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Non-Markovian dynamics of a superconducting qubit in a phononic bandgap
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University of California, Berkeley, Berkeley, California 94720, USA
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3 Department of Physics, University of California, Berkeley, Berkeley, California 94720, USA
(Dated: December 5, 2023)

The overhead to construct a logical qubit from physical qubits rapidly increases with the deco-
herence rate. Current superconducting qubits reduce dissipation due to two-level systems (TLSs)

by using large device footprints.

However, this approach provides partial protection, and results

in a trade-off between qubit footprint and dissipation. This work introduces a new platform us-
ing phononics to engineer superconducting qubit-TLS interactions. We realize a superconducting
qubit on a phononic bandgap metamaterial that suppresses TLS-mediated phonon emission. We use
the qubit to probe its thermalization dynamics with the phonon-engineered TLS bath. Inside the
phononic bandgap, we observe the emergence of non-Markovian qubit dynamics due to the Purcell-
engineered TLS lifetime of 34 ps. We discuss the implications of these observations for extending
qubit relaxation times through simultaneous phonon protection and miniaturization.

A superconducting quantum processor with practical
utility requires a large number of highly coherent, error-
corrected qubits [IH3] to achieve quantum advantage [4-
6]. Scaling recent logical qubit demonstrations [7] will
require further improvements in gate and readout errors,
as well as qubit footprint miniaturization. Miniaturizing
superconducting qubits while improving their coherence
is a challenging task, as miniaturization often leads to
increased dissipation due to stronger coupling to two-
level systems (TLSs). TLSs are surface or bulk defects
within disordered or amorphous solids. Their strong elec-
tric and elastic dipole moments make them the dominant
dissipation channel of current superconducting qubits [8-
10]. Large planar qubits can reduce TLS-induced dissi-
pation by minimizing energy participation of lossy inter-
faces [11},[I2]. While this approach enabled improvements
in qubit coherence up to a few hundred microseconds,
simultaneous improvements to lifetime and footprint re-
main as outstanding challenges for scaling [I3HI6].

In this work, we demonstrate an alternative approach
to address the qubit footprint-dissipation trade-off by us-
ing a phonon-engineered qubit with a modified TLS bath.
The electric and elastic dipole moments of TLSs medi-
ate coupling between the superconducting qubit and the
phonon bath, resulting in a phononic Purcell decay chan-
nel for the qubit. We use a phononic bandgap meta-
material as a mechanical Purcell filter to suppress the
spontaneous phonon emission of TLSs, which in turn, in-
fluences the qubit relaxation time. We use the qubit to
populate the TLS bath and to characterize the modified
dissipative dynamics of the qubit and the TLSs [I7, [I8].
We observe a strong enhancement of TLS lifetime in the
phononic bandgap, along with a signature of qubit life-
time improvement. The observations are well-modeled
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with Solomon equations for a qubit coupled to a TLS
environment [19, 20], and show non-Markovian qubit dy-
namics inside the phononic bandgap [21], 22]. We discuss
prospects for combining phonon protection and miniatur-
ization to enable next-generation quantum processors.
A superconducting qubit on a phononic bandgap
metamaterial. According to the standard tunneling
model, TLSs display strong electric (~1 Debye) and elas-
tic (~1eV) dipole transition matrix elements that result
in their strong interactions with superconducting circuits
and phonons [8, 23] 24]. Their linear electromechanical
response can be considered as atomic-scale piezoelectric-
ity that converts the energy of superconducting qubits to
phonons. As illustrated in Fig. b), a TLS couples to
the oscillating electric field of the qubit and dissipates it
to the substrate via phonon emission at a rate I'¥. Conse-
quently, the qubit experiences Purcell decay through each
TLS with a rate I";t. When higher order coherent effects
can be ignored, the total qubit decay rate is then the sum
of its intrinsic decay rate I'; (from non-TLS sources) and
the Purcell decay rates due to the TLS ensemble:

297 m
FI_F +ZI‘2 +A2 (1)

where Ay, is the detuning between the qubit and the kth
TLS, g is their transverse coupling strength, and I';;, =
(D, +T%)/2 is the mutual decoherence rate in the absence
of dephasing [19].

The TLS lifetime is determined by the spontaneous
phonon emission (I'¥) rate and can be improved by sup-
pressing the phonon density of states. If the spectral
density of the phonon-protected TLS (p) is much smaller
than mutual decoherence time (1/I',,), the decay rates
of the qubit (I';) and TLSs (I'¥) are closely linked [25].
In this regime, the qubit decay I'; is also expected to be
suppressed, and the phononic crystal can be viewed as
a mechanical Purcell filter that suppresses TLS-induced
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FIG. 1. A superconducting qubit on a phononic bandgap metamaterial. (a) Optical micrograph (false-colored) of
the transmon qubit fabricated on a suspended silicon phononic metamaterial. Inset: equivalent circuit. (b) The qubit and
the kth TLS interact with coupling strength gr and detuning Ay, and decay to their respective environments at rates I'y and
I'f. (c) Simulated band structure and density of states (DOS) of the fabricated phononic crystal (PhC). Lower band edges
we1/2m = 5.6 GHz and we2/27m = 5.2 GHz are for the 190 nm-thick Si (gray) and 220/50nm-thick Si/Al (red) unit cells. The
complete phononic bandgap is shaded in brown. Maximum transmon frequency wq/27 =~ 6.3 GHz. (d,e) False-colored scanning
electron micrographs of the SQUID loop and interdigitated capacitor on the phononic crystal. The device tested in this work
does not have a phononic crystal around the Josephson junctions. (e) Unit cell dimensions: {a,b,p} = {70, 320, 445} nm.

phonon emission from a superconducting qubit.

