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Superconducting qubits seem promising for useful quantum computers, but
the currently wide-spread qubit designs and techniques do not yet provide high
enough performance. Here, we introduce a superconducting-qubit type, the
unimon, which combines the desired properties of increased anharmonicity, full
insensitivity to dc charge noise, reduced sensitivity to flux noise, and a simple
structure consisting only of a single Josephson junction in a resonator. In
agreement with our quantum models, we measure the qubit frequency,
we/(2m), and increased anharmonicity a/(2m) at the optimal operation point,
yielding, for example, 99.9% and 99.8% fidelity for 13 ns single-qubit gates on
two qubits with (wgy, @) = (4.49 GHz, 434 MHz) x 21 and (3.55 GHz, 744 MHz) x
2m, respectively. The energy relaxation seems to be dominated by dielectric
losses. Thus, improvements of the design, materials, and gate time may pro-
mote the unimon to break the 99.99% fidelity target for efficient quantum error

correction and possible useful quantum advantage with noisy systems.

Even though quantum supremacy has already been reached with
superconducting qubits in specific computational tasks'?, the current
quantum computers still suffer from errors owing to noise to the
extent that their practical applications in areas such as physics
simulations’, optimization*, machine learning®, and chemistry® remain
out of reach. In this so-called noisy intermediate-scale quantum (NISQ)
era’, the complexity of the implementable quantum computations® is
mostly limited by errors in single- and two-qubit quantum gates.
Crudely speaking, the process fidelity of implementing a d-deep n-
qubit logic circuit with gate fidelity F is F*". Thus, to succeed roughly
half of the time in a 100-qubit circuit of depth five, one needs at least
99.9% gate fidelity. In practice, the number of qubits and especially the
gate depth required for useful NISQ advantage is likely higher, leading
to a fidelity target of 99.99% for all quantum gates, not yet demon-
strated in any superconducting quantum computer.

The effect of gate errors can be reduced to some extent using
error mitigation®’° or in principle, completely using quantum error

correction”. Surface codes?” are regarded as some of the most
compelling error correction codes for superconducting qubits owing
to the two-dimensional topology of the qubit register and their
favorable fidelity threshold of roughly 99% which has been reached
with superconducting transmon qubits already in 2014** with following
important steps reported in refs. 15, 16. Despite the recent major
developments in implementing distance-2-5 surface codes on super-
conducting quantum processors” >, the gate and readout fidelities of
superconducting qubits need to be improved further, preferably
above 99.99%, to enable efficient quantum error correction with a
reasonable qubit count.

Currently, most of the superconducting multi-qubit processors
utilize transmon qubits""’*** that can be reproducibly fabricated* and
have coherence times up to several hundred microseconds**?, leading
to record average gate fidelities of 99.98-99.99% for single-qubit
gates®®” and 99.8-99.9% for two-qubit gates®**". The transmon was
derived from the charge qubit® by adding a shunt capacitor in parallel
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with aJosephson junction, with the result of exponentially suppressing
the susceptibility of its transition frequency to charge noise. However,
the large shunt capacitance results in a relatively low anharmonicity of
200-300 MHz corresponding to only 5% of the typical qubit
frequency®>*. This limits the speed of quantum gates that can be
implemented with transmons since leakage errors to the states beyond
the computational subspace need to be suppressed®®*. Similarly, the
low anharmonicity also limits the readout speed of transmon qubits
and a high-power readout tone can even excite the transmon to
unconfined states beyond the cosine potential’® (see Supplementary
Note Il in Supplementary Materials). A higher anharmonicity is pre-
ferred to speed up the qubit operations and to allow for higher fide-
lities limited by the finite coherence time.

Hence, itis desirable to find new superconducting qubit types that
increase the anharmonicity-coherence-time product. Recently, major
progress has been made in the development of fluxonium qubits, one
of the most compelling alternatives to transmons thanks to their high
anharmonicity and long relaxation and coherence times®>° which
recently enabled an average gate fidelity exceeding 99.99% for single-
qubit gates*® and 99.7% for a two-qubit gate®. In a fluxonium qubit, a
small Josephson junction is shunted by a superinductor implemented
by an array of large Josephson junctions®***, a granular aluminum
wire*?, a nanowire with a high kinetic inductance®, or a geometric
superinductor*’. The superinductor in the fluxonium ensures that the
dephasing and relaxation rates arising from flux noise are reduced, in
addition to which all the levels of a fluxonium are fully protected
against dephasing arising from low-frequency charge noise. It is pos-
sible to add a large shunt capacitor into the fluxonium in order to
create a so-called heavy fluxonium*”*, in which the transition matrix
element between the ground state and the first excited state can be
suppressed to enhance the relaxation time up to the millisecond
regime*’. However, special techniques are required to control, read-
out, and reset these high-coherence fluxonium qubits due to their low
frequency and small transition matrix elements in the vicinity of the
half flux quantum operation point®. Furthermore, these qubits do not
achieve protection against both relaxation and dephasing due to flux
noise at a single operation point. Parasitic capacitances in the super-
inductor may also provide a challenge for the reproducible fabrication
of fluxonium qubits and result in parasitic modes.

