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We present the design and characterization of a three-Josephson-junction superconducting loop circuit
with three large shunt capacitors. Used as a qubit, the circuit shows long energy-relaxation times, of
the order of 40 us and a spin-echo dephasing time of 9.4 us. The circuit has high anharmonicity, of
2w x 3.69 GHz. We extract the multilevel relaxation and dephasing rates of the circuit used as a qutrit
and discuss the possible sources for the decoherence. The high anharmonicity allows for fast qubit control
with nanosecond-range gate durations and a measured average gate fidelity of 99.92%, characterized by
randomized benchmarking. These results demonstrate interesting potential use for fast nanosecond-time-

scale two-qubit gates and multilevel quantum logic.
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I. INTRODUCTION

Recent years have been marked by major progress in
gate-model quantum computing implementations, lead-
ing to the development of small prototypes with sizes
reaching tens of qubits [1—4]. Superconducting quantum
bits in particular have received attention as one of the
most promising platforms from the perspective of scala-
bility [4—6]. Despite these advances, research on improved
quantum bits and on methods for implementation of ele-
mentary single- and two-qubit gates remains a highly
relevant research topic. Single- and two-qubit gate fideli-
ties have only approached or marginally exceeded the
error-tolerance threshold for the surface code [7,8]. The
reduction of gate errors has the potential to lead to a dra-
matic reduction in fault-tolerant operation overhead [9]
and is relevant for non-error-corrected near-term quantum
devices [10]. Gate errors are determined by both qubit-
coherence times and gate speed and, more generally, by
architecture details; this complete design space has been
only partially explored in superconducting devices.

In this paper, we present experimental results on a
superconducting qubit design that combines long coher-
ence times, of 40 us for energy relaxation and 9.4 us
for spin-echo dephasing, with high-level anharmonicity
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of 2 x 3.69 GHz. Level anharmonicity is the difference
between the first two transition frequencies, w; and wy;,
where 0 and 1 are the first two energy eigenstates, used
as qubit computational states, and 2 is the second excited
state. Anharmonicity has a direct impact on the speed of
single-qubit gates [11,12] and is a limiting factor for the
speed of two-qubit gate implementations [13]. We demon-
strate fast single-qubit gates, with durations of 1.62 ns for
a /2 pulse and 2.64 ns for a 7 pulse, and a high fidelity,
characterized using randomized benchmarking, reaching
99.92%. The large anharmonicity of this design, combined
with the long coherence times, has the potential to lead, in
the future, to fast and high-fidelity two-qubit gates. More-
over, we perform experiments in which we characterize
the decoherence and control of this device used as a qutrit
(formed by states 0, 1, and 2). Qutrit control and coher-
ence bear relevance for qubit gates that make use of the
properties of higher levels and is more broadly relevant
for quantum protocols based on multilevel logic [14-16].
These results are enabled by a flux-type qubit design with
three junctions with large planar capacitive shunts. Previ-
ous work on capacitively shunted flux-qubit circuits has
focused on single-shunt designs and the dynamics and
properties of the lowest two levels. Capacitive shunting of
flux qubits has been proposed as an approach to reduce
charge-noise-induced decoherence [17,18]. More recently,
Yan et al. [19] have performed a systematic study of flux
qubits with single capacitive shunts and have demonstrated
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high coherence and a moderate anharmonicity, approach-
ing 1 GHz in optimized samples. Stern et al. [20] have
demonstrated relatively long energy-relaxation times in
flux qubits coupled to three-dimensional cavities, suitable
for hybrid device experiments.

I1. DESIGN AND CIRCUIT MODEL

We develop a flux-qubit design with three Josephson
junctions and three capacitive pads (see Fig. 1). Two of
the junctions are of equal size and the third is smaller
by a factor « = 0.61. The use of large capacitive pads
is intended to effectively reduce the participation ratio of
electric fields in Josephson junctions and at metal sur-
faces and interfaces, as demonstrated in transmons [21]
and then adapted to other types of superconducting qubits
[18,19]. In our design, the use of three pads gives addi-
tional flexibility in the design (see Appendix B), allowing
us to simultaneously reach favorable metrics for control
(large anharmonicity) and decoherence (low flux noise and
charge noise sensitivity). The qubit is biased with a mag-
netic flux @ generated by an external coil. Transmission
through the resonator is used to measure the state of the
qubit, based on dispersive-regime circuit quantum elec-
trodynamics [22]. A coplanar waveguide terminated by a
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FIG. 1. (a) A photograph of the capacitively shunted flux qubit
coupled to a coplanar waveguide resonator. (b) A microscope
image, corresponding to the region indicated by dashed rectan-
gle in (a), showing the shunt capacitor pads, resonator electrode,
and control electrode (denoted by 1, 2, 3, b, and d, respectively).
The inset shows a scanning electron image of the qubit loop and
junctions placed in between the capacitor pads, corresponding to
the region indicated by dashed rectangle in (b). (c) The circuit
diagram of the device. The nodes correspond to the electrodes
shown in (b).

capacitive pad is used to drive transitions between the cir-
cuit energy eigenstates. The qubit is placed inside a sample
holder in the mixing chamber of a dilution refrigerator. All
transmission lines contain attenuators, low-pass filters, and
infrared filters.