We study the modified qubit-TLS interactions on a
phononic metamaterial with an engineered phonon den-
sity of states. Our device consists of an all-aluminum tun-
able transmon qubit on a suspended 2D phononic crystal
membrane (Fig. [[{a)) [26]. The transmon consists of a
compact interdigitated capacitor shunted to the ground
through two symmetric Josephson junctions that form a
superconducting quantum interference device (SQUID),
as shown in Fig. d). The SQUID loop is inductively
coupled to a Z-control line for qubit frequency tuning.
The transmon is capacitively coupled to an XY line for
qubit control and to a A/2 coplanar waveguide resonator
for fast dispersive readout. The device is mounted at the
mixing chamber stage (~10mK) of a dry dilution refrig-
erator and enclosed in multiple layers of radiation and
magnetic shields. Details about the fabrication process,
experimental setup, and measured qubit parameters are
provided in the supplementary materials [27].

The qubit capacitor is formed by interdigitating 1 pm-
wide fingers with 1pm gaps. The capacitor is fully en-
graved by the underlying phononic crystal structure as
shown in Fig. e). We design the 260 pm x 60 pm capac-
itor using an effective medium description for the dielec-
tric constant of the phononic crystal [27]. The mass load-
ing due to aluminum electrodes alters the phononic band
structure and shifts the lower band edge from 5.6 GHz
to 5.2 GHz (Fig. [I[c)), a signature that will be visible in

subsequent qubit measurements. The common bandgap
is centered at 6.2 GHz with a 1.2 GHz bandwidth. At
wq/2m = 6.3 GHz, we measure a qubit lifetime of T} =
0.42 ps and Ramsey dephasing time of 75 = 0.61pns. We
tune the qubit frequency from 6.3 GHz down to 4 GHz
and do not observe any avoided level crossings with TLSs
[27]. The frequency response implies that the qubit in-
coherently interacts with a high-density bath of weakly
coupled TLSs, consistent with the large mode volume
and surface participation ratio of the design [28]. The
designed and measured qubit properties can be found in
the supplementary materials [27].

Qubit-driven TLS hole-burning inside a phononic
bandgap. Qubit-TLS interactions can result in coher-
ent or incoherent dynamics depending on the ratio of
interaction strength (gx) to the mutual decoherence rate
(T'w). For |gi| > Ty, coherent qubit-TLS oscillations
can be observed using swap spectroscopy with individ-
ual TLSs [29]. For |gx| < Ty, or in the case of dense
TLS bath (approaching the continuum limit), the qubit
and TLS population dynamics follow the Solomon rate

equations [20]:

Pg = —Tq(pg — pen) — Z F’;t(pq - pf) (2)
k

pF = ~Tu(pf — pin) — Tk, (pf — pg) (3)
where pg, pe, pen refer to the qubit, TLS, and thermal



excited state populations. In this regime, the average
TLS lifetime can be measured by using a qubit-driven
hole-burning sequence where we first excite the TLS bath
using the qubit, and infer the bath properties from the
qubit-bath thermalization dynamics. The hole-burning
sequence in Fig. a) consists of X, pulses that prepare
the qubit in the |e) state at a reference frequency wp. The
excitation is subsequently exchanged with the TLS envi-
ronment at w, by letting the qubit relax (7, > 1/T';). Af-
ter N hole-burning pulses, we use the qubit to probe the
qubit-bath thermalization dynamics as they resonantly
interact at frequency w, for duration 74.

For I'; > T, the qubit-TLS bath thermalization rate
is faster than that of the TLSs to the phonon bath. In
this regime, the qubit population approximates the equi-
librium TLS population for 74 > 1/T'y. Fig. [2[(b) shows
the TLS population as a function of the number of hole-
burning pulses N. Around N = 200, the TLS bath can
be populated from its thermal state to around peq ~ 30%
near the center of the phononic bandgap (~6.28 GHz,
black). This response shows the presence of long-lived
TLSs and the emergence of a non-Markovian bath inside
the phononic bandgap. This is in stark contrast to mea-
surements performed at frequencies outside the phononic
bandgap (~4.5 GHz, gray data), where the TLSs cannot
be populated and measured using the pulse sequence due
to their very short lifetime (10-100ns in Refs. [30} 31]).

These observations can be explained by considering the
steady-state populations that are determined by the TLS
excitation rate through the qubit ((1 — p;)/7) and the
energy decay rate from N TLSs resonantly interacting
with the qubit (NpI';). The competition between these
rates results in a steady state population p; ~ T',./(NT'; +
I',). We use this relation to infer the effective number of
TLSs resonantly interacting with the qubit N = 100 TLSs
at 6.28 GHz. Outside the phononic bandgap, p: ~ 0 due
to the fast, Markovian relaxation of the TLS bath.