By reducing the total inductance of the junction array in the
fluxonium, it is possible to implement a plasmonium qubit*® operated
at zero flux or a quarton qubit*’ operated at the half-flux-quantum
point, both of which have a small size and a high anharmonicity
compared with the transmon and a sufficient protection against
charge noise in comparison to current coherence times. On the other
hand, an enhancement of the superinductance converts the fluxonium
into a so-called quasicharge qubit*®, the charge-basis eigenstates of
which resemble those of the early charge qubits while retaining the
protection against charge noise. Other qubits protected against some
sources of relaxation and dephasing include the O0-m qubit®,
bifluxon®’, and a qubit protected by two-Cooper-pair tunneling®. The
0 - qubit is protected against both relaxation and dephasing arising
from charge and flux noise thanks to its topological features, which
unfortunately renders the qubit challenging to operate and its circuit
relatively complicated and hence vulnerable to parasitic capacitance.
Despite this great progress in fluxonium and protected qubits, they
have still not shown broad superiority to the transmons. The race for
the new improved mainstream superconducting qubit continues.

In this work, we introduce and demonstrate a novel super-
conducting qubit, the unimon, that consists of a single Josephson
junction shunted by a linear inductor and a capacitor in a largely
unexplored parameter regime where the inductive energy is mostly
cancelled by the Josephson energy leading to high anharmonicity while
being fully resilient against low-frequency charge noise and partially
protected from flux noise (Fig. 1). We measure the unimon frequency

and anharmonicity in a broad range of flux biases and find a very good
agreement with first-principles models (Fig. 2), even for five different
qubits (Fig. 3a). According to our experimental data, the energy
relaxation time seems to be limited by dielectric losses (Fig. 3b), and
the coherence time can be protected from flux noise at a flux-
insensitive sweet spot (Fig. 3c). Importantly, we observe that the
single-qubit gate fidelity progressively increases with decreasing gate
duration, and is stable for hours at 99.9% for a 13ns gate dura-
tion (Fig. 4).

Results

Unimon qubit

In practice, we implement the unimon in a simple superconducting
circuit by integrating a single Josephson junction into the center
conductor of a superconducting coplanar-waveguide (CPW) resonator
grounded at both ends (Fig. 1b). There are no charge islands in the
circuit, and hence the junction is inductively shunted. In addition
to the very recent fluxonium qubit utilizing a geometric
superinductance**, the unimon is the only superconducting qubit with
the Josephson junction shunted by a geometric inductance that pro-
vides complete protection against low-frequency charge noise. Due to
the non-linearity of the Josephson junction, the normal modes of the
resonator with a non-zero current across the junction are converted
into anharmonic oscillators that can be used as qubits. In this work, we
use the lowest anharmonic mode as the qubit since it has the highest
anharmonicity.

The frequency of each anharmonic mode can be controlled by
applying external fluxes ®ey; and @y, through the two super-
conducting loops of the resonator structure as illustrated in Fig. 1b.
The unimon is partially protected against flux noise thanks to its gra-
diometric structure, which signifies that the superconducting phase
across the Josephson junction is dependent on the half difference of
the applied external magnetic fluxes @i = (Dexe 2 — Pex1)/2. Interest-
ingly, the anharmonicity of the unimon is maximized at a flux-
insensitive sweet spot, at which the qubit frequency is unaffected by
the external flux difference to the first order. This optimal operation
point is obtained at ®gir=®Po/2 modulo integer flux quanta &g =h/
(2€)=2.067 x10™" Wb, where h is the Planck constant and e is the
elementary charge.

Using the distributed-element circuit model shown in Fig. 1c, the
effective Hamiltonian of the qubit mode m can be written (model 1 in
“Methods”) as

T

N N 1 . . (2 N
Hp, =4EC,m((p0)nfn + EEL,m((PoW,Zn +E @ <To <Po) — Ejcos(@,, — @),

@

where @, is the Josephson phase of a dc current across the junction,
Ecm(o) is the capacitive energy of the qubit mode, E; ,,(¢o) is the
inductive energy of the qubit mode, £, is the inductive energy of the dc
current, £ is the Josephson energy, and 71, and ¢,,, are the Cooper pair
number and phase operators corresponding to the qubit mode m and
satisfying [@,,,, 11,,,]=1 with i being the imaginary unit. Note that ¢, is
treated as a classical variable depending on the flux bias ®; accord-
ing to a transcendental equation such that 2m® /P — @ is periodic
in ®gier. (See Fig. 5 for solutions of Eq. (1).)