The circuit model for the capacitively shunted three-
Josephson-junction loop device is shown in Fig. 1. The
model includes the capacitances between nodes 0, 1, 2,
and 3, which correspond, respectively, to the ground plane
and to the three shunt-capacitor pads. The resonator elec-
trode and the control electrode are capacitively coupled
to the pads and modeled by the capacitances between
the electrodes and the pads with Cp, = (Cyp, Cyp, C3p) and
C, = (Cy4, Coy, C34), together with the voltages Vy, and V,
respectively. Trapped charges are modeled by gate capaci-
tances and gate voltages and denoted by the charge vector
Q,. The superconducting phase differences across the junc-
tions are denoted by y»1, 31, and y»3 and the branch
phase between nodes 0 and 1 is represented by yp;. The
Hamiltonian of the circuit is given by

H =Ty + Uy, ey)

with the kinetic energy term
1
Tn = E[P — @D(VCp + VaCa + Q)|
0
C'[p — woD(Ch + VaCa+ Q)] (2)

and the potential-energy term

Un = —<po[c|:COS()/21) + cos(ys1)

+ @ cos ()’21 — V3 +27T3)], 3)

00
where ¢y = ®(/2m is the reduced magnetic flux quantum,
® is the external magnetic flux, /. is the junction critical
current of the larger junctions, and p = (py,,,Py;,>Pyy,) 18
the vector of the momenta conjugate to the corresponding
phases. The capacitance matrix of the system C is given by

C12+C23+C2g _C ng+C02
+Cor+Cop+Coy 23 +Cop+Cag
_C C13+C3+C3g C3+Co3
C= 23 +Co3+C3p+C3q +Csp+Caa .4
Cig+Cog+Cag
Crg+Cn2 C3+Co3 +Co1+Co2+Co1
+Cop+Cog +C3p+C3q +C1p+Cop+Cyp

+C1q+Coa+C3q

The gate capacitances for trapped charges Ciq, Cy, and
Csg are assumed to be negligibly small. The matrix D is
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TABLE I. The capacitances of the device geometry.
Capacitor Value Capacitor Value
Ci3 1791 {F Cy 18.13 {fF
Cs, 10.56 fF Co 62.9 fF
Co2 304 fF Cos 329 fF
Cip 2.60 fF Co 2.61 fF
Csp 0.21 fF Cu 0.15 fF
Cy 0.02 fF Csa 0.11 fF
given by

0 -1 0
D=]| O 0o -1]. (5)
-1 -1 -1

The capacitance values in the system capacitance matrix
in Eq. (4) are numerically determined using finite-element
electromagnetic simulation tools and are given in Table 1.

III. EXPERIMENTAL TECHNIQUES

In this section, we present the methods and techniques
for the analysis of the device characteristics. First, we
discuss the interplay of energy relaxation and pure dephas-
ing in multilevel decoherence. Second, we detail the
noise-spectroscopy method with Carr-Purcell-Meiboom-
Gill (CPMG) experiments for 1/|w|® type noise. Finally,
we discuss dephasing due to photon noise in the readout
resonator.

A. Multilevel dephasing

For a two-level system, a Ramsey experiment is used
to characterize the decay of the off-diagonal matrix ele-
ment pg; of the density matrix. In a frame resonant with
the transition frequency, this decay is given by pg;(¥) =
C(He /) where T; is the energy-relaxation time and
C(?) is the coherence function. If noise is modeled as a
classical stochastic process £(#) contributing a term to the
Hamiltonian H,;, = —hé&(f)o - /2, which is diagonal in the
energy eigenbasis, the coherence function is given by

CH = <exp (—i/otS(t’)dt’)>, (6)

where (..) is an average over noise realizations.

In this section, we discuss the generalization of pure
dephasing decay to a n-level system. We assume that
the noise couples diagonally, as a term to the system
Hamiltonian

n—1

H(t) =—hY &0, (7)

Jj=0

where |j),j = 0,n — 1, are the energy eigenstates and &; (¢)
are random noise processes. We analyze the dynamics of
the multilevel system under simultaneous coupling to a
Markovian bath and coupling to a noise source described
by Eq. (7). It can be shown that in a rotating frame given
by the qubit nominal Hamiltonian, the evolution of the
off-diagonal terms of the density matrix p;;(?) is given by

t
Pjk(t) = exp (l/() [& (1) — &()] dt’) oD, (8)

where p(f) is the density matrix in the rotating frame in
the absence of noise terms (H,(f) = 0). When averaging is
done over different realizations of the noise, we obtain

pix(®) = Ci () o (D), )

where the generalized coherence function is

Ci(1) = <6Xp <l/0 [& () — &@)] df)>~ (10)

Formally, we can write the transformation of the density
matrix in the rotating frame from initial time ¢ to final time
Iy as

p(tr) = D{R[p ()]}, an

where R is an operator that describes Markovian relax-
ation and D is an operator that acts on the off-diagonal
elements of the density matrix according to Eq. (9). This
equation is most conveniently expressed by using the den-
sity matrix in column form (see, e.g., Ref [23]). To charac-
terize multilevel dephasing in experiments, we proceed as
follows. First, multilevel relaxation is characterized in an
experiment where we prepare an excited state and mea-
sure the decay of populations versus time, as discussed
in the previous subsection. Next, we prepare a superpo-
sition of states |j) and |k), and monitor the decay of pj
in a Ramsey-type experiment. After factoring out energy
relaxation terms based on Eq. (11), the coherence function
Ci(t) is obtained.

