention, with the notable exception of
Ref. [33].

In this work, we propose a hardware-efficient and
scalable quantum computing architecture for multimode
c¢QAD systems. Quantum information is stored in high-
quality acoustic modes, and interactions between modes
are engineered by applying off-resonant drives to an an-
cillary superconducting transmon qubit. During these
operations, the transmon is only virtually excited, so the
effects of transmon decoherence are mitigated. This is a
crucial property, since the transmon’s decoherence rate
can exceed that of the phonons by orders of magnitude.
In comparison to existing proposals that involve directly
exciting the transmon [33, 34], this virtual approach can
offer substantial improvement in gate fidelity for long-
lived phonons. This scheme is also directly applicable to
multimode cQED [34].

Furthermore, to demonstrate the benefits that the pro-
posed cQAD architecture affords in hardware efficiency,
we propose an implementation of a quantum random ac-
cess memory (qRAM) [35, 36]. A classical RAM is a
device that can query a database. Given an address j as
input, the RAM outputs the element D; stored at posi-



tion j in the database. Analogously, a qRAM is a device
that, when provided with a superposition of addresses,
returns a correlated superposition of data,
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where the subscripts a and b denote the address and out-
put qubit registers, respectively. The ability to perform
such queries efficiently, i.e. in log N time, is a prereq-
uisite for a variety of quantum algorithms that provide
speedups over their classical counterparts [37-39]. How-
ever, building a qRAM is highly non-trivial; even a small-
scale qRAM of the sort described in Ref. [35] has yet to
be experimentally demonstrated. One major challenge is
that, to query a database of size N, a qRAM requires
O(N) quantum resources [36]. Hardware-efficiency is
thus crucial for qRAM queries of large datasets, and in
our implementation this efficiency is enabled by the on-
chip integration of superconducting circuits with com-
pact acoustic resonators. Out proposal both reduces
physical resource requirements and provides a roadmap
for a near-term demonstration of gRAM.

Note that “random access quantum memories” [34, 40,
41]—memories that can take a single classical address j
as input and return a corresponding qubit |¢;)—cannot
generally perform operation (1) and should not be con-
fused with qRAM, which can use superpositions of ad-
dresses to query multiple memory elements.

Quantum computing in ¢cQQAD.—In multimode cQAD,
a transmon qubit is piezoelectrically coupled to a collec-
tion of acoustic modes. These modes can be supported
in bulk acoustic wave (BAW) [16-18] or surface acous-
tic wave (SAW) [19-24] resonators, or in an array of
phononic crystal (PC) resonators [25] (Fig. 1). Qual-
ity factors of ~ 10°, 10%, and 10'° have been measured
at GHz frequencies in SAW [42, 43], BAW [44, 45], and
PC resonators [27], respectively, and the transmon can
be simultaneously coupled to many high-Q modes on a
single chip [16]. These systems can be described by the
Hamiltonian
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Here, ¢ and mj denote the annihilation operators for the
transmon and phonon modes, respectively. The trans-
mon is modeled as an anharmonic oscillator with Kerr
nonlinearity o and is coupled to the k" phonon mode
with strength gi (typically a few MHz [19, 25, 46]).
In combination with external drives on the transmon
Hy=3,9; ¢fe~wit+H.c., this coupling provides the ba-
sic tool to initialize, manipulate, and measure phononic
qubits [17, 21]. For example, itinerant photon-encoded

Gate Four-wave mixing Frequency space diagram

SWAP | @y % §g wp /\

w PR

, /§ﬁ % W) | @y Wy wp @ @

oz Wy §g oc 3 /\
K ‘

I wp N % o, o, e Wy Wy O

9

FIG. 2. Phonon-phonon gates. SWAP: Applying two drives
with w2 — w1 = wp — wa creates an effective coupling be-
tween modes A and B. CZ: Applying a single drive with
w1 = w4 + wp — we creates an effective three-mode coupling
between modes A, B, and C. Frequency shifts of strongly
hybridized modes (dark blue) can enable selective coupling
when the modes are otherwise uniformly spaced (dashed lines
denote uniform spacing) [56).

qubits sent to the system can be routed into a particular
phonon mode via pitch-and-catch schemes [47-51].