We probe the spectral distribution of the populated
TLS bath, and observe a peak around the hole-burning
frequency with a linewidth of 6.8 + 0.2MHz, which in-
cludes the dephasing of the probe qubit and the probed
TLSs (Fig.[2{(c)). This indicates that the populated TLSs
are dense (p ~ 15MHz ') and share similar Purcell de-
cay rates. As shown in Fig. d), we use interleaved
polarization pulses at different frequencies to saturate
the TLS bath at different spectral regions, confirming
the uniform, high-density distribution of the TLS bath
(Fig. [2(d)). Under the dense and uniform bath approxi-
mation (I, ~ T'y;), the rate equations simplify to [20, 27]

Dq = *Fl(pq —pen) + FZ‘Lszoetht' (4)

where FgLS = F’;t, and p; o represents the initial TLS
population. For long-lived TLSs (I'y < I'y), the solution
of the differential equation can be approximated by a
biexponential form p,(t) ~ ae 't + be~Ttt + pyy, [27].
In Fig. 2e), we probe the qubit decay after N = 200
polarization pulses with the qubit initialized in the |g)
and |e) states. By fitting the data to a biexponential
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FIG. 2. Saturating phonon-gapped two-level sys-

tems with a qubit. (a) Sequence for hole-burning the
TLS bath and measuring its dynamics with a qubit. The
qubit is prepared in the excited state at wo/2m = 6.3 GHz
and is allowed to decay at wq/2m = 6.28 GHz by waiting for
7> = 1lps > 1/T1. After N repetitions, the thermalization
dynamics of the qubit and the saturated TLS bath are mea-
sured with the qubit initialized in state |g) or |e). The TLS
equilibrium population peq ~ pg(7a = 5ns) as a (b) func-
tion of pulse number N inside (black) and outside (gray) the
phononic bandgap, and (¢) as a function of frequency around
6.28GHz for N = 0,50,200 (black, red, blue). (d) Hole-
burning at three adjacent frequencies using interleaved po-
larization pulses. (e) Qubit relaxation dynamics from states
|g) (red) and |e) (blue) following N = 200 polarization pulses
at 6.28 GHz. Fast (I']') and slow (T'; ') decay constants cor-
respond to the qubit and TLS lifetimes. The thermal popu-
lation is pyp & 0.028 [27].

form, we observe that, on average, the qubit lifetime is
1/Thy = 1/(Ty +T'}) ~ 0.58 ps, where I'+(T"y) is the up-
ward (downward) transition rate and depends on the TLS
population. However, the qubit lifetime (1/I'1) remains
independent of the TLS population, and the TLS lifetime
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FIG. 3. Non-Markovian dynamics of a phonon-protected qubit.
and outside (w < @e2) the phononic bandgap after N = 200 polarization pulses.
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(a) Qubit relaxation dynamics inside (w > @e2)
Experimentally extracted band edges:

Wez/2m =5.4 GHz and @.1/2m = 5.05 GHz. Linecuts of the data are fit to the model in Fig. [2f(e) to infer: (b) amplitude b (red)
and TLS-induced qubit decay rate T's “ oc bI'y (blue), (c) TLS lifetime (1/T), and (d) qubit lifetime (1/T'1). (c) The average
TLS lifetime is 34 ps inside the phononic bandgap (w > @.1), and drops below the detection limit (<1 us) outside the bandgap
(w < @e2). Color-coding represents FgLS. (d) Qubit lifetime undergoes a smooth increase at the band edge we1. The model
(red, |27]) suggests around twofold qubit lifetime improvement when compared with the model prediction without a phononic
bandgap (gray). (e) Slow-relaxation dynamics of the qubit for {w1,ws,ws}/2m = {6,5.6,4.5} GHz measured up to 20ms. A
tri-exponential model captures the additional slow decay timescale T't for the TLS bath.

(1/T;) is independent of the qubit initialization [27].

Non-Markovian dynamics of a phonon-protected
superconducting qubit. To probe the effectiveness of
the phononic bandgap, we performed the hole-burning
pulse sequence used in Fig. e) over the frequency range
of 4-6.25 GHz, with a time delay of up to 74 = 250 ps.
This measurement captures both the slow and fast qubit
dynamics from which the qubit (1/T';) and TLS (1/T%)
lifetimes can be extracted. As shown in Fig. a), the
qubit population at long delays rapidly vanishes when we
move the qubit outside the phononic bandgap (w < @e2).
The qubit decay due to TLSs can be estimated by noting
that 749 o bI'y where I7ES = 37, Th, (Eq [21).
We use the results presented in Fig. [3(b) to experi-
mentally locate the band edges corresponding to the Si
(@e1/2m = 5.4GHz) and Si/Al (@e2/2m = 5.05 GHz) unit
cells. For Weo < w < @e1, a subset of the TLS bath
leaves the bandgap and becomes short-lived, reducing
both the qubit and average TLS lifetime (Fig. [3|c) and
(d)). The phononic bandgap improves the TLS lifetime
from values below the detection limit (< 1ps) to an av-

erage of 34ps. The qubit lifetime (Fig. [B[(d)) shows fre-
quency dependence and experiences a smooth increase at
the band edge due to the suppression of the TLS decay.
An approximate model of the qubit-TLS interaction can
be constructed from the TLS lifetimes and Eq. [} from
which we estimate a coupling strength g/2m ~ 50kHz,
TLS density p ~ 20 MHz ! (in good agreement with the
estimation from Fig. [2[c)), and the intrinsic qubit decay
rate I'y /2w ~ 5 kHz [27].

We observe a small residual population inside the
bandgap that decays far beyond 74 = 250 ps suggesting
the presence of a distribution of lifetimes for the TLS
bath. To probe the long lifetime, we measured the relax-
ation dynamics of the qubit up to 20 ms for three different
frequencies as shown in Fig. e). By fitting the data to a
tri-exponential form py(t) ~ ae~ 11t +be Tt +be Tt 4o,
we extract two major time scales of the TLS bath. We
measured 1/T(1/T!) of 33.2ps (0.64ms) for wy /27 =
6 GHz and of 44.6 ps (1.1 ms) for wy /27 = 5.6 GHz. Fur-
ther investigation (detailed in [27]) indicates that 1/T}
can increase further to 1.67 ms (2.8 ms) for wj(ws) if the



qubit is detuned from the TLS population during the
time delay 74, suggesting that the qubit Purcell limits
the TLS lifetime at such long timescales.