B. Decoherence with 4/|w|® noise

In this section, we discuss qubit-coherence measure-
ments using CPMG sequences [24,25]. With Gaussian
noise, the coherence function for a CPMG sequence with
N pulses is given by

Cy (1) = exp [ / " do S(@)F(w,N, t)j|, (12)

where S(w) is the double-sided noise power spectral den-
sity (PSD) of fluctuations in the qubit angular-transition
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frequency. The filter function F(w, N, T) is given by

2

F(w,N,7) = % , (13)

/ dt ¢ (N, e’
0

where ¢ (N, ) € {—1, 1} is the CPMG sign multiplier for
the noise after each refocusing m rotation. Using the
dimensionless parameter X = wt and defining F(X,N) =
F(X,N,t)/t%, we find

cos? (X/2)

8§ 4, X . )
Forny =12 (V) soiceawy» i N is odd,
T i in®(X /2 . )
)% s1n4(%)%, if N is even.
(14)

We note that F (X, N) peaks at X &~ Nm, with a peak width
of the order 1. We assume that we can neglect the vari-
ations of the noise PSD S(w) over the peak of the filter
function. Defining the integrals / = [ dX F(X,N,t) and
X*= (/1) [dX F(X,N,7)X, the coherence function
can be approximated as

X*
Cn(T) = exp |:—27:IS<T)]. (15)

We note that / ~ 1.24 and X* ~ 7w x N are good approxi-
mations for 1 < N < 200. Equation (15) allows for finding
the noise PSD directly from the measurement of the coher-
ence function. We next discuss the case when S(w) =
A/|w|®. In this case, Eq. (15) becomes

Cn(t) =exp[ — Ty1)*V], (16)
with
Ty = (2.484)/6+D (z N)(3/6+D, (17)

C. Decoherence due to photon noise

We consider dephasing of the qubit at the symmetry
point due to fluctuations of the photon number in the cav-
ity. We use numerical simulations to predict dephasing due
to this source. Specifically, the photon population of the
cavity is modeled using a random telegraph noise with
states n = 0 (empty cavity) and n = 1 (cavity occupied by
one photon). The transition rates between two states are
Fom1 = w,/O X npand T 9 = w,/Q x (1 + ny), where
w, 1s the cavity resonance frequency, Q is the cavity qual-
ity factor, and ny, is the thermal photon number [26]. The
effect of photon-number fluctuations on the qubit is deter-
mined by the dispersive shift. This numerical approach is
then compared with the analytical expression for Ramsey
decay in Ref. [27].

IV. EXPERIMENTAL RESULTS

We first present the results of the spectroscopy exper-
iments. In Figs. 2(a)-2(d), we show the readout result,
given by the average homodyne voltage, versus the fre-
quency of the applied spectroscopy pulse, for two values
of the applied magnetic flux—® = 0.5® (the flux sym-
metry point) and ® = 0.5018® . At the symmetry point,
we observe a peak at the transition frequency wy =
2w x 1.708 GHz between states 0 and 1 and a peak at
wey = 27 x 3.553 GHz, a two-photon transition between
states 0 and 2. At ® = 0.5018®,, we observe the 01
and 02 two-photon transitions as well as the 02 transi-
tion, with the latter absent at the symmetry point due to
selection rules [28]. The 1-2 transition, with a frequency
of w1y = 2w x 5.398 GHz at the symmetry point, can be
observed after applying a 0—1 pumping tone. The transi-
tion frequencies wyi, wgy, @12, and wy,, for a range of
applied magnetic flux, are shown in Figs. 2(e)-2(h). The
numerically calculated energy levels, extracted based on
the circuit Hamiltonian Eq. (1), are used to fit the exper-
imentally measured first two transition frequencies versus
the applied flux. The capacitance values listed in Table I
are used as fixed parameters and the junction critical cur-
rents are used as the only adjustable fit parameters. We
observe an excellent agreement between the fitted data and
the experiments, with the best fit corresponding to a junc-
tion critical current density of 3.96 uA/um? and « = 0.61,
which are in good agreement with the target nominal criti-
cal current density of 4.0 A /um? and the design value of
0.62 for . For the smaller junction, the ratio of the Joseph-
son energy E; = ®l./(2m) to the charging energy Ec =
(2e)?/(2Cx) is E;JEc = 6.9, with E; /h = 50.9 GHz.

o 05018
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FIG. 2. (a)«d) The average homodyne voltage versus the fre-

quency of the applied spectroscopy pulse, showing (a) 0—1, (b)
02 two-photon, (c¢) 1-2, and (d) 02 transitions, respectively,
at ® = 0.59 (black squares) and ® = 0.5018®, (red circles).
The solid lines represent Lorentzian fits. (e)~(h) The transition
frequency versus the applied external flux & for (e) 0—1, (f) 02
two-photon, (g) 12, and (h) 02 transitions. The solid lines are
fits of the transition frequency based on the circuit model.
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FIG. 3. (a) The readout voltage versus the readout delay time
after a 7% pulse is applied to the qubit thermalized state. The
solid line is an exponential fit, leading to a relaxation time 77 =
47.1 us. (b) The coherence time versus the number of pulses N
in a CPMG sequence.

We next discuss the qubit-coherence characterization
at the symmetry point (& = 0.5®). Figure 3(a) shows
an energy-relaxation-time measurement, with the qubit
excited with a 72! rotation, resonant with the 0—1 tran-
sition. The measured 7} has systematic fluctuations in
the course of the experiments, with most values lying
between 35 and 45 us, and reaches values as high as
T =47.1 £2.0 us. The measured relaxation times are
comparable to the best result reported previously on
a capacitively shunted flux-qubit design with moderate
anharmonicity [19].

