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ABSTRACT

In circuit quantum electrodynamics, measuring the state of a superconducting qubit introduces a loss channel, which can enhance
spontaneous emission through the Purcell effect, thus decreasing the qubit lifetime. This decay can be mitigated by performing the
measurement through a Purcell filter, which strongly suppresses signal propagation at the qubit transition frequency. If the filter is also
well-matched at the readout cavity frequency, it will protect the qubit from decoherence channels without sacrificing measurement band-
width. We propose and analyze design for a mechanical Purcell filter, which we also fabricate and characterize at room temperature. The
filter is composed of an array of nanomechanical resonators in thin-film lithium niobate, connected in a ladder topology, with series and
parallel resonances arranged to produce a bandpass response. Their modest footprint, steep band edges, and lack of cross talk make these
filters an appealing alternative to analogous electromagnetic versions currently used in microwave quantum machines.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111151

Quantum information processing calls for systems that are
well isolated from their environment, whose states can nonethe-
less be measured and manipulated with precision.’ These funda-
mentally contradictory requirements can be satisfied by cleverly
engineering devices and interactions between them. In the circuit
QED platform,”” nonlinear superconducting circuits called qubits
are used to store and process quantum information. Their internal
states need to be read out rapidly and with low rates of error. An
appealing approach for this is to couple the qubit circuit to an
auxiliary, linear electromagnetic resonator (often called the read-
out cavity). Resonators have long been used to amplify emission
from atoms, for instance, via Purcell enhancement.” * Conversely,
qubit emission into the environment can be suppressed by tuning
the qubit away from the resonator’s frequency by many times the
qubit and resonator linewidths and their mutual interaction
energy. The qubit state is then measured “dispersively” by moni-
toring the resonator frequency for shifts induced by changes in
the qubit state’ (although we note that alternative measurement
strategies exist).”

Dispersive shifts of the cavity can be measured and amplified to
demonstrate extremely efficient single-shot measurements of qubits
using this scheme.”"’ Nonetheless, the conflicting requirements of
efficient readout and qubit isolation persist in the desired properties of

the resonator-qubit system.'' Fast and efficient readout requires strong
coupling between the resonator and the environment. This in turn
increases the probability of qubit relaxation through the resonator in a
process called Purcell decay.”'* ' Purcell filters, often consisting of a
second stage electromagnetic resonator, have been used effectively to
mitigate this process.'”'” "

As qubit coherence times continue to improve, the basic limit
imposed by Purcell decay will become more important. In princi-
ple, progressively higher order electromagnetic filters can be incor-
porated, requiring progressively- larger components that take up
valuable space on a chip. We propose an alternative solution using
ultracompact, high-order microwave acoustic filters to isolate
qubits from the environment and to curtail Purcell decay, using
techniques adapted from the telecommunication industry.””*' Low
cross talk and extremely small footprints make nanomechanical
structures ideal for integration with superconducting quantum
machines.”” *” In filters that occupy less than 0.25 mm? on-chip,
we measure —60 dB suppression out of band, with passbands span-
ning up to 300 MHz at 3.9 GHz. Moreover, recent advances in fab-
rication and design of thin-film, high-Q, and strongly coupled
lithium niobate (LN) devices make them well-suited for such appli-
cations.””*® In this manuscript, we outline the approach and pre-
sent initial experimental results.
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The cavity-qubit interaction is described by the Jaynes—Cummings
Hamiltonian,

) 1\
Hye = ho, (a*a +5) +ﬁaz the@'e_ +as,), ()

where , is the readout resonator frequency, g is the qubit-resonator
coupling strength, 4 annihilates photons in the resonator, and Pauli
operators ¢ act on the qubit. This Hamiltonian can be diagonalized into
a series of n-excitation subspaces, each spanned by |g, 7) and |e, n — 1).
For |g| > |A|, the “qubitlike” polariton in the first excited subspace is

[+,1) ~ |e, 0) +§|g, 1).

The small but finite occupation of the resonator represented by |g, 1)
can decay to |g, 0) through the resonator’s output channel, effectively
causing the atom to relax to its ground state. This loss channel
increases the decay rate of the qubit by y, = x[(g,0[a|[+, 1)[?
~ g%« /A*. More generally, we can use Fermi’s golden rule to calculate
the decay of the qubit excited state |e, ) through the resonator,

2 2
by =g — &k 6)
+ (K/Z) A>wg A
This allows us to choose A such that the maximum coherence time
imposed by the Purcell effect 1/y, exceeds the qubit’s T\ due to other
sources. With improving qubit design, fabrication, and materials proc-
essing, larger detunings A will be required to avoid limitation by
Purcell decay. However, since g cannot be increased indefinitely due to
geometric constraints, increasing A reduces the state-dependent cavity
shift y ~ g?/A. This further complicates readout optimization: the
ratio /i = 1/2 gives optimal pointer state discrimination, and large
K is desirable for quick extraction of information from the cavity.'**’
Reducing y increases the amount of time required to make a measure-
ment, which can allow for more errors to be introduced. These incon-
veniences have led to the design and implementation of Purcell filters.
These filters, previously composed of electromagnetic resonators, pro-
tect the qubit from the Purcell decay channel while maintaining the
ability to perform fast and accurate measurements of the qubit state.