Discussion and outlook. We showed that embed-
ding a superconducting qubit inside a phononic bandgap
enhances the TLS bath lifetime and results in non-
Markovian qubit dynamics. = The TLSs inside the
phononic bandgap exhibited relaxation times ranging
from 34ps to 1.1ms, extending up to 2.8 ms when the
qubit is detuned. Outside the bandgap, the relaxation
time is less than 1 ps (limit of detection), consistent with
the 10-100 ns measured values reported in [30,3I]. While
the precise mechanism limiting the TLS lifetime is cur-
rently unknown and subject to further study, we expect
that lower disorder phononic metamaterials with larger
bandgaps would result in further improvements to TLS
lifetimes and suppress non-resonant relaxation mecha-
nisms [32] 33].

An intriguing question is whether our phonon engi-
neering approach, which leads to enhancements in TLS
lifetimes, can also improve the lifetimes of future super-
conducting qubits. The qubit relaxation rate and its re-
lation to TLS lifetimes are governed by Eq. |1} exhibiting
two main limits that are illustrated in Fig. [f{a). The
Fermi-limit is reached when the density of TLSs is large
and approaches the continuum. In this regime, the TLS
relaxation rate does not have a strong influence on the
qubit lifetime, and the qubit decay rate follows that of
Fermi’s golden rule, FqTLS o« g%?p. The Purcell-limit is
reached when the density of TLSs is small, and the rele-
vant TLS distribution can be truncated to a few nearest
neighbors. In this limit, the TLS relaxation rate has a
direct influence on the qubit lifetime, and the qubit decay
rate follows the Purcell formula, I‘qTLS o (g/A)3T.

Our experiment is in the Fermi-limit where we observe
only a modest improvement in the qubit lifetime inside
the bandgap (Fig. [3[d)) due to the high TLSs density
(p ~ 20MHz™"). Commonly used qubits also operate
in the Fermi-limit regime and mitigate TLS loss through
optimized fabrication processes (reduce p) and large pla-
nar geometries that reduce TLS coupling strength (re-
duce g) and energy participation ratio [28] [35]. There-
fore, phononic shielding is not expected to significantly
improve their lifetime. However, phonon-shielding is ex-
pected to be more effective for miniaturized qubits op-
erating in the Purcell-limit with low TLS density. We
take the recently developed Al/AlO,/Al merged element
transmon (Mergemon) as an example [34], which has near
unity energy participation ratio in the thin AlO, dielec-
tric layer, and a reported TLS density per unit volume of
po = 100 pm =3 GHz ' [28]. This allows us to establish a
relation between the TLS density and coupling strength
(p ~ 1.425 x 10°[Hz]/g?), for varying Mergemon dimen-
sions while keeping the qubit capacitance fixed. We also
assume a uniform distribution of the TLSs, which allows
for an analytical expression of the sum in Eq. [I] 27]. In
Fig.[d|b), the Mergemon relaxation time (1/T';) is plotted
as a function of the TLS relaxation time (1/T';) and cou-
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FIG. 4. Qubit-TLS interaction regimes. (a) Illustra-
tive model of qubit (blue) and TLS (gray) spectra in the
Fermi and Purcell limits. (b) TLS-limited qubit relaxation
time 1/T'; calculated using the analytical sum of Eq. [1] and
assuming I'y = 0, g x 1/\/\7 and p o V, where V is the
dielectric volume. The parameters assume full participation
ratio Al/AlO, /Al Mergemon qubit from Ref. [34] as detailed
in the supplementary material [27]. Reducing the qubit size
transitions the relaxation rate from being Fermi-limited (in-
dependent of I't) to being Purcell-limited (proportional to
T't). The model predicts significant improvements in the
TLS-limited qubit lifetime by combining miniaturization and
phonon shielding (upper right-hand corner).

pling strength (g), assuming no intrinsic loss (I'y = 0).
The color map clearly illustrates the Fermi-limited and
Purcell-limited regimes, showing quantitatively the in-
fluence of the TLS lifetime on the qubit lifetime in each
regime Our numerical calculations validate the limited
improvement of the qubit lifetime in this work (g/27 =
0.05 MHz, p ~ 20MHz™!), and also affirm the ~100 ps
reported Mergemon lifetime with (g/27 ~ 10 MHz, p =~
0.4 GHZ_I) [34]. The Mergemon with 1.4 um area clearly
operates in the Purcell limit, and phonon shielding is ex-
pected to improve its TLS-limited lifetime to the millisec-
ond timescale. We note that the impact of the phononic
crystal on the TLS and qubit Ramsey coherence time 7%
is currently unknown. We expect that the emergence of
non-Markovian qubit-TLS dynamics and long relaxation
times via phonon engineering will yield similar improve-
ments in coherence via dynamical decoupling [36, [37].
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Appendix A: Analytical modeling

In this section, we review the Solomon equations,
which are rate equations that link the qubit population
(central spin) to the population of a discrete ensemble
of two-level systems (spin environment). Next, we re-
view the limit of the Purcell decay rate under a uniform
distribution of TLSs and constant coupling, illustrating
the Purcell-limited and Fermi-limited regimes described
in the text. We use the model to fit the qubit lifetime
measurement presented in Fig. d), as well as to com-
pute Fig. [] and identify the Fermi-limit and Purcell-
limit regimes. The detailed analysis can be found in

Refs. [19, 20].