The Ramsey coherence times, extracted with exponen-
tial and Gaussian decaying fits, are found to be 4.7 and
7.3 us, respectively. For Ramsey dephasing, exponential
decay as opposed to Gaussian decay leads to a better
fit. The spin-echo coherence time is found to be Tor =
9.4 us. We perform dephasing measurements with dynam-
ical decoupling based on CPMG pulse sequences with a
m-pulse duration of 11.9 ns. The coherence time versus
the number of pulses is shown in Fig. 3(b). The coherence
time reaches Tcpmg = 26.5 us for N = 100 pulses. Gaus-
sian fits are used to extract the spin-echo and CPMG decay
times.

In addition to the experiments at the flux symmetry
point, we measure the qubit-coherence time for a range of
magnetic fluxes. The spin-echo dephasing rate is shown
as a function of the flux sensitivity coefficient dwg; /9P in
Fig. 4. The nearly linear dependence is in line with other
experiments and is indicative of low-frequency flux noise
[25,29]. Detailed measurements of coherence with CPMG
pulse sequences are done at a flux ® = 0.501®,, for vari-
ous pulse sequence lengths N. The dephasing rate changes
from 1.4 us for N =1 to 6.8 us for N = 100, with an
approximately N%4? dependence.

To investigate multilevel control in the qutrit formed by
the lowest three energy levels, we characterize the prop-
erties of the readout in this space. First, we characterize
the thermal state, described by the populations Py, and
Py, for states 0 and 1, respectively. This is done based on
Rabi oscillations after suitable swaps of states in the qutrit

(a)A4.8 L L L L (b)A T T T 71 T T
T L Spin echo
=3 =3
L L
© 24 ® g6k 4
> >
@© @©
o o
o} o}

(@] (@]
00 PR I T IR | | I I T T |

0
0 2 46 810
8w, /oD (10" rad s~' @5")

0 2 46 810
8, /6@ (10" rad s~! @5")

FIG. 4. The (a) Ramsey and (b) spin-echo decay rates versus
the flux sensitivity coefficient.

space [30,31]. The steady-state populations correspond to
an effective qubit temperature of 30 mK, very close to
the cryostat temperature of 27 mK, in contrast to other
reported results on long-coherence-time superconducting
qubits, where larger differences between the effective tem-
perature and the cryostat temperature are observed [32,33].
Next, we characterize the homodyne voltages Vg, V31, and
Vi, for the three qutrit states based on measuring the homo-
dyne voltage as V, = PyVyo + P1 Vi1 + P2Vip, where Py,
Py, and P, are the probabilities of the qutrit states, with
different initial preparations [34]. We perform experiments
addressing coherence in the qutrit space. In Fig. 5(a), we
show the result of a multilevel relaxation experiment. Two
pulses, 7! and 72, are applied to excite the system to
state 2 and the populations are measured versus time.
The relaxation dynamics depends on the relaxation and
excitation rates for each pair of states of the qutrit. The con-
tinuous lines are fitted with a multilevel relaxation model
following Ref. [35]. In the fit, the 0—1 relaxation (I';¢)
and excitation (I'g;) rates are set based on the measure-
ments of the qubit relaxation time and thermal population
described above. The ratios "5/ 'y; and gy / [y are set
equal to the corresponding Boltzmann factors, assuming

@ o7 13 (b "
c Z 000 150, 300
S 5 (c)
205 g
s 2 000 1B, 250
o J S ) : a 02
0.0 1 L ! L i L 1 " |
0 50 100 150 0.00 2.00 4.00
Time (us) Time (us)
FIG. 5. (a) The population versus the delay time after a 70!
and a 72 pulse are applied to the thermal state for levels 0 (blue

squares), 1 (red dots), and 2 (green triangles). (b)+(d) Ramsey
oscillations in time for coherent superposition of states (b) 0 and
1, (c) 1 and 2, and (d) 0 and 2, with Ramsey coherence times of
4.7, 3.4, and 5.4us, respectively.
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TABLEII. Multilevel relaxation and excitation rates measured
at the flux symmetry point and away from the symmetry point.
Rate Value at 0.59, Value at 0.501d,
o 1.4 kHz 1.2 kHz

Iy 29.5 kHz 63.4 kHz

'y, 8.8 Hz 0.4 Hz

Iy 124.3 kHz 78.1 Hz

Foz 0.1 Hz 0.01 Hz

Iy 27.8 kHz 61.1 kHz

the temperature extracted from qubit thermalization exper-
iments, and [';; and I'yy are free parameters. We note that
the constraints on the ratios of the 1-2 and 0-2 rates do
not significantly impact the values of the relaxation rates.
Based on a fit of the variation of the populations with time,
we extract the relaxation and excitation rates at the flux
symmetry point and away from the symmetry point, at
® = 0.501dy, as shown in Table II.

We also perform multilevel dephasing experiments for
the three pairs of levels involved. Figure 5(b) shows Ram-
sey oscillations for coherent superpositions of states at the
flux symmetry point. The decay curves are in excellent
agreement with a model that includes state preparation,
the interlevel relaxation and excitation rates, and low-
frequency noise modeled as a classical Gaussian stochastic
process. The pure dephasing times extracted with this
model and assuming a Gaussian decay are shown in the
caption of Fig. 5. In addition, we characterize pure dephas-
ing away from the symmetry point, at & = 0.501®,. This
experiment is done using a Ramsey protocol for superpo-
sitions of states 0—1 and 02, leading to dephasing rates of
2.7 MHz and 0.9 MHz, respectively.