At the sweet spot ®gir= Po/2, the dc phase equals ¢ =m and the
Hamiltonian of the unimon reduces to

A 51 . )
H,, = 4E ()2, + il_fLm(n)fpfn +Ey cos((p), 2)

where we assume that £;<E,;. Strikingly, this Hamiltonian is exactly
analogous to a simple mechanical system visualized in Fig. 1d, in which
an inverted pendulum is attached to a twisting beam. In this analogy,

Nature Communications | (2022)13:6895



Article

https://doi.org/10.1038/s41467-022-34614-w

‘ Charge qubit b
/‘ Transmon R q)d'ff/(D0=O-O
102 . E E E / A Fluxonium: Darray o) I /(D =0.5
c X o L * WV Fluxonium: nanowire diff 0
¢ext /7 [ Fl i . 2
K uxonium: grAl =
L v /l“ <« Fluxonium: geometric o
LIEI) 10' 5 / Heavy fluxonium g L,C
E‘ ) < / Quasicharge g)
4 ,’ Quarton %
160 49 / rf SQUID qubit >
0 ““]‘ / #  Plasmonium
* 7 Inductively shunted transmon
,' Unimon
_ / - i
10-1 r T . . r Cancellation of £yand E.
0 1072 107! 10° 10' 102
E/E
C Ee c d |
) 0}
1 ravit
LAx I\ g Yy
) YN 0 000 :
y N
® CAx ® ® . ® L
D1 D,y E, Dyift, 2 | D, +1 e
d 0 o
+ + —
e Vi e v iimm 1C §  Qubit drive Flux control
| 4 ]
1 == l . AWG our YHFQA Battery
' 1 = mﬂj\' W .
| 4 I I I
1 LO Q LO Q Lo Q
1 RF] RF RF

e gy by e Ve ey

5
~

7
\\ AL
NN o7
Hb iy
N )
\\‘ s
\ e
|

e

Probe
line

TV v e T Y

DR UL R R B A A ] U

Readout Drive

Qubits -
resonators lines

Fig. 1| Unimon qubit and its measurement setup. a Superconducting-qubit
types, described by the circuit in the inset, mapped by their energy scales:
Josephson energy £; and inductive energy £ compared with the charging energy Ec.
Unimons lie near the red dashed line leading to the cancellation of the linear
inductive energy by the quadratic contribution of the Josephson energy at half flux
quantum ®/2. The black star denotes the unimons realized in this work and the
other experimental data points are from refs. 32, 34, 37, 39, 42-44, 46-48, 80, 81.
b Schematic unimon circuit consisting of a Josephson junction (;, C)) in a grounded
coplanar-waveguide (CPW) resonator of length 2/ and an inductance and capaci-
tance per unit length of L, and C, respectively. The voltage envelope functions of
the qubit mode are also illustrated at external-flux biases ® g = (Pext,2 ~ Pexc.1)/
2=0.0 (dashed line) and ® ;= Do/2 (solid line). ¢ Distributed-element circuit

n !i : HEMT

B

model of the unimon, in which the CPW is modeled by N inductors L,Ax and
capacitors C/Ax, where Ax = 2[/N. d Schematic illustration of a mechanical inverted
pendulum system, the Hamiltonian of which is identical to that of the lumped-
element unimon circuit in (a). In this analogy, the gravitational potential energy
corresponds to the Josephson potential, the harmonic potential energy of the
twisting beam corresponds to the inductive energy, the moment of inertia corre-
sponds to the capacitance of the unimon, and the angle of the zero twist position
corresponds to the flux bias ®g;s. € False-color microscope image of a silicon chip
containing three unimon qubits (blue) together with their readout resonators (red),
drive lines (green), and a joint probe line (yellow). f Simplified experimental setup
used to measure the unimon qubits at 10 mK (see Supplementary Methods IV for
details).

the gravitational potential energy of the pendulum corresponds to the
cosine-shaped Josephson potential, the harmonic potential energy
associated with the twisting of the beam corresponds to the inductive
energy of the unimon, and the moment of inertia of the pendulum is
analogous to the capacitance in the unimon. Furthermore, the twist
angle ¢ is analogous to the superconducting phase difference ¢, of

In this work, we employ the parameter regime £ S E; () = E; to
provide a large anharmonicity without any superinductors. As a result,
it is instructive to use the Taylor expansion of the cosine and write the
sweet-spot Hamiltonian of the unimon in Eq. (2) as

the qubit mode across the Josephson junction. This mechanical analog ; 2 E (M —E 5 Ej o4 . 6