A Purcell filter can be considered to be, in one possible imple-
mentation, a bandpass filter that performs an impedance transforma-
tion on the dissipative bath of the environment, through which the
linear resonator can be probed. Placing the qubit frequency outside
the passband where the filter presents an impedance mismatch isolates
the qubit from energy relaxation channels of the vacuum; placing the
resonator frequency within the passband allows a microwave tone to
pass through unimpeded and probe the resonator frequency. The reso-
nator can be strongly coupled to its feed line (large «), allowing signals
to pass through the cavity quickly for fast qubit state measurement,
without risking a reduction in qubit lifetime.

In design and analysis, we treat the mechanical filter as a two
port microwave system connected at one end to a regular transmission
line and at the other end to the readout resonator (Fig. 1). The imped-
ance Ze () seen by the resonator captures all properties of the filter
element relevant to qubit operation. In this section, we develop an
understanding of how Zex () affects qubit readout and Purcell decay.

A relevant figure of merit for a Purcell filter is the ratio of qubit life-
times with and without the filter in place. In this ratio, the capacitance
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FIG. 1. Dispersive qubit readout. (a) Conventional schematic for measuring the energy
state of a superconducting qubit (orange) with a transition frequency . The qubit is
coupled at a rate g to a linear resonator (pink) with a fundamental resonance at
and a leakage rate x to its input and output transmission line (blue). The coupling rates
g and x are controlled by the capacitances C; and C,. (b) By driving the auxiliary reso-
nator through the passband of a Purcell filter (green), one can modify the external dissi-
pation presented to the resonator and qubit, so that now x and consequently T,
include a frequency dependence. (c) To derive the filter’s effect on the qubit lifetime, we
replace the filter and environmental dissipation with their equivalent impedance Zey
and the qubit with its impedance Z. The resonator response is encapsulated by its
admittance matrix 'Y, taken with respect to nodes 1 and 2.

C, is adjusted to keep the resonator linewidth fixed. We can derive this
ratio using a method complementary to those of Refs. 16 and 17 by ana-
lyzing the measurement circuitry depicted in Fig. 1(c), in which the
capacitances C; and C, are assumed to be small. The admittance matrix
for the entire system, with respect to nodes 1 and 2, is given by

1
_ 0
1/ioCy + Z
Y + fi0Ci+ 2, )
0 _
1/1(/0C2+Zext
— w?*C?Z, 0
~Y + 1 o
0 0 Ci Zext

where we absorb the reactive part of the admittance matrix with Y
into Y. We solve for the resonances by setting the determinant of the
above expression to 0. These solutions are small deviations from the
uncoupled case: the resonator mode shifts to @, + dw, and the qubit
frequency that satisfies Zq(wq) — oo shifts to wq + dwg. Keeping
lowest-order terms in the small capacitances, we find

Soo, — + @?CYY y () B 0*C3 e (0:) Y 11 (o)
Vi (q)AZ yi '
Sy = — wéCszz(a?q) wécfcgzext(C‘)q)vnz(f‘;q)vll(wq)7
Vi (wq)AL Vi (0g)A"2
where 4 = - detY(o)|,_,, . Yq(®) = 1/Z4(w), and Y’ = dY/do.

The coupling strength g can be found by equating the first term in the
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cavity shift to g*/A and approximating |A| < wq, to find
—g* ~ 0! CY () /Y] (q) . The frequency shift x ~ g*/A arises
from the qubit-resonator coupling and forms the basis of dispersive
qubit readout.' """ External dissipation Ze; introduces a small imag-
inary component to the frequency shifts, from which we extract the
resulting qubit and resonator linewidths ., k = 2 Im de,,, to find

B g Re Zee(0q)

Vq - E Re Zext(wr) (3)

Without a filter, when Zey(o;) = Zew(0q) = Zo, this reduces to the
familiar Purcell decay rate of Eq. (2). The filter adds an extra degree of
protection from spontaneous emission, a “filter factor,” which is the
ratio of the resistances seen by the qubit and resonator at their respec-
tive frequencies.

The mechanical Purcell filter is based on a ladder network of pie-
zoelectric oscillators, inspired by methods that are ubiquitous in classi-
cal RF and telecommunication technology.””' A ladder filter
electrically connects series and shunt resonators with frequencies care-
fully chosen to produce a bandpass response [Figs. 2 and 4(a)]. The
series resonators are identical to each other, as are the shunt (parallel)
resonators.