We next use the randomized benchmarking protocol
[36,37] to characterize the average fidelity of the single-
qubit gates. For the pulses corresponding to the gates used
in the sequences, having 1.62-ns and 2.64-ns duration for
/2 and m rotations and a maximum drive strength of
2w x 260 MHz, the average gate fidelity [37] is found to
be 99.92 £ 0.003%.

V. DISCUSSION

We now discuss the results obtained for coherence,
starting with pure dephasing away from the circuit flux
symmetry point. The nearly linear dependence of the Ram-
sey and spin-echo dephasing rates on the flux coupling
coefficient dwy; /0P (see Fig. 4) demonstrates that dephas-
ing away from the symmetry point is dominated by flux
noise and is indicative of flux noise with a PSD of the
form A/|w|®, where w is the frequency, 4 characterizes the
strength of the noise, and § &~ 1 [25,29]. At ® = 0.501 Dy,
the coherence rate with CPMG pulses changes as N 7.
This is indicative of low-frequency noise with a power
density A/|w|®, where § = /(1 — B). This allows the

extraction of 4 = 1.8 x 107'* (rad/s)’~'®2 and § = 0.68
(see Sec. B); note that these values hold over the frequency
range where the CPMG pulses are sensitive to flux noise,
corresponding approximately to 3—46 MHz. The Ramsey
dephasing rates for the 0—1 and 0—2 coherences at & =
0.501d, are in a ratio proportional to the flux sensitiv-
ity coefficients, suggesting that flux noise is the dominant
dephasing source for higher levels as well.

Next, we discuss the possible sources for the pure
dephasing measured at the device flux symmetry point.
We first consider the role of charge noise. We perform
numerical simulations of the charge dispersion, yielding a
charge modulation over one period of the island charges of
2w x 133 Hz, 2w x 626 Hz, and 27t x 493 Hz for the tran-
sitions 0—1, 1-2 and 0-2, respectively. The contribution
of this source to the dephasing rate, which is bounded by
the calculated modulation ranges, is therefore a negligible
contribution to the measured rate.

We next consider photon-number fluctuations in the cav-
ity. Based on numerical simulations of the spectrum of the
coupled qubit-cavity system, we find that the dispersive
shift for the 0—1 transition is 0.5 MHz. To obtain this num-
ber, we use the first several levels of the qubit and one level
of the cavity. We note that in the experiments, we observe
in certain cases, when the repetition time of the experi-
ments is too short, beating patterns in Ramsey oscillations
with a beating frequency of 0.5 MHz, which we attribute to
photon-number fluctuations. This value of the beating fre-
quency is in agreement with the numerically determined
dispersive shift. Based on this value of the dispersive shift
and the measured cavity bandwidth of 0.6 MHz, we esti-
mate that a photon temperature of 250 mK is needed to
induce a photon dephasing rate of 213 kHz, in line with
the measured Ramsey coherence time; this temperature is
unreasonably high. Next, we perform simulations of coher-
ence decay for CPMG sequences. We find that a thermal
photon number ng, = 0.15, corresponding to an effective
temperature of 160 mK, is needed to explain the experi-
mental values for the CPMG decay times from one to ten
CPMG pulses; this value still leads to decay times that are
longer than those measured for CPMG pulses with larger
number of pulses. In addition, in a subsequent cool-down
of the device, we perform spin-locking experiments using
the method in Ref. [31], which indicate an upper bound
for the cavity temperature of 67 mK and a corresponding
dephasing rate of 4.68 kHz. Based on these considera-
tions, this source has a small contribution to the overall
dephasing rate.

Flux noise is another possible source of dephasing, even
at the qubit symmetry point [38]. We perform numeri-
cal simulations of the 0—1 transition-frequency fluctua-
tions arising from fluctuations of the magnetic flux. If we
assume Gaussian flux noise with a PSD of 4/|w|®, with
A and § based on two sets of experiments—the spin echo
versus the flux and the CPMG versus the number of pulses
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at the 0.501®, flux bias point—the predicted dephasing
times are significantly longer than experimentally mea-
sured. While this analysis indicates that flux noise is not
a dominant source, we note that departures of the PSD
from the simple form assumed could alter the predicted
rates significantly. We note that experiments to measure
the distribution of the transition frequencies show a skew-
ness, possibly indicative of the role of flux noise (see
Appendix E).

For completeness, we mention that other possible
sources of decoherence include two-level fluctuators
(TLFs) [39] and the interaction with the second qubit on
the chip. In a subsequent cool-down of the same device, the
Ramsey dephasing time at the symmetry point increases
to 10 ws, while the energy gap and the persistent current
of the device change insignificantly, indicating a possible
contribution to decoherence from fluctuating TLFs. While
this analysis is not conclusive in terms of identifying the
dominant dephasing mechanisms, future work will address
this important aspect by exploring devices with a range of
parameters affecting coupling to different noise sources.