= + = gL+ 3
provides great intuition to the physics of the unimon. Hin =4E ¢ () 2 O™ 24 Pm OWm)- 3
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Fig. 2 | Resonator and qubit B spectroscopies. a Magnitude of the readout signal
voltage transmitted through the probe line as a function of the signal frequency and
the flux bias ® ;¢ of the unimon. b Magpnification at an avoided crossings of a, where
aunimon and its readout resonator are close to resonance, together with a fit (solid
black line) used to estimate the coupling capacitance C, between the qubit and the
resonator. The fit is based on diagonalizing Eq (5) in “Methods”. ¢ Magnitude of the
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readout signal at a properly chosen readout frequency as a function of the flux bias
®gir and qubit excitation frequency, revealing the spectral lines of the unimon
together with global fits to the theoretical model 1 and 2 (“Methods”). The insets
show magpnifications at the flux sweet spots, highlighting that at half flux quantum,
the unimon frequency is minimized whereas its anharmonicity is maximized.
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Fig. 3 | Measurement of key qubit properties. a Predicted (solid lines) and
measured anharmonicities of five unimon qubits (markers) at flux bias ® g = /2
as functions of the Josephson energy £; estimated from data similar to Fig. 2c using
the models 1 (blue color) and 2 (orange color) presented in “Methods”. The dashed
yellow line highlights the £; that perfectly cancels the linear inductive energy in
model 1. The capacitive qubit energy Ec ., in model 1 follows the dashed purple line,
whereas the purple shading visualizes typical transmon anharmonicities.

b Experimentally measured mean energy relaxation time 7; of qubit B (blue circles)
asafunction of the qubit frequency fo; together with a model (solid line) taking into
account dielectric losses (dashed yellow line) and the Purcell decay (dashed purple

line). The error bars represent the standard error of the mean obtained from 6 to 30
repetitions of single 7; measurements conducted at each frequency. ¢ Relaxation
time 73, Ramsey coherence time T;, and echo coherence time T35 of qubit B as
functions of the flux bias ®4;¢rin the vicinity of @i = ®o/2. The error bars of T; and
T, represent the standard error of the mean based on 8 repeated experiments,
whereas the error bars of T3 represent the standard error derived from the stan-
dard deviations of the fitted dephasing rates l';,a, and I';O by applying Eq. (12). The
green and orange lines illustrate fits to TS and T, data based on models regarding
the dephasing rate as a linear function of 9fo,/0® 4ir (“Methods”). The red line shows
the detuning of the qubit frequency from its minimum value 4.49 GHz.

The quadratic term proportional to (£ ,,,() — E)) is mostly cancelled in
the unimon regime, which emphasizes the high-order terms in the
potential energy and hence increases the anharmonicity of the qubit.
This cancellation bears resemblance to the quarton qubit*” with the
distinctive difference that the quadratic inductive energy of a quarton
qubit is only an approximation for the actual potential energy function
of a short Josephson junction array, as a result of which the quarton
circuit is not fully protected against low-frequency charge noise unlike
the unimon.

To experimentally demonstrate the unimon qubit, we design and
fabricate samples, each of which consists of three unimon qubits as
illustrated in Fig. le. We use niobium as the superconducting material
apart from the Josephson junctions, in which the superconducting
leads are fabricated using aluminum (see Sample Fabrication in
Methods). The CPW structure of the unimon is designed for char-
acteristic impedance Z=100 Q to reduce the total capacitance of the
unimon in comparison to a standard 50 Q resonator. Each qubit is
capacitively coupled to an individual drive line that enables single-
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Fig. 4 | Implementation of fast and stable single-qubit gates for qubit B.

a Average gate fidelity as a function of the gate duration for gates in the set

{I, X(1r/2), Y(1r/2)}. The error bars represent the standard error of the mean based
on six interleaved randomized benchmarking experiments. The dashed black
line shows the coherence limit computed based on the mean values of the
energy relaxation time T; and the echo coherence time T5. The inset shows the
results of an exemplary interleaved randomized benchmarking experiment
corresponding to a gate duration of 20 ns. b Average gate fidelity F; measured
with randomized benchmarking as a function of time lapsed from the initial gate
and parameter calibration. The error bars represent the standard error of the

mean from three consecutive randomized benchmarking experiments. The
dashed black line shows the coherence limit that has been computed using the
mean values of T; and T5 measured interleaved with the gate fidelity. The left
inset illustrates the decay of the sequence fidelity as a function of its length in an
exemplary randomized-benchmarking experiment. The right inset shows the
histogram of the gate fidelities obtained over the measurement period of eight
hours. ¢ Stability of T3, TS, and the Ramsey coherence time T over a period of
eight hours. The qubit parameters were calibrated only once before the char-
acterization measurements. The error bars represent the standard error of the
mean from three consecutive measurements.
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Fig. 5| Potential-energy function, energy scales, and matrix elements of qubit B
based on model 1. a, b Potential energy of the unimon based on equation (4) in

Methods as a function of the phase variable ¢,, of mode m together with the four
lowest eigenenergies and corresponding phase-basis wave functions at flux biases
of Ogirr =0 (@) and Dgjrr = Do/2 (b). Note that the second mode of the circuit is used
as the qubit at @ g = 0 and the first mode at ® ;= Po/2. ¢ Energy scales Ec m, E; m,
E;, and E; of the qubit as functions of ®gg. Here, Ec,,, and £, ,, are the capacitive and
inductive energies of the qubit mode, £, is the inductive energy corresponding to a

dc current in the center conductor of the qubit, and £; is the Josephson energy. We
also show an effective charging energy E¢ o = €/(4C/l) computed based on the total
capacitance 2C/ of the transmission line of the unimon. d Off-diagonal matrix
elements |(i|f1,, |j)| of the Cooper pair number operator 7,, for the four lowest-
energy states of the qubit mode m as functions of . €, As d but for the phase
operator ¢,,. In all panels, the results have been obtained by using the theoretical
model 1 in “Methods” and the measured parameter values of qubit B reported in
Table 1.