1. The Solomon rate equations

The system is modeled assuming the qubit with popu-
lation pg is coupled to a countable number of TLSs with
populations pf. We denote I'y and I'F as the intrinsic re-
laxation rates of the qubit and the kth TLS, respectively.
The Purcell decay rate F’;t is given by

2930 m

k _
th_l“gn—FAi’

(A1)

where Ay, is the detuning between the qubit and the kth
TLS, g represents their transverse coupling strength,
and the mutual decoherence is described by I',, = (I'y +
I'F)/2 in the absence of dephasing. In the limit where the
mutual decoherence of the qubit and TLS is sufficiently
strong (I';, > gx), the interaction is incoherent, and the
population dynamics are governed by the Solomon rate

equations:
Pg = —Lq(pq — pen) — Z quct(pq - pf) (A2)
k
pf = —Tu(pf — pin) — T5,(0f — py) (A3)

From the initial conditions, one can determine the up-
ward and downward transition rates of the qubit

Ly(t) = pq(t)|pq:0 and T'|(t) = _pq(t)h)q:lv

from which, the qubit decay rate and its equilibrium pop-
ulation can be determined

(A4)

Dy =Dy(t) + Ty (1) =T, + 3T, (A3)
k
Peq (t) _ FIT_‘(lt) _ 1_‘qpth + zr:lk F];tpf (t) ] (AG)

In the special case of identical Purcell decay rates (I, =
I'y:) with a large number of TLSs, the qubit population
exhibits biexponential decay behavior.

Pg = —T1(pg — pen) + T3 “opjoe ™, (A7)
where FqTLS = > F’;t is the sum of the Purcell de-
cay rates, and p:o represents the initial TLS popula-
tion. It can be shown that in the case of long-lived TLSs
(Tt < TI'y), an approximate solution to the above dif-
ferential equation is a biexponential with fast and slow
decay parts that encode the qubit and TLS relaxation
rates, respectively. The slowly varying amplitude of pop-
ulation decay for the TLSs can be obtained by setting
pg = 0 (adiabatic elimination), from which the approxi-
mate solution to Eq. [A7] can be obtained:

TLS
Palt) % P+ —phoe T ko | (A9)

2. Purcell decay rate of uniformly distributed TLSs

When the TLSs are spread in frequency and equally
spaced by a period A with a unified coupling strength g
and mutual decoherence rate I';,,, an analytical expres-
sion for the Purcell decay rate can be obtained as follows:

2¢°T
rILs =N 2 (A9)
e —~ 7, + A
= ab?
— e — A10
h;w b2 + (h — bc)? (A10)
inh(27b
758 — rab sinh(2mb) (A11)

cosh(27b) — cos(2mbe)

where a = 2¢% /T, b =T, /A, ¢ = Ay /T, with Ag be-
ing the shift of the periodic TLS with respect to the qubit
and can take any value between Ay € {0,A/2}. In the



limit of sparse TLSs (b — 0), the sum can be terminated
to the few nearest interacting TLSs, and the decoher-
ence follows the Purcell formula I'Y%S ~ (g/A)’Ty. In
the limit of dense TLSs (b — ), Eq. is approxi-
mately equal to mab and I'7X5 ~ 27¢?p which recovers
the Fermi’s golden rule and is independent of the TLS
relaxation time.

3. Qubit lifetime modeling

To gain more insight into the TLS bath properties,
we fitted the measured qubit lifetime (1/T'1) of Fig. [3|(d)
to the qubit-decay formula (Eq. . We simplified the
TLS lifetime (1/T;) into a piecewise function of 34pus
for w/2m > 5.2GHz and 100ns otherwise, as shown in
Fig.[S1} The model assumes that the TLSs are uniformly
distributed at a constant density p = 27/A with uniform
coupling strength ¢ (inset of Fig. [SI). The sum of this
distribution can be found analytically as in Eq.[AT1]

The intrinsic qubit decay I'y = (wfjw)2m due to Pur-
cell decay via the readout resonator is set by w,/2m =
7.1GHz, a decay rate of k,./2r = 2MHz, and a qubit
coupling strength of g,/2rm = 48 MHz(Appendix .
For the model shown in Fig. d)7 we find an av-
erage qubit-TLS coupling strength ¢g/27 = aw? with
a ~5x10~"* MHz ! and spans a range of 0.03-0.08 MHz.
The values are in good agreement with the electrostatic
simulation, where ¢ = pE/h, and p was assumed to be
0.2¢eA (Fig. [S4(b)). However, the frequency dependence
is quadratic g oc w? instead of the g o /w frequency
dependence expected from the single photon amplitude.
One possible reason for the discrepancy is the oversim-
plification of the model, where, in practice, g has a com-
plicated spatial and frequency dependence. Finally, the
density of TLS per unity frequency p ~ 20 MHz ™!, and is
constant as expected from the standard tunneling model
and our estimate from hole-burning sequences [§]. The
model fails to capture the region of the band edge, partic-
ularly between we; and wea (see Fig. d)), where a large
subset of TLSs are outside of the complete bandgap.