Each resonator’s electrical response is described by its admittance
Y(w) =1/Z(w), where Z(w) is the electrical impedance. This
response is well-modeled by a Modified Butterworth-van Dyke
(MBVD) equivalent circuit (Fig. 2).””*” It is important that the antire-
sonance of the parallel resonators—the zero in Y}, (w)—is placed at the
series resonance or the pole in Y (w) [Fig. 4(a)]. This frequency
defines the center of the passband: here, the parallel resonators have
maximal impedance, while the series resonators have minimal imped-
ance, so a microwave signal passes easily through the filter. The spac-
ing between each resonance fr and its antiresonance fy is given by the
electromechanical coupling factor k? = (n?/8)(f2 — f2)/f2.” This

lithium niobate
aluminum

o
=)
Q
~
()
mE

R. Ry C,

FIG. 2. Nanomechanical ladder filter design. (a) Ladder topology of order 3 in which
each colored block represents an acoustic element. Three identical series resona-
tors (blue) at ws are shunted by two identical parallel resonators (orange) at
wp # ws. The highlighted element is detailed in (b) for its electrical response and
(c) for its basic physical design. (b) Modified Butterworth-van Dyke equivalent circuit
that models a single mechanical resonator. The transducer’s electrostatic capaci-
tance Cg is connected in parallel with a series RLC that parameterizes the acoustic
resonance. Rs and Ry model resistive loss in the electrodes and dielectric loss,
respectively. (c) Diagram of a single resonator. A suspended plate of lithium niobate
is patterned with aluminum interdigitated transducers of pitch a and width W.
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spacing relates the spectral distance between the filter edges and its
center [Fig. 4(a)]. Thus, it can be seen that k%, which depends strongly
on the material platform, determines the filter bandwidth. The MBVD
circuit fully parameterizes the frequency (wn, = 1/ v/L C), piezoelec-
tric coupling (k* = n*C/8C,), and quality factor (Q = 7*/8 wy, CR)
of each mechanical resonance.”

While the quality factor of the resonators contributes to insertion
loss in the passband and less sharply defined band edges, it is not a
strong limiting factor in filter performance [Fig. 4(b)]. This is because
the measurement occurs in the qubit-cavity interaction with little par-
ticipation of the mechanical elements. We plot a filter’s enhancement
of qubit relaxation time in Fig. 4(c). Notably, T} is sensitive to Ry and
R. A well-matched filter has Re Z.y(w,) ~ Zy, and so according to
Eq. (3), the suppression of 7, is limited by Re Zexi(wq)/Zo. Finally, we
note that the electromechanical coupling factor’**—an indicator of
the conversion efficiency between electrical and mechanical energies—
can be varied by rotating the interdigitated transducers (IDTs) relative
to the crystal axes [Fig. 5(a)] to select different components of the pie-
zoelectric tensor. It can also be increased by patterning IDTs with
larger N.

FIG. 3. Device layout. (a) Real-color optical micrograph of the 10° filter analyzed in
Fig. 5(a). Where the LN film has been released from the silicon substrate, it
appears purple, while unreleased regions appear green. Etched gaps in the LN film
appear black. Aluminum electrodes and surrounding ground plane (gray) are con-
tacted by a three-point (ground-signal-ground) coplanar waveguide probe. The
ground planes above and below the filter are connected around each contact pad
(not pictured). Transmission measurements in Fig. 5 are made with respect to the
indicated ports 1 and 2. (b) Optical micrograph detailing the sixth series resonator,
highlighted in (a). This resonator has a pitch of a = 1.487 um, a width of
W =25 um, and N=4 IDT pairs. (c) Scanning electron micrograph detailing the
electrode geometry of (b). (d) Finite-element simulation of a longitudinal Lamb
mode at wm = 27 x 3.74 GHz. The z-component of displacement u,(r) and
corresponding electrostatic potential V(r) are plotted. The coordinate system
corresponds to the LN crystal axes.
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We fabricate our devices on X-cut LN using a process similar to
that described in Ref. 26. The IDTs are defined by electron beam
lithography in a 100 nm aluminum film, deposited on top of 250 nm
of LN, which is first patterned and etched by argon ion milling. The
LN devices are released from the substrate by removing the underlying
silicon in an isotropic xenon difluoride vapor etch. A fully fabricated
device is shown in Fig. 3. Each series resonator (middle row) is
shunted by two parallel resonators with total admittance Y. This
geometry is chosen to symmetrize electromagnetic fields above and
below the signal line, to avoid creating parasitic microwave modes.”