We next discuss the observed energy-relaxation times.
We first consider the temporal fluctuations observed in
the qubit relaxation time. We perform analysis on a series
of repeated 30 relaxation experiments based on a model
that includes quasiparticle relaxation (see Appendix D).
We extract the characteristic energy-relaxation time T'qp
due to the presence of a quasiparticle and the relaxation
time Tig due to other noise channels. The analysis indi-
cates Tqp = 37.6 us and T g = 47.6 us. The fluctuations
show an average of 0.23 4 0.20 quasiparticles throughout
the experiments, in agreement with the reported values
in another work [19]. Next, we investigate the possible
sources for the measured 7;z. Estimates with 1/|w|® type
flux noise show that flux noise could be the dominant
source limiting the relaxation time. Based on the extracted
flux-noise PSD by the CPMG experiments and following
Fermi’s golden rule [17], we calculate the expected energy
relaxation time to be in the 24.7—71.6 us range, where this
range is due to the fit errors in determining the flux-noise
PSD. We note that this calculation assumes that the flux-
noise PSD is extrapolated to qubit frequencies and that it
may be affected by this approximation. Nevertheless, this
estimate indicates that flux noise is likely the dominant
contributor to energy relaxation at the symmetry point.
We also measure the relaxation and excitation rates for the
higher levels (see Table II). The decay rate for the 1-2 tran-
sition is higher than for the 0—1 level, consistent with the
larger transition strength. Due to the selection rules [28],
at the symmetry point the 0—2 transition is forbidden for
flux- and charge-coupled operators. One possible source
for observing a finite substantial rate for this transition is
the quasiparticle-induced relaxation.

We perform numerical simulations of the implemented
randomized benchmarking experiment. In a three-level

simulation, we find that excitation to state 2 is negligi-
ble, in agreement with experiments where the population
of state 2 is measured at the end of the random gate
sequences (data not shown). Next, we perform simulations
including only the two lowest (qubit) levels, with energy
relaxation and excitation rates as measured and assuming
pure dephasing with the Ramsey rate. These simulations
give a fidelity of 99.95%, assuming the rotating-wave
approximation, and a fidelity of 99.85% if we include the
counter-rotating terms for the driving. This result indicates
that counter-rotating terms are likely the limitation in the
current experiment, which can be improved on with pulse
shaping [40]. The lower fidelity in simulations is likely
due to overestimating decoherence by assuming the Ram-
sey dephasing rate during driven evolution. Our results,
which do not yet use optimized control pulses, compare
favorably with state-of-the-art numbers for other types of
superconducting qubits. Transmons achieve gate fidelities
0 99.9-99.95% for pulse durations in the 1020 ns range
[7,41,42]. An experiment with pulse-distortion compensa-
tion of flux qubits leads to gate fidelities of 99.9% with
4-ns pulses [43]. Nonadiabatic gates for fluxonium qubits
reach 99.8% fidelity with pulses in the 2060 ns range [44].

VI. CONCLUSIONS

In conclusion, we implement a capacitively shunted
flux-qubit design that combines high anharmonicity and
long relaxation and dephasing times. The energy-level
structure and other properties are in excellent agreement
with a model based on the numerically determined system
capacitance matrix. We demonstrate fast and high-fidelity
single-qubit gates, characterized with randomized bench-
marking. We expect that the use of optimal control will
lead to improved single-qubit gates and to fast high-fidelity
two-qubit gates [45]. The high anharmonicity of the cir-
cuit is expected to be an advantage in quantum annealing
applications [46,47]. In addition, we demonstrate control
and measure decoherence for the same circuit operated as
a qutrit, based on the lowest three energy states. The mea-
sured decoherence is in good agreement with the multilevel
decoherence model. Qutrits offer interesting perspectives
for quantum error correction [48—50] and quantum sim-
ulation of topological states [51]. Future work will have
to address the origin of dephasing and further design
optimization to balance coherence and control speed.
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APPENDIX A: EXPERIMENTAL DETAILS

1. Sample fabrication

The device is fabricated on a silicon substrate in two
steps. In the first step, the coplanar waveguide resonator,
the qubit control lines, and the junction shunt capacitors
are defined by optical lithography. A 100-nm-thick alu-
minum layer is deposited by e-beam evaporation, which is
then followed by a lift-off process. In the second step, the
Josephson junctions are first patterned on a bilayer e-beam
resist stack (PMGI SF7 + PMMA 950K A3) using e-beam
lithography. The junctions are made with double-angle
shadow evaporation of two aluminum layers of thicknesses
40 nm and 65 nm, respectively, with an oxidation carried
out after the deposition of the first layer. Argon milling
prior to the evaporation of the two aluminum layers is used
to ensure a high-quality contact between the junctions and
the aluminum layer evaporated in the first step.

2. Experimental setup

The experiments are performed in a dilution refriger-
ator with a base temperature of 27 mK. The sample is
enclosed in a copper box. Superconducting coils attached
to this box are used for magnetic flux biasing. To imple-
ment magnetic shielding, the sample box is placed inside
a three-layer high-magnetic-permeability metal shield. The
sample is connected to readout and control equipment with
coaxial cables and the signals are attenuated and filtered at
different temperature stages of the refrigerator.

Qubit control pulses are generated using two differ-
ent configurations. In the first configuration, pulses are
directly generated by a Tektronix AWG70001A arbitrary
waveform generator (AWG). The AWG has a 50 GS/s
sampling rate and 10-bit amplitude resolution. Most exper-
iments are performed using this setup. In the second con-
figuration, the pulses are generated by standard microwave
synthesizers and shaped with 1Q mixers using signals gen-
erated by a lower-bandwidth Tektronix 5014 AWG. This
second configuration is used primarily for preliminary
device characterization. For readout, we use microwave
pulses generated using a synthesizer and mixers. After
transmission through the cavity, pulses are amplified using
a cryogenic HEMT amplifier and room-temperature ampli-
fiers; after demodulation, the pulses are recorded with a
digitizer.