4. Case study: Merged-Element Transmon

Here we derive the scaling between TLS density p and
coupling strength g used in Fig. [f|b) of A1/AlO, /Al using
Merged-Element Transmon (Mergemon) [34] as a refer-
ence. The Mergemon is modeled as a Josephson junc-
tion shunted with a parallel plate capacitor C = eA/d.
The participation ratio is unity in the AlO, dielectric
with electric field E = V,,¢/d, from which the cou-
pling strength to defect TLSs with dipole moment p is
g = pE/h. The TLS density per unit frequency can be

60
= 9
E 40 - T @e1/2m
,: T T T T T = 34pus
g —A/2 A/2
n Ewcz/er
=3 i
& Ty =[100ns

0 T T T T T T

T T
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Frequency (GHz)

FIG. S1. Qubit lifetime modeling. The TLS lifetime (1/T')
is simplified to a piecewise function of 34 ps (100ns) inside
(outside) the phononic bandgap. Inset: The model assumes
that the TLSs are uniformly distributed at a constant density
p = 2w /A with a uniform coupling strength g, = g.

expressed as:

p = poAd
_ PoAVeppp 1
h g
_ PGV 1 (A12)
€h2 e
1

~1.425 x 10°[Hz]—
g

where we assumed a 3.8 GHz qubit frequency and a ca-
pacitance C' = 70fF, from which we obtain a zero-point
voltage fluctuation of V,,y = 4nV. The AlO, permittiv-
ity € = 10¢g has a TLS density per unit volume per unit
frequency po = 100pm~—3 GHz~! and a dipole moment
of p = 0.2eA. For the Mergemon design reported in [34]
with area A = 1.4 pm? and dielectric thickness d = 2nm,
we have p = 0.35GHz ' and g/27 ~ 10 MHz.

Appendix B: Measurements and simulations

In this section, we provide additional measurements of
the transmon qubit coherence properties and calibration.
Next, we repeat the measurement presented in Fig. e)
while detuning the qubit from the TLS bath. Lastly, we
present the electrostatic simulation results from which we
estimate the average qubit-TLS coupling strength (g).

1. Qubit parameters and coherence properties

We report the measured parameters as follows:
we/2m = 6.3GHz, «o/2r = —180MHz, w,/21m =
7.06 GHz, A/2r = 4MHz, and x/27 = 1MHz. Here,
o = wy1 — wig represents the anharmonicity which is in-
ferred from the two-photon excitation (Fig. (a)), wy
is the readout resonator frequency, 2x = wy,|oy — wy,|1)
denotes the dispersive shift, and A = g¢?/A repre-
sents the Lamb shift. These measured values imply a



Josephson energy E;/h = 30 GHz in the transmon limit
(Ey > E¢), where hw, =~ /8E;Ec — E¢, and a charg-
ing energy Ec ~ —ha. The readout-qubit coupling is
gr/2m = 55 MHz, where g ~ \/—Ax(1 4+ A/a), and the
detuning is A = wy — w,. The readout resonator has an
extrinsic quality factor of Q. = 3.7 x 103 and an intrinsic
quality factor Q; = 0.14 — 1.7 x 10° that ranges from the
single photon limit to the power-saturated limit.

At w,/2m = 6.3GHz, we measure a relaxation time
T7 = 0.42 ps and Ramsey dephasing time 75 = 0.61 ps, as
shown in Fig. b) and (c), respectively. The qubit can
be tuned continuously from 6.3—-4 GHz with no signatures
of swapping or splitting, suggesting incoherent interac-
tion with the TLS environment (Fig. [S2(d)). We note
that the Purcell decay through the readout resonator is
below 1/13ps™1 and does not limit our coherence mea-
surements.

Finally, the qubit population measurements presented
in the manuscript are normalized to the fitted readout
amplitude distribution when the qubit is prepared in
the ground and excited states, respectively, as shown in
Fig. [S2(e). To identify read-out induced errors and ob-
tain an accurate estimate of the thermal excited-state
population of the qubit (psy,), we record the amplitudes
Arep and Ag;g of the |e) — |f) Rabi-oscillations with and
without a reference XJ7¢ pulse respectively, as described
in [42]. The Rabi-oscillations are plotted in Fig. [S2] (f),
from which py, = Asig/(Aref + Asig), which is approxi-
mately 2.8% in our device.

2. Qubit-detuned TLS decay

The relaxation time of the TLS ensemble can be lim-
ited by Purcell decay through the qubit. This effect be-
comes pronounced when measuring a small number of
long-lived TLSs (N/T', < 1/T). To study this effect, we
used a modified TLS hole-burning sequence where the
qubit is detuned from the TLS frequency w, through-
out the duration 74, allowing the TLS bath to decay
independently, as shown in Fig. (a). At the end of
the sequence, the qubit is allowed to thermalize with the
TLS population for 7,., followed by a qubit readout mea-
surement. The sequence was performed at the same fre-
quency points of Fig. e), and the results were fitted
to the biexponential form p,(t) ~ bje Tt +bye T2t ¢,
Detuning the qubit increased the long-TLS lifetime 1/T9
from 0.64ms to 1.67ms at wy/27 = 6 GHz, and from
1.1ms to 2.8ms at we/2m = 5.6 GHz. This suggests that
the TLS and the qubit can Purcell-limit each other’s life-
time.