We measure the scattering parameters of fabricated filters using a
calibrated vector network analyzer at room temperature and atmo-
spheric pressure. The calibration is done using short, open, and
matched loads and through connections on a calibration substrate

purchased from GGB Industries, which shifts the reference plane of

the measurement to the probe tips. Reflection and transmission are
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FIG. 4. Circuit analysis. (a) Filter response for different detunings of the series
resonance, computed by the MBVD model. (b) Filter response for w, = 2n
% 3.00GHz and ws = 27 x 3.18 GHz for different values of Qs = Q, = Q with
Rs = Ry = 0. (c) Projected enhancement of qubit Ty with the addition of a Purcell
filter, with the readout resonator frequency centered in the passband at w; = ws
= 2n x 3.18 GHz. This enhancement is calculated according to Egs. (3) and (4)
for the geometry corresponding to the bold traces in (a), which have Q =800. We
set Ry = Ry = 10 Q to model room temperature behavior and Rs = Ry = 0 to
model cryogenic temperatures.
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analyzed to calculate the filter enhancement factor on the qubit life-
time described by Eq. (3). The impedance mismatch limits the trans-
mission in the passband to below —10dB in the first four devices. We
can increase the capacitance to improve matching to the filter by
replacing each series and parallel element with a stack of identical par-
allelized resonators. The 60° P device in Fig. 5 replaces each series ele-
ment with #, = 6 parallelized resonators and 1, = 3 for each parallel
element (see the supplementary material). The environmental imped-
ance can be extracted from calibrated measurements of a filter’s scat-
tering parameters by’

1— S

Re Zeyt = Z .
ext 0|1—811|2

(4)
We calculate unfiltered Purcell-limited and filter-enhanced T, for a
qubit-resonator system with constant g and x, shown in Fig. 5. The
bare Purcell rate is found by diagonalizing Eq. (1), using a single-mode
resonator model, without assuming ¢ < A in the mixing angle
tan 20, = 2g/n/A.’"" We see from Fig. 5(b) that the filter realizes
nearly one order of magnitude of improvement in qubit T} over the

a o4 )

Transmission, |S,,| (dB)

10 © limit with filter E
=== bare Purcell limit | [

Relaxation Time, T, (seconds)

3.4 3.6 3.8 4.0 4.2
Frequency, w/27 (GHz)

FIG. 5. Filter characterization. (a) Room temperature transmission spectra. Each
device is rotated (as indicated) counterclockwise to produce an angle 0 between
the mechanical propagation direction and the LN extraordinary axis, and P indicates
a device with parallelized series and shunt elements. The center frequencies are
shifted by =200 MHz to align the passbands for ease of viewing. The x-axis labels
correspond to the 60° P device. The inset shows |Sy1| of this device up to 8 GHz.
(b) Calculated raw Purcell-limited and filter-enhanced energy relaxation times T4
as a function of qubit frequency. This model centers the resonator frequency
wy = 21 x 3.82 GHz in the filter passband and assumes constant coupling to the
qubit g = 27 x 10 MHz and resonator leakage rate k = 2z x 10 MHz. Filtered T;
is calculated from Egs. (3) and (4) using Sy1 measurements from the 60° P device
shown in (a).
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TABLE 1. Designed device parameters for measurements in Fig. 5: pitch a, number
of IDT pairs N, and width W are reported for series (subscript s) and parallel
(subscript p) components of each device. The last row describes both the 60° and
60° P devices.

as (um) N Wi (um) ap (pm) Np Wp (um) 0(°) Order
1.489 4 15 1.500 4 50 0 6
1.487 4 25 1.500 4 50 10 6
1.466 4 25 1.500 4 50 30 6
1.365 4 25 1.500 6 50 60 6

unfiltered system. We expect greater enhancement at cryogenic tem-
peratures, where R;, Ry — 0 as shown in Fig. 4(c). Design parameters
for the filter measurements shown in Fig. 5 are reported in Table I.

We have proposed and realized Purcell filters that use nanome-
chanical elements in a qubit-compatible platform.”**” Through room
temperature measurements, we quantify the expected enhancement of
the relaxation time for a range of qubit frequencies around the pass-
band. While our devices operate at 3.5-4 GHz, higher frequencies can
be achieved by patterning IDT's with a smaller pitch. We have fabri-
cated resonators of this style in the 6-7 GHz range without difficulty.
We show that the bandwidths of these filters can be tuned by design,
reaching up to 300 MHz, which is broad enough to accommodate
many strongly coupled resonators for fast, multiplexed qubit readout.
Quantum acoustic systems have been proposed as a means of realizing
memory elements for processors”>’” and quantum state converters for
networking.”®*” Our work opens a space in the field for acoustic sys-
tems that can impact the development of quantum machines.

See the supplementary material for further characterization of
mechanical resonators and filter parallelization.
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