Interactions between phonon modes can be engineered
by applying off-resonant drives to the transmon, and we
use these interactions to implement a universal gate set
for phononic qubits. The main idea is that the trans-
mon’s Kerr nonlinearity enables it to act as a four-wave
mixer [52-55], so phonons can be converted from one fre-
quency to another by driving the transmon. For example,
phonons can be converted from frequency w4 to wp by
applying two drive tones whose frequencies wy o satisfy
the resonance condition ws — w1 = wp — wy, see Fig. 2.
This driving gives rise to an effective Hamiltonian H =

(1) T (1) _ 9,94 98 92 Q201 _g(1)

gy 'mamp+H.c., where g, ' = 204 52 55 (1—pW).
Here, §; = w; — w,, and B is a drive-dependent cor-
rection (see supplementary material [56] for derivations).
Evolution under this coupling for a time m/ 291()1) imple-
ments a SWAP gate, which exchanges the states of modes
ma and mpg, while evolution for a time ﬂ/4gf,1) imple-
ments a 50:50 beamsplitter operation [54].

Three-mode interactions can be similarly engineered
(Fig. 2). Applying a single drive tone with frequency
W] = wa + wp — we gives rise to the effective Hamil-

tonian H = gl(,z)mAmBmTC + H.c., where g1(,2) =
—2094489281(1 — B®)) [56]. This three-mode inter-

action can be used to implement a controlled phase
(CZ) gate for qubits encoded in the |0,1) phonon Fock
states [57]. To perform a CZ gate between qubits in modes
A and B, mode C is used as an ancilla and initialized in
|0). Evolving for a time 7/ 91(,2) then enacts the mapping
|110) 4 g — [001) — — [110), while leaving all other ini-
tial states unaffected. The state |11) , 5 acquires a rela-
tive geometric phase, thereby implementing the CZ gate.

A variety of other operations can be similarly imple-
mented. Single- and two-mode squeezing can be imple-
mented by driving the transmon at appropriate frequen-
cies, and phase shifts can be imparted by tuning the drive
phases during SWAP operations. Together, these two- and



three-mode interactions are universal [56, 58]. In the
remainder of this work, however, we focus on the beam-
splitter, SWAP, and CZ operations, as these are the only
operations we require to implement a qRAM.

Note that in BAW and SAW resonators, phonon
mode frequencies are approximately uniformly spaced,
i.e. wj41—w; = v, where v is the free spectral range. This
uniform spacing can lead to problematic degeneracies in
the resonance conditions above. Nonuniform mode spac-
ing is thus necessary to enable selective coupling, and
in [56] we describe several ways to engineer nonunifor-
mity in BAW and SAW systems. As shown in Fig. 2, one
approach is to couple the phonons to an external mode,
such as a microwave resonator, so that the resulting hy-
bridization shifts mode frequencies [46]. In [56], we also
introduce a metric, Av, to quantify the nonuniformity.
Roughly speaking, Av is the scale at which the mode
spacing varies.

Gate fidelities.—During the gates described above, the
transmon is never directly excited; instead, it is only wvir-
tually excited, so infidelity attributable to transmon de-
coherence is suppressed. These virtual gates can thus
provide great advantage in cQAD systems, where trans-
mon decoherence is likely to be the limiting factor. This
is in contrast to existing proposals [33, 34], in which
gates between resonator mode qubits are implemented
by swapping information directly into the transmon using
resonant interactions of the form g4(¢'m + gm?), which
can be engineered, e.g., by modulating the transmon’s
frequency. In the following, we compare the predicted fi-
delities of the virtual gates proposed here and the direct
gates considered in Refs. [33, 34].

In a multimode architecture, there exists a fundamen-
tal tradeoff between decoherence and spectral crowding.
Slower gates are more prone to decoherence, while faster
gates have reduced frequency resolution and can disrupt
other modes. The infidelities of the direct and virtual
gates, respectively 1—F; and 1—F,,, can be approximated
as a sum of contributions from these two effects [33, 56],
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where x and 7y are the bare phonon and transmon deco-
herence rates, and cg4,, are constants accounting for the
durations of each gate (¢, = 1 for SWAP, and ¢, = 2 for
CZ, as these gates have durations 7 /2g, and /g, respec-
tively. As discussed in Ref. [34], ¢4 = 5 for SWAP and
cq = 4 for CZ.)