3. Electrostatic simulation

The vast scale difference between the features of the
phononic crystal (50 nm) and the qubit size (260 pm X
60 pm capacitor) posed a problem in the electrostatic
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FIG. S2. Coherence properties of the qubit. (a) Coher-
ent dynamics of the transmon as functions of the XY drive fre-
quency and amplitude, from which the qubit capacitance can
be estimated as E./2 ~ e¢?/4C,. (b) Qubit relaxation time
T1 = 0.42ps and (c¢) Ramsey dephasing 75 = 0.61ps time
measured at the flux-insensitive point (wq/27m = 6.3 GHz).
The relaxation time after each measurement was set to 200 ps
to ensure that the long-lived TLS bath relaxes to its ther-
mal equilibrium. (d) Qubit two-tone spectroscopy showing
a smoothly varying curve inside and outside the phononic
bandgap. The absence of avoided level crossings indicates
incoherent interaction with weakly coupled TLS bath. (e)
Probability of the readout resonator amplitude for a single-
shot measurement of the qubit state in the ground (blue) and
excited (red) states. The readout fidelity is 58.9% and is lim-
ited by the qubit relaxation time and the inset shows the 1Q
blob measurement. (f) The thermal excited-state population
of the qubit p;, measured through the |e) — |f) transition,
as detailed in [42].
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FIG. S3. Qubit-detuned TLS decay: (a) Pulse sequence for
TLS hole-burning and population measurement. The qubit
is prepared in the excited state at wo/27m = 6.3 GHz and is
allowed to decay at wg by waiting for 1ps. After the se-
quence is repeated N times, the qubit is detuned to wo for
74, followed by thermalization at w, for 1ps and qubit read-
out at wo. (b) Long-relaxation dynamics of the qubit for
{w1,w2,w3}/27 = {6,5.6,4.5} GHz, measured up to 20ms
and plotted on a logarithmic scale. The curve is fitted to a
biexponential form, and the lifetimes are provided in the in-
set.

simulation of the qubit capacitance and its coupling
to the readout resonator. This issue was addressed
by resorting to the effective medium description of the
phononic crystal. We find that an effective permittiv-
ity €.ys = 3.5 of a homogeneous slab between two metal
electrodes separated by spacing d, yields the same capac-
itance as that of the original phononic crystal substrate,
as illustrated in Fig.[S4|a). The results are in good agree-
ment with the experimental data as well as the inter-
digitated capacitor simulation under periodic boundary
conditions.

To estimate the average Qubit-TLS coupling strength
g, we performed a 3D electrostatic simulation for one
period of the interdigitated capacitor, as shown in
Fig. [S4[b). We set the voltage between the two elec-
trodes to V,,r=4pV, which was estimated from the
measured qubit parameters at w/27 = 6.3 GHz using
Veps = wy/hZp /2, and the transmon impedance Zp =

(®o/me)\/Ec/2E ;. The average electric field in a 3nm
thick layer on the substrate-vacuum (SV), substrate-
metal (SM), and metal-vacuum (MV) interfaces are com-
puted. From this data, the coupling strength to a TLS
with a dipole moment of 0.2eA can be obtained via
g = pE/h, and the results are summarized in the ta-
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FIG. S4. Electrostatic simulations: (a) Effective medium de-
scription of the phononic crystal extracted by simulating the
capacitance (Cy) between two metal electrodes separated by
d, for both the phononic crystal and a homogeneous slab
with €.ry = 3.5; (b) Average Qubit-TLS coupling strength
(9 = pE/h), computed in 3 nm-thick substrate-vacuum (SV),
substrate-metal (SM), and metal-vacuum (MV) interfaces;
and (c) Simulated phononic bandgap unit cell with param-
eters ¢ = 70nm, b = 320nm, p = 445nm, r; = 47nm, and
To = 29 nm.

ble of Fig. [S4(b). The simulated phononic crystal unit
cell parameters are provided in Fig. [S4(c).

Appendix C: Experimental setup and methods

This section provides the experimental details and
methods for device fabrication, cryogenic setup, and the
microwave electronics used in this work.

1. Device fabrication

In this section, we provide the detailed fabrication
process flow for the phonon-protected transmon qubit
(Fig. [S5), which is a variation of the process presented
in [26]. The SOI wafer used (supplied by Shin-Etsu)
features a float zone silicon device layer with a thick-



ness of 220nm and a crystal orientation of 100 (p >
3kQem). The BOX is a 3pm-thick layer of SiO, on
top of a Czochralski-grown silicon handle layer with a
thickness of 725 nm (p > 3k cm). The wafer, protected
with a resist coating, is downsized from 8" to 6” (by
MicroPE). Before deposition, the wafer is cleansed with
H,SO, and H,0, (piranha solution) to remove organic
residues, dipped in HCI to remove metallic contamina-
tion, and then in HF to remove the native oxide. Next,
50nm of aluminum is sputtered at a rate of 15nm/min.
Since the contrast between materials with similar atomic
numbers is poor under electron microscopy, and consid-
ering that the atomic masses of Si and Al are 28 U and
27U, respectively, Nb metal (93 U) is used for subsequent
electron-beam lithography (EBL) alignments. To define
the markers, a 1 pm-thick AZ-MIR 701 resist is exposed
(Heidelberg MLA150), developed in MF-26A, and then
descummed in O, plasma. Next, a 200 nm-thick Nb layer
is sputtered at a rate of 28 nm/min, followed by an 1165
liftoff process. The wafer is then protected with resist
and diced into 10 mmx10mm dies for device processing.

The phononic crystal and release holes are then de-
fined. Given the significant membrane size, proximity
effect correction (PEC) was set up through BEAMER
to address dose distortion. The pattern is subsequently
exposed onto 200nm CSAR resist in an EBL step. The
resist is cold-developed in AR600-546, and the pattern
is transferred through two consecutive dry etching steps:
a 50nm aluminum etch using a Cly/BCl3 chemistry, fol-
lowed by a 220nm silicon etch using Cl,/HBr/O, chem-
istry. The addition of Oy helps preserve the aluminum
thin bridges and corners from being thinned and rounded
during the silicon etch. The sample is immediately im-
mersed in water to passivate the chlorinated aluminum,
followed by resist stripping in 80°C 1165 remover for
30 min.