qubit rotations in a similar manner as for conventional transmon
qubits by applying attenuated microwave pulses along the drive line as
illustrated in the simplified schematic of the experimental setup in
Fig. 1f (see also Supplementary Methods IV for a more detailed illus-
tration of the setup). All experiments are carried out at 10 mK base
temperature of a pulse-tube-cooled dilution refrigerator. Furthermore,

each qubit is capacitively coupled to a readout resonator using a
U-shaped capacitor in order to enable dispersive qubit state
measurements®>** similar to those conventionally used with transmon
qubits®. The frequency of the qubits is tuned by applying a current
through an external coil attached to the sample holder such that one
flux quantum ®, approximately corresponds to 10 uA.
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Table 1| Characteristic parameter values for the five measured unimon qubits

Qubit 2( L C, E;/h Eym/h Ecm/h woi/(2m)  of(2m) Xg Cq4 lgorl/(2m)  x/(2m) f, K/(2m)
(mm) (uH/m) (pF/m) (GHz) (GHz) (GHz) (GHz) (MHz) (mm) (fF) (MHz) (MHz) (GHz) (MHz2)

A 8.0 0.821 87.1° 23.3 24.9 0.318 3.547 744 0.596 9 53.5 0.74 5.826 0.43

B 8.0 0.821 87.1 19.0 25.2 0.297 4.488 434 0.596 10 70.0 1.2 6.198 1.24

C 8.0 0.821 87.1° 17.4 25.3 0.290 4.781 343 0.596 12.5 79.7 9.20 5.522 9.2

D 8.0 0.821 87.1° 14.8 25.7 0.278 5.257 214 0.596 12.5 85.7 20.2 5.699 10.0

E 8.0 0.821 87.1" 15.0 25.7 0.279 5.224 257 0.596 12.5 92.3 41 6.156 1.8

For each of the characterized qubits, the data includes the total length 2! of the center conductor in the qubit, the fitted inductance L, and capacitance C; per unit length of the center conductor, the
fitted Josephson energy E), the inductive and capacitive energies E; , and Ec,m, the measured qubit frequency we/(2m), the measured anharmonicity a/(2m), the location xq of the unimon-resonator
coupling point with respect to the junction, the measured coupling strength |gosl/(2m) between the qubit and its readout resonator providing the corresponding coupling capacitance Cgy, the

measured dispersive shift x/(2m), the measured frequency of the readout resonator f,, and the measured linewidth of the readout resonator k/(2m). All the fitted values were estimated using theory
model 1 (“Methods”). The values of the flux-dependent quantities E; ,, Ec,m, ®oi/(21), o/(21), goi/(2m), x/(2m), and f, are reported at Dgies = Do/2. The asterisks denote the fact that the inductance L;
and capacitance C; per unit length are estimated by fitting the theoretical model to the spectrum of qubit B and that equal values are used for the other qubits due to an identical cross section of
the co-planar waveguide in all qubits. The inductive and capacitive energies E; ,, and Ec,, are computed using the theoretical model 1(“Methods”) which is also used to obtain the measured values of

E, L, and C,.

Table 2 | Results of coherence characterization and
randomized-benchmarking (RB) experiments for the five
unimon qubits

Dyits = Do/2

Qubit T T, TS A, RB fidelity ~Gate

duration

(us) (us) (us) (uDo) (%) (ns)

A 7.2 1.9 6.8 6.1 99.81 13.3

B 8.6 3.1 9.2 15.0 99.90 13.3

© 5.8 2.3 9.3 n.2 99.54 40

D 3.9 2.3 7.0 1.1 99.63 20

E 5.6 2.5 n.4 14.3 99.86 13.3

The measured energy relaxation time T;, the measured Ramsey coherence time T, the mea-
sured echo coherence time T3, the flux noise density parameter Aq, , at1Hz estimated from the
echo coherence time, the average fidelity per microwave gate from standard RB experiments,
and the gate duration used in the RB experiments. All of the values are measured in the
immediate vicinity of the sweet spot ®gjts = Do/2.

Experimental results on unimons

We experimentally study five unimon qubits, A-E, on two different
chips. In all of the qubits, the geometry of the CPW resonator is similar,
but the qubits have different Josephson energies £; corresponding to
different amounts of cancellation < (£, ,,(m) - £;) of the quadratic
potential energy terms. Furthermore, the coupling capacitance
between a qubit and its readout resonator has been designed to be
different on the two chips. We present the main measured properties
for all of the five qubits in Tables 1 and 2. Design targets of the para-
meter values are provided in Supplementary Table 2 in Supplementary
Methods V. The results discussed below are obtained from qubit B
unless otherwise stated.