The first terms in Eq. (3) and Eq. (4) account for
decoherence. During direct gates, information spends
roughly equal time in the phonon and transmon modes,
so the total decoherence rate is k + 7. During virtual
gates, the total decoherence rate, k., is Kk, = (n:;‘ + /if)

for SWAP, and &, = (ki + Z + £5)/2 for CZ. Here,

K= K+ (g5/0;)*(1 + B denotes the dressed de-
cay rate of mode j, which includes a contribution from
the inverse Purcell effect [3, 55] and a drive-dependent
correction B(7) [56]. The second term in each expression
accounts for spectral crowding. The probability of acci-
dentally exciting another mode scales as (gq/v)? in the
direct case, and as (g,/Av)? in the virtual case. We note
that the infidelities (3,4) are defined with respect to the
ideal two-qubit unitaries; see [56] for derivations.

The competition between decoherence and spectral
crowding results in an optimal coupling rate [33]. By
adjusting the drive strengths, g4, can be tuned to their
respective optima. The optimal infidelities are
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While transmon and phonon decoherence contribute
equally to 1 — Fy, transmon decoherence only makes a
small contribution to 1 — F, via the inverse Purcell ef-
fect, wherein « is suppressed by a factor of (g/6)? < 1.
The virtual gates can thus be expected to attain higher
fidelities when there is a large disparity between v and
K, i.e. for sufficiently long-lived phonon modes. Indeed,
Fu > Fq whenever k, S (k +v)Av/v, provided the op-
timal coupling rates can be reached.

In Fig. 3, we plot the optimal infidelities of direct and
virtual gates as a function of k and +y for currently feasible
experimental parameters. The comparison reveals that
virtual gates can be performed with high fidelity (>99%)
given long-lived phonons, and that virtual gates attain
higher fidelities than direct gates in the same regime.
Indeed, realistic improvements in phonon coherence are
likely to bring near-term devices into this F, > Fy
regime (Fig. 3c,f).

We briefly note other factors relevant to the compari-
son of direct and virtual gates. Multi-phonon encodings.
Direct gates require that qubits be encoded in the |0, 1)
phonon Fock states, while virtual operations are compati-
ble with multi-phonon encodings, including some bosonic
quantum error-correcting codes [58, 59]. Parallelism. Di-
rect gates must be executed serially, while virtual gates
can be executed in parallel by simultaneously applying
the requisite drives (though care should be taken to en-
sure that the additional drives do not bring spurious cou-
plings on resonance). Speed. Virtual gates are inherently
slower than direct gates, with realistically attainable cou-
pling rates g, /27 ~ 10 — 100 kHz [56].

gRAM Implementation.—To illustrate the advantages
of cQAD systems, we propose an implementation of a
qRAM [35, 36]. As defined by Eq.(1), a qRAM is a device
which can query a database with an address in superpo-
sition. The ability to perform such queries efficiently is
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FIG. 3. Comparison of direct and virtual operations. (a,b)
log,(1 — F) for the direct and virtual SWAP operations, re-
spectively. The couplings are optimized subject to constraints
(g9a € [0, g], constraints on g, are discussed in [56]). (c) Com-
parison of direct and virtual SWAP operations. The log ratio of
the infidelities is plotted, with the virtual operations attain-
ing higher fidelities in the blue region. (d,e) Logio infidelity
for the direct and virtual CZ operations. (f) Comparison of CZ
operations. For reference, the symbols {®,l A 4 %} respec-
tively denote the decoherence rates k (phonon) and ~ (trans-
mon) measured in Refs. [17], [19], [25], [21], and [22]. Note,
however, that the plots are generated using typical parameter
values, not specific values from any one experiment. Param-
eters: g/2m = 10MHz, §/27r = 100MHz, v/27 = 10MHz, and
Av/27m = 1MHz.

a prerequisite for a variety of quantum algorithms, in-
cluding Grover’s search [37], matrix inversion [38], and
various proposals in the field of quantum machine learn-
ing [39]. While demanding hardware and connectiv-
ity requirements have thus far precluded an experimen-
tal demonstration of a qRAM, our proposed cQAD im-
plementation is naturally hardware-efficient. Indeed, a
small-scale cQAD qRAM can be implemented with a sin-
gle multimode resonator.

The elementary building block of our qRAM imple-
mentation is a quantum router, shown in Fig. 4(a). The
router directs an incoming qubit into different output
modes conditioned on the state of a routing qubit. When
the routing qubit is in state |0) (|1)), an incoming qubit
|1} in the top mode is swapped to the left(right) mode.
The routers are implemented using the operations de-
scribed above: the routing circuit contains a SWAP and a
controlled-SWAP gate, the latter of which is implemented
using CZ and beamsplitter operations (Fig. 4b).