APPENDIX B: DESIGN ANALYSIS

In this appendix, we discuss a numerics-based approach
for optimization of a capacitively shunted flux qubit. We
assume a general design with three Josephson junctions,

out of which two are equal in size and the third one is
smaller by a factor . This configuration results in a highly
anharmonic potential when the loop is biased at half a
flux quantum. The potential is a double-well potential for
a > 0.5 [52,53] and it still retains useful properties for
a < 0.5. In addition, we assume that there are large added
capacitances shunting the junctions and to the ground;
the capacitance matrix is symmetric, as are the junctions.
These assumptions, together with given junction critical
current density J, and the junction capacitance density C,
leave six parameters for design:

(a) A;—the geometric capacitance between pads 2
and 3

(b) Ay—the area of the smaller junction

(c) A;—the ratio of the area of the smaller junction to
the area of the large junctions

(d) As—the ratio of the geometric capacitance between
pads 1 and 2 (or, equivalently, 1 and 3) to the geometric
capacitance between pads 2 and 3

(e) As—the ratio of geometric capacitance between pad
1 and ground to the geometric capacitance between pads 2
and 3

(f) As—the ratio of the geometric capacitance between
pad 2 (or, equivalently, pad 3) and ground to the geometric
capacitance between pads 2 and 3

The device metrics are then calculated using the circuit
model in Eq. (1), with the parameters given in Table II1.

The optimization is designed to find target values for
the following parameters: the transition frequency wy; and
anharmonicity at the flux symmetry point, the persistent
current, and the offset charge modulation. Their relevance
is as follows. The transition frequency determines the qubit
thermal state, which is ideally larger than the temperature;
note, however, that alternative state-preparation methods
can be used to prepare the qubit in a pure state [54-56].
The transition frequency and the anharmonicity determine
the speed of the gates, as limited by the rotating-wave
approximation and leakage to other states, respectively.
The persistent current in combination with wg; determines
the dephasing at the symmetry point. Finally, the modu-
lation with offset charges determines decoherence due to
charge noise and quasiparticle-induced transitions.

This framework allows for a comparison of the flexibil-
ity enabled by the three-pad design explored in this work

TABLE III. The device design optimization parameters (see
text for explanations).

Coy = A + 1C Ci2, Ci3 = hihg + 22C/23
Co1 = MiAs Co2, Co3 = A1hs
I = Jc)‘Z/)% a =23
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versus two-pad designs [18,19]. We apply this optimiza-
tion with the parameters of the device in this work as a
target and with an assumed charge modulation below 1
kHz, in line with the observed coherence times. The sim-
ulation converges to values that are close to our design
parameters and in agreement with the refined parame-
ters from the fit of the spectroscopy data. In addition, we
attempt to reach the same qubit parameters with a two-pad
design. No design parameters are found to reach these met-
rics; it is possible, for example, to reach the same transition
frequency, persistent current, and anharmonicity to within
95% accuracy at the cost of larger charge modulation (of
the order of megahertz).

APPENDIX C: POPULATION EXTRACTION AND
QUBIT EFFECTIVE TEMPERATURE

In this appendix, we discuss the characterization of the
thermal state population of the qubit. It is assumed that
the population of state 2 is negligible, as the transition fre-
quency from the ground state to this state at the symmetry
point, wg; = 2w x 7.107 GHz, is large compared to the
temperature. The thermal state populations Py, and Py,; of
state 0 and 1, respectively, are determined by performing
Rabi oscillations on the 0—1 transition, with two different
starting states. The first state preparation is obtained by
waiting long enough for the system to thermalize and then
applying a nxlz pulse. The second state preparation is done
by applying a 72! pulse followed by a 7!? pulse to the
thermalized state. This method is similar to the approach
used in Jin et al. [57], with the difference that the prepa-
rations are chosen such that Rabi oscillations for the 0—1
transition are compared, where the readout contrast is opti-
mized for this qubit. The thermal state population Py, can
be found as

(ChH

where 4y and A; are Rabi oscillation amplitudes corre-
sponding to the two preparations described above. In the
course of the experiments, Py, is found to be 0.95 £ 0.02
indicating an effective temperature, calculated based on
Pthl/PthO = CXp(—thl/kBT), of 27 — 32mK.

APPENDIX D: FLUCTUATIONS IN T;
RELAXATION TIME

In the course of the experiments, the 7; relaxation time
is observed to be fluctuating in time. This behavior is
attributed to the presence of fluctuating excess quasipar-
ticles and the excited-state population decay is expressed
by [58]

P(t) — e)hqp[eXP (*r/qup)fl]eft/TlR’ (Dl)

10 1

0.8 1

Sl

Experiment number

ap

0.2

0.0

FIG. 6. The number of quasiparticles in the repeated relaxation
experiments.

where Ag, is the mean value of the Poisson probability
distribution of the quasiparticles, 714, is the relaxation
time in the presence of one quasiparticle, and Typ is the
relaxation time due to other loss channels in the absence
of quasiparticles. We repeatedly measure the 7T relax-
ation times after exciting the thermal state with a ()%
pulse and fitting the decay curves with Eq. (D1), with T’
and T being global fit parameters for all decay curves.
Figure 6 shows the fluctuations in the number of quasipar-
ticles in 30 subsequently measured relaxation times with
the extracted Tiqp = 37.6 us and Tigp = 47.6 us, where
the experiment repetition period is 9 min. We note a mean
of 0.23 quasiparticles throughout the experiments, with a
standard deviation of 0.20.

APPENDIX E: FLUX-NOISE SIMULATIONS

The measurements of the coherence away from the sym-
metry point are consistent with flux noise with a 4/|w|®
PSD. We discuss decoherence induced by flux noise at
the qubit symmetry point, where flux fluctuations are cou-
pled quadratically to flux. The quadratic coupling does
not allow us to find a simple expression for the coher-
ence function, as is possible for linearly coupled noise [see
Eq. (12)].