In Fig. 2a, we show the microwave response of the readout reso-
nator as a function of the flux bias @4 through the unimon loops. We
observe that the frequency of the readout resonator changes peri-
odically, as expected, since a change of flux by a flux quantum has no
observable effect on the full circuit Hamiltonian in Eq. (1). Further-
more, the frequency of the readout resonator exhibits an avoided
crossing where the first transition frequency of the bare qubit fo; = o1/
(2m) crosses the bare resonator frequency. By fitting our theoretical
model of the coupled unimon-resonator system (see Methods and
Supplementary Methods II) to the experimental data of the avoided
crossing shown in Fig. 2b, we estimate that the coupling capacitance
between the qubit and the readout resonator is C;=10.0 fF in good
agreement with the design value of 10.4 fF obtained from our classical
electromagnetic simulations.

Figure 2c shows the results of a two-tone experiment to map the
qubit frequency spectrum (Methods). We observe that the single-

photon transition between the ground state |0) and the first excited
state |1) has a minimum frequency of fo; = 4.488 GHz at ® 4/ Do = - 0.5
and a maximum frequency of fo;=9.05 GHz at ®gr=0. The two-
photon transition |0) <> |2) is also clearly visible, which allows us to
verify that the anharmonicity a/(2m) = f1, — fo; of the qubit is enhanced
at the sweet spot @ y;r/ P = —0.5 to a/(2m) = 434 MHz. (See Fig. 6 for an
alternative agreeing way to measure the anharmonicity.)

Figure 2c presents fits to the experimental transition frequencies
for and fo,/2 based on two theoretical models of the circuit Hamilto-
nian, the first of which corresponds to Eq. (1) (model 1 in “Methods”)
and the second of which is based on a path integral approach that does
not require the dc phase ¢, to be treated as a classical variable (model
2 in Methods). The fits agree very well with the experimental transition
frequencies, especially near the sweet spots ®gir=0 and @i/
o =-0.5. Importantly, this good agreement with the models and the
qubit frequency and anharmonicity is obtained with only three fitting
parameters in a broad range of flux biases, and hence confirms our
interpretation of the unimon physics (Fig. 1d) and justifies the use of
the models for reliable predictions of promising parameter regimes.
According to the fits of model 1 (model 2), the capacitance and
inductance per unit length of the unimon have a value of C;= 87.1 pF/m
(C;=79.8 pF/m) and L;=0.821 pH/m (L,;= 0.893 pH/m), respectively, in
good agreement with the design values of C;=83 pF/m and L,;=0.83
HH/m.

The measured sweet-spot anharmonicities of the five qubits are
shown in Fig. 3a as functions of the Josephson energy £ that is esti-
mated by fitting the models 1 and 2 to the qubit spectroscopy dataasin
Fig. 2c. The measured anharmonicities are slightly lower, but very close
to the values predicted by the two theoretical models. The qubits A
and B exhibit the highest anharmonicities of a/(2m) =744 MHz and 434
MHz, respectively, as a result of the largest cancellation between the
inductive energy E; ,, and the Josephson energy £;. Importantly, the
anharmonicity of the qubits A and B is significantly higher than that of
typical transmon qubits, 200-300 MHz*. Furthermore, the measured
anharmonicities greatly exceed the capacitive energy Ec ,, of the qubit
mode unlike for transmons.

To study the mechanisms determining the energy relaxation time
T, of the unimon, we measure T; as a function of the qubit frequency as
shown in Fig. 3b (see also Figs. 7 and 8). At the ® ;= ®o/2 sweet spot,
we find T;=8.6 us, whereas T; = 4.6 s at Qg = 0. Between these flux
sweet spots, the relaxation time attains a minimum in a frequency
range close to the frequency of the readout resonator f; = 6.198 GHz.
This behavior of T; can be reasonably explained by dielectric losses
with an effective quality factor of Qc~3.5x10° and Purcell decay
through the readout resonator (see “Methods” and Supplementary
Methods IlI). This suggests the qubit energy relaxation to be domi-
nated by dielectric losses at ®y;;r= /2. The estimated quality factor
of this first unimon qubit is almost an order of magnitude higher than
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Fig. 6 | Estimation of qubit anharmonicity using Rabi oscillations.

a Measurement sequence of an ef-Rabi experiment. In the experiment, the qubit is
first prepared in the excited state with a r-pulse at the frequency fg. matching with
the qubit frequency fo; followed by another pulse with a fixed duration but a
varying frequency ferand a varying amplitude. After applying the pulses, the output
readout voltage is measured. Output readout voltage as a function of the amplitude

0.00 0.05 0.10 0.15 0.20 0.25

e-f pulse amplitude (arb. u.)