To implement a qRAM, a collection of routers is ar-
ranged in a binary tree, with the outputs of routers at
one level acting as inputs to routers at the next (Fig. 4c).
To query the database at the bottom of the tree, qubits
from the address register are routed sequentially into the
tree, with earlier address qubits controlling the routing
of later ones in a “bucket-brigade” scheme [35]. A “bus”

output

FIG. 4. cQAD implementation of qRAM. (a) Quantum
router. Each circle represents a phonon mode. The router
directs the qubit [¢)) in the incoming mode (top) to either
the right or left mode conditioned on the state of the routing
qubit |¢). (b) Controlled SWAP. Note that this circuit imple-
ments the gate only within the relevant subspace of < 2 total
phonons in the modes to be swapped. (c¢) qRAM implementa-
tion. Address qubits (green) are routed into position one-by-
one, carving out a path to the database. The bus qubit (red)
follows this path to retrieve the data D;. The bus and ad-
dress qubits are then routed back out of the tree to complete
the query. The database (blue squares) can be either classical
or quantum. In the former case, the bus is initially prepared
in |+), and classical bits are copied to the bus by applying
phase shifts to each mode at the bottom of the tree. In the
latter case, the data qubit is extracted through a sequence of
controlled SWAP operations. See [56] for details.

qubit then follows the path paved by the address qubits
and extracts the data, after which it is routed back out
of the tree and into the output register. Finally, to dis-
entangle the address and routers, the address qubits are
routed back out of the tree. Since all routing operations
are quantum-controlled, preparing the address register in
superposition allows access to the data in superposition,
thereby implementing operation (1). Further details are
provided in [56].

We highlight three appealing properties of this
cQAD-based qRAM.
1. Hardware-efficiency. Hundreds of phonon modes can
simultaneously couple to a transmon on a single chip [16].
Thus, the hardware and fabrication cost of a cQAD-
based qRAM can be drastically reduced in comparison
to cavity- [36] or circuit-QED [60] implementations.

2. Scalability. It is not necessary to control all routing
through a single transmon; since only adjacent routers
are coupled, different regions of the tree can be con-
trolled and implemented independently. For example,
the qRAM can be built out of several modules, where
each module comprises a group of routers controlled by
one transmon. The phononic modes in each module could
be supported in physically separate resonators, or mul-



tiple transmons could be simultaneously coupled to the
same multimode resonator to give access to a large band-
width of modes, potentially spanning several GHz [16].

3. Error resilience. Because our implementation follows
the bucket-brigade model, it inherits a favorable log NV
error scaling [35, 36, 61]. In particular, the scaling argu-
ment of Ref. [35] directly applies to phonon-loss errors:
the query infidelity scales as 1 — F ~ elog N, where € is
the phonon loss probability. Remarkably, one can show
that the infidelity scales logarithmically for arbitrary in-
dependent, incoherent errors, such as phonon loss, de-
phasing, and heating [62].

Discussion.—We have proposed a quantum comput-
ing architecture for multimode cQAD and an implemen-
tation of a qRAM based on it. The implementation is
hardware-efficient, owing to the compactness of multi-
mode cQAD systems that is enabled by small acoustic
wavelengths. We emphasize that hardware efficiency is
not only crucial for scaling to large system sizes, but
that it is also particularly advantageous for near-term
experiments. Indeed, a small-scale qRAM can be imple-
mented even with just a single multimode resonator. In
the long term, the use of bosonic quantum error correct-
ing codes [59, 63] and compatible logical gates [58, 64, 65]
to implement a qRAM that is both fault-tolerant and
hardware-efficient is an intriguing direction for future re-
search. These ideas can also be directly applied to mul-
timode cQED.

To be viable, our scheme requires long phonon coher-
ence times (1/x > 1/g,). Though loss due to intrin-
sic material processes like phonon-phonon scattering or
two level systems limit phonon coherence, such mech-
anisms should not prevent access to this regime. In-
deed, both BAW and PC quality factors can approach
10'° before encountering such limits [27, 66, 67], cor-
responding to k/2m ~ 1Hz at GHz frequencies. Addi-
tionally, intrinsic sources of phonon dephasing are not
expected [68]. Phonon decoherence in current cQAD ex-
periments is thus likely dominated by extrinsic mecha-
nisms that can be mitigated with improved fabrication
techniques, though the extent to which the coupling to
superconducting circuits may limit phonon coherence in
c¢QAD is an important open question.
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