Next, the microwave circuit is defined by patterning
400nm PMMA A6 resist in an EBL step. To mitigate
stitching errors, a 10 pm field overlap is employed, along
with a 2-multipass exposure configured using BEAMER.
The resist is developed in MBIK/IPA at a 1:3 ratio, and
the pattern is transferred by dry etching 50 nm of Al and
30nm of Si. The silicon over-etching improves the sur-
face for the Josephson junction evaporation. The sample
is once again treated with water to passivate the chlori-
nated aluminum, and the resist is stripped by a 30 min
soak in 80°C 1165 remover. The Josephson junctions
are defined through EBL exposure of a 400 nm/200 nm
EL9/CSAR bilayer resist. The exposed resist is then
sequentially cold-developed (MBIK-IPA 1:3/AR600-546)
and gently descummed in O, plasma. The sample is
loaded into a double-angle evaporator (Plassys MEB550)
and pumped down to a base pressure of 4 x 10~ mTorr
with the assistance of Ti guttering. The subsequent steps
are carried out in the following order: a 30 nm Al evap-
oration at coordinates (6 = 45, ¢ = 45); dynamic oxida-
tion at 20 mbar for 20 min; another 30 nm Al evaporation
at (0 = 45, ¢ = —90); and a 40nm Al evaporation at
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FIG. S5. Schematic of the fabrication steps for the phonon-
protected superconducting qubit: (a) Nb alignment marks;
(b) phononic crystal electron beam lithography (EBL) and
dry etching; (c) microwave circuit EBL and dry etching; (d)
Josephson junction EBL and liftoff; (e) bandage EBL and
liftoff; (f) airbridges followed by vapor HF device release; and
(g) microscope image of the fabricated chip.

(6 = 45, ¢ = 90). The evaporation during all these steps
is conducted at a rate of 0.3nm/sec. The liftoff process
is carried out by soaking the sample for 2h in a 50°C
acetone bath, followed by a 30min soak in 80°C 1165
remover.

A second EBL step was employed to define a bandage
layer. An ion milling process was used to remove the
native oxide layer from the Al, followed by an Al evap-
oration step at (8 = 0,¢ = 0), conducted at a rate of
1nm/sec, resulting in a thickness of 200nm. A liftoff
and cleaning process similar to the one used in the JJ
step was carried out. This step also served to increase
the Z-line CPW thickness from 50 nm to 250 nm, allowing
for a larger current capacity and avoiding heating issues.
Aluminum wire bonds were used as airbridges to mitigate
slot-line modes, which happen to be at lower frequencies
than the main mode in released SOI CPW resonators.
This step precedes the releasing process as wire bonding
near suspended devices may induce structural collapse.
The device is released using vapor HF through a 4 pum
isotropic oxide etch, conducted at a rate of 36 nm/min.
Finally, the sample is mounted and wire-bonded onto a
PCB enclosed by a copper box for measurement.
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FIG. S6. Experimental setup schematics for (a) dilution refrigerator cryogenic wiring, and (b) room temperature microwave

electronics.

2. Cryogenic setup

We characterize the qubit in a *He—"He dry dilution re-
frigerator (Bluefors, BF-LD250). This refrigerator com-
prises multiple temperature stages, namely PT1, PT2,
Still flange, cold plate (CP), and mixing chamber (MXC)
flange, as illustrated in Fig. [S6{(a). The Tx and Rx lines
are used to probe the readout resonator, the XY line for
qubit control, and the Z/DC-bias lines for dynamic/static
control of the qubit’s frequency. The Tx, XY, and Z lines
pass through a series of cryogenic attenuators with a to-
tal of 60dB/60dB/20dB attenuation, respectively [43].
All the input lines are filtered with Eccosorb IR filters
(QMC-CRYOIRF-002MF-S), and an additional low-pass
filter is added to the Z line (Minicircuits VLFX-1300+).
The return Rx line passes through 44 dB of isolation (2
x LNF-CIC4 8A), a bandpass filter (Keenlion KBF-4/8-
2S), and is connected to a 42dB HEMT amplifier (LNF-
LNC4 8C) through NbTi superconducting RF cable. The
sample is mounted vertically inside a dual-cylinder mag-

netic shield (Cryo-Netic) along with an aligned supercon-
ducting coil made from NbTi DC wire for static biasing.
3. Microwave electronics

We use a Zynq UltraScale+ RFSoC board with the
QICK (Quantum Instrumentation Control Kit) FPGA
overlay for coherent RF signaling and acquisition up
to 3GHz frequency [38]. Front-end heterodyne stages
with external local oscillators (LMX2595) parked at
8.5GHz/8 GHz for the Tx/XY lines are used for sig-
nal up-conversion to the desired readout/qubit frequency.
For the Z-line, we employ a DC to 800 MHz Differential-
to-Single-Ended Opamp with a 5000 V ps~! slew rate for
fast qubit tuning (TI THS3217), followed by a 1.3 GHz
low-pass filter (MC VLFX-1300). A series of amplifiers,
filters, and attenuators are employed across the entire
chain to ensure proper frequency mixing, sideband sup-
pression, and utilization of the full DAC/ADC range, as
illustrated in Fig. [S6|(b).
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