0.30

of the ef-pulse and the frequency difference fer - fge in an ef-Rabi experiment con-
ducted for qubits A (b) and B (c). The resulting observed Rabi oscillations between
the first and the second excited states of the unimon comfirm that the anharmo-

nicities a of qubits A and B are approximately 744 MHz and 434 MHz, respectively,
as measured using a two-tone qubit spectroscopy such as that shown in Fig. 2c.
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Fig. 7 | Dispersive shift and single-shot qubit readout. a Measured dispersive
shift x for different unimon qubits at a flux bias of ®gr= Do/2 (blue circles) toge-
ther with theoretical predictions (orange squares) computed using Eq. (8) in
“Methods” based on the measured qubit frequency, measured anharmonicity, and
the fitted coupling capacitance Cg, all of which are reported in Table 1. b Readout
voltages in the /Q plane for a single-shot readout experiment conducted for qubit E.
The qubit is prepared either to the ground state (blue dots) or to the excited state
(orange dots) followed by a single-shot state measurement implemented using a
readout pulse with a duration of 1.6 ps. The state preparation was repeated 2000

0 5 0
I(mV) I[std]
times for both the ground state and the excited state. The solid black line illustrates
the optimal single-shot classification boundary corresponding to a readout fidelity
of 89.0%. The classification errors are 5.0 and 17.0% when preparing the qubit to the
ground state and to the excited state, respectively. ¢ Probability density distribu-
tions for the single-shot voltage corresponding to the qubit prepared to the ground
state (blue dots) or to the excited state (orange dots). The single-shot voltages have
been projected along a line perpendicular to the classification boundary. The solid
lines denote fits to the measured probability densities based on a model involving a
sum of two Gaussian functions.

for the geometric-superinductance qubits*, but of the same order of
magnitude as for fluxonium qubits®* and an order of magnitude
lower than in state-of-the-art transmons®. Improvements to design,
materials, and fabrication processes are expected to reduce the
dielectric losses in future unimon qubits compared with the very first
samples presented here.

To characterize the sensitivity of the qubit to flux noise, we
measure the Ramsey coherence time T, and the echo coherence time
TS with a single echo m-pulse (see Fig. 8) as a function of the flux bias
Dg;ier. Figure 3¢ shows that T; and T3 are both maximized at ®g;er = ®o/

2, reaching 3.1 and 9.2 ps, respectively. Away from the sweet spot, the
Ramsey coherence time T, degrades quickly, but the echo coherence
time T35 stays above 1 s even if the qubit frequency is tuned from the
sweet spot by over 30 MHz. Assuming that the flux noise is described
by a 1/f noise model Smm(w)=2nA§, /@, we estimate a flux noise
density of A, /vHz=15.0 u®, /Jﬁid based on the flux dependence
of T (“Methods”). The estimated flux noise density is an order of
magnitude greater than in state-of-the-art SQUIDS®, but an order of
magnitude lower than reported for all previous geometric-
superinductance qubits*.
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T1=8.5+0.1 ps at gir = 0 and D/2, respectively. b Measured mean T; as a function
of the qubit frequency fo; (blue circles) and its theoretical predictions from dif-
ferent indicated loss mechanisms that are scaled to coincide with the experimental
data at @i = Do/2 excluding Purcell decay. The error bars provide the standard
error of the mean based on 6-30 repeated 7; measurements. ¢ Measured (markers)
and fitted (dashed line) excited-state probability as a function of the delay time
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between the X(17/2) pulses of a Ramsey measurement (see inset) conducted at
®girr= 0 using a detuning of 0.6 MHz between the drive and qubit frequencies. d As
¢ but for @y = Dp/2 and a detuning of 2.5 MHz. e Measured excited-state prob-
ability (markers) as a function of the delay time between the X(17/2) pulses in a T,
echo measurement (see inset) conducted at the sweet spots @i =0 (blue color)
and @i = Po/2 (orange color). The dash lines provide exponential fits to the data.
f As e but for ® /Do = 0.493. Here, the dashed line shows a model corresponding
to a product of a Gaussian and an exponential with decay rates I';,q, =0.60pus!and
Ig,0=0.09 s, respectively.

At Dgir= 0 in contrast, we measure a Ramsey coherence time of
T,=6.8ps and a T-limited echo coherence time of T5=9.9 us. The
dephasing rate is lower here than at ®4;¢=-®o/2 since the qubit fre-
quency is less sensitive to the external flux difference due to the lower
second-order contribution |0’we;/*®4;r|. Note that the anharmonicity
of the qubit at ®4ir=0 is only a/(2m) =-58 MHz, and hence this
operation point is not of great interest for implementations of high-
fidelity quantum logic.