The analytical expressions in the limit cases for decoher-
ence with quadratic coupling for white and A4/|w| noise are
derived by Makhlin and Shnirman [38]. Here, we resort
to a numerical simulation of the experiment. We numer-
ically generate flux-noise trajectories as follows. For a
coherence probing experiment of duration t, we generate
multiple random noise samples. Each noise sample con-
sists of Ny random values & = &[t/N,(i — 1)], i = 1,N,.
The sample § = (§1, &2, &3, ..., &y,) is drawn from the mul-
tivariable Gaussian distribution exp (—3&"M~'§), where
M is the matrix of correlation coefficients. The correlation
coefficients M;; are obtained by numerical integration.

We verify our numerical method by doing a numerical
simulation of a CPMG experiment away from the symme-
try point. Specifically, we consider CPMG sequences with
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N =1, 5, 10, 20, 40, and 100. For each N value, we con-
sider a set of evolution times 7 ranging from 1 to 20 us.
For each t, we generate 1024 noise samples and obtain
the coherence time as an average of the off-diagonal part
of the density matrix over the noise samples. Using the
noise PSD of 1.8 x 10_14/|a)|5(rad/s)8_1d>g with § = 0.68,
determined from the experimental data, the CPMG decay
curves from the numerical simulations are in excellent
agreement with the experimental results and Eq. (16).

APPENDIX F: EXPERIMENTALLY OBSERVED
FREQUENCY FLUCTUATIONS

In a subsequent cool-down of the device, we measure
the frequency fluctuations of the qubit in a protocol similar
to Ramsey experiments. A coherent superposition of states
0 and 1 is prepared by applying a (7/2)%! pulse, with the
drive frequency slightly detuned from the 0—1 transition
frequency wy . Next, after waiting for some fixed evolution
time, in which the detuning and qubit frequency fluctua-
tions are reflected in the acquired phase, another (i7/2)"!
pulse is applied and the state readout is performed. In order
to map the readout homodyne voltage to detuning in fre-
quency, in a similar experiment, the drive frequency (or
detuning) is swept and the readout homodyne voltage is
recorded. With this, the fluctuations in the readout homo-
dyne voltage are converted to frequency fluctuations. This
protocol is repeated 2'® times with a 200-us repetition
time. The histogram of the frequency fluctuations around
the qubit nominal frequency, depicted in Fig. 7, shows a
significant skewness and is indicative of flux noise being a
possible significant contributor to dephasing.

APPENDIX G: RANDOMIZED BENCHMARKING

The pulses in the randomized benchmarking experi-
ments, corresponding to the unitary operators from the
Clifford group and the Pauli group, are 7 /2 and 7 rota-
tions around the x (y) axis and are denoted by R.(,)(6),
where 6 is the rotation angle. The calibration procedure
for the 7/2 pulses is done by applying [Ry (rr/2)]*"*!

8000 y T : 1 - . : T
6000
S 4000
Q |
O
2000
0
-60 -40 -20 0 20
Frequency (kHz)
FIG. 7. The histogram of the qubit frequency fluctuations at

the flux symmetry point.

(a) T T (b) T 1 T T 1
) z | ¢ f
c c
= =
e} e}
() ()
(o] (o]
I I
o o
> >
n 1 n 1 n 1 n 1 n 1 n 1 n 1
0.0 3.2 6.4 9.6 0 1 2 3 4
Time (ns) Time (ns)
FIG. 8. (a) A section of the randomized benchmarking pulse

sequence measured with an oscilloscope. (b) An example
software-generated single shaped pulse, showing the rise time ¢,
and the fall time #, .

pulses, where m is an integer. For a large number of
repetitions, the accumulated error is projected on the mea-
surement basis and the error is minimized by adjustments
on . Similarly, 7= rotations are calibrated by applying
Ry (70 /2)[Ry(r ()] "+, A section of the waveform of
the sequence pulse used in the experiments is measured
with an oscilloscope and is shown in Fig. 8. The pulses
have a driving strength of 27 x 260 MHz and rise and fall
times of 0.6 ns. The durations of the /2 and 7 pulses are
1.62 and 2.64 ns, respectively. The time gap between each
pulse in the sequence is 0.5 ns. Oscilloscope measurements
indicate a good control of pulse shaping with the Tektronix
AWGT70001A.

Figure 9 shows the average measured homodyne volt-
age after evolution by each randomized sequence (black
circles) versus the sequence length M. The averages of
32 sequences at each length M are indicated by black
dots. The averages of the sequences have a decaying

T T T T T T T T T
—0.6 - 0 Sequence averages
I ® Averages

[e)e]
DO A

-0.8

-1.0
-1.2

v, (mV)

-1.4

-1.6

-1.8

1 I
0 100 200 300 400 500

M

FIG. 9. The homodyne voltage after the randomized bench-
marking sequence is applied to the qubit thermal state versus
the sequence length M. The black circles represent the measured
voltage for each randomization of the sequence and the black
dots represent the sequence averages. The solid curve represents
the fit with the decay function.
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behavior and are fitted with a function F = Agp™ + By,
where Ay and B, are fit parameters corresponding to the
errors associated with state preparation and measurement
and p is related to the average error rate [37]. The average
gate fidelity F,ye = p + (1 — p)/2 is found to be 99.92 +
0.003%.
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