Next, we demonstrate that the high anharmonicity of the unimon
and its protection against charge and flux noise enable us to imple-
ment fast high-fidelity single-qubit gates. To this end, we calibrate
single-qubit gates of duration ¢, €[13.3,46.6] ns using microwave
pulses parametrized according to the derivative removal by adiabatic
gate (DRAG) framework®’. To characterize the average fidelity of
gates in the set {/, X(11/2), Y(11/2)}, we utilize interleaved randomized
benchmarking®® (“Methods”). Figure 4a shows that we reach a
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practically coherence-limited fidelity of 99.9% for I, X(11/2), and Y(r/2)
gates at 13.3 ns duration. Our electronics limit the shortest gate pulses
to 13.3 ns although the anharmonicity should allow for high-fidelity
gates down to 5 ns duration corresponding to a gate fidelity of 99.97%
with the reported coherence properties.

To study the long-term stability of the gate fidelity, we first cali-
brate 20 ns single-qubit gates and then conduct repetitive measure-
ments of the average gate fidelity using standard randomized
benchmarking>®° without any recalibration between repetitions. Fig-
ure 4b indicates that the measured gate fidelity is stable over the full
period of eight hours with an average fidelity of 99.88 + 0.02%, prac-
tically coinciding with the coherence limit of 99.89%. This stability can
be attributed to the relaxation time 7; and the coherence times T, and
TS staying practically constant in time as illustrated in Fig. 4c.

Discussion

In conclusion, we introduced and demonstrated the unimon qubit that
has a relatively high anharmonicity while requiring only a single
Josephson junction without any superinductors, and bearing protec-
tion against both low-frequency charge noise and flux noise. The
geometric inductance of the unimon has the potential for higher
predictability and reproducibility than the junction-array-based
superinductors in conventional fluxoniums or in quartons. Thus, the
unimon constitutes a promising candidate for achieving single-qubit
gate fidelities beyond 99.99% in superconducting qubits with the help
of the following future improvements: (i) redesign of the geometry to
minimize dielectric losses® currently dominating the energy relaxa-
tion, (ii) use of recently found low-loss materials®®, and (iii) reduction of
the gate duration to values well below 10 ns allowed even by the
anharmonicities achieved here. Future unimon research is also needed
to study and minimize the various on-chip cross talks, implement two-
qubit gates, and to scale up to many-qubit processors. To further
reduce the sensitivity of the unimon to flux noise and to scale up the
qubit count, it is likely beneficial to reduce the footprint of a single
unimon qubit using, e.g., a superconductor with a high kinetic induc-
tance in the coplanar-waveguide resonator. The anharmonicity of the
unimon at flux bias ®g;r=®o/2 has an opposite sign to that of the
transmon, which may be helpful to suppress the unwanted residual ZZ
interaction with two-qubit-gate schemes that utilize qubits with
opposite-sign anharmoncities®>®. In analogy to the quarton, the
dominance of the quartic term in the potential energy of the unimon
may enable extremely fast two-qubit gates and qubit readout in
schemes utilizing the unimon as a coupler for transmon qubits®*. The
distributed-element nature of the unimon provides further opportu-
nities for implementing a high connectivity and distant couplings
in multi-qubit processors. The parameter values we have demon-
strated in this work for the qubit-resonator coupling capacitance and
for the corresponding coupling strength are sufficient for imple-
menting high-fidelity two-qubit gates employing the typical coupling
schemes for transmons®*¢, as we numerically simulate in Supple-
mentary Note | in Supplementary Materials for the cross-resonance
gate. In the future, we also aim to study the utilization of other modes
of the unimon circuit, for example, for additional qubits and qubit
readout.

Methods

Hamiltonian based on a model of coupled normal modes
(model 1)

Here, we provide a brief summary of the theoretical model 1 that is
used to derive a Hamiltonian for the unimon qubit, starting from the
normal modes of the distributed-element circuit illustrated in Fig. 1c. A
complete derivation is provided in Supplementary Methods I. In this
theoretical model, we extend the approach of ref. 67 to model phase-
biased Josephson junctions in distributed-element resonators in the
presence of an external magnetic flux.

In the discretized circuit of Fig. 1c, the Josephson junction is
located at x; and we model the CPW resonator of length 2/ using N
inductances L,Ax and N capacitances C;Ax with Ax =2//N. Based on this
circuit model, we construct the classical Lagrangian of the system
using the node fluxes W;= ffoo Vit dt as the coordinates with V;
denoting the voltage across the i:th capacitor®®. From the Lagrangian,
we derive the classical equations of motion for the node fluxes and
take the continuum limit resulting in a continuous node-flux function
Yx)= ffm V(x,t')dt. Under the assumption of a sufficiently homo-
geneous magnetic field, the flux at the center conductor ¢(x) is
described with the wave equation ¢ = uf,axxzp, where the phase velocity
is given by v, =1/,/L,C;, where L; and C; denote the inductance and
capacitance per unit length. Furthermore, we obtain a set of boundary
conditions corresponding to the grounding of the CPW at its end
points and the current continuity across the junction.

In the regime of small oscillations about a minimum of the
potential energy, the classical flux ¢(x) can be decomposed into a sum
of a dc component and oscillating normal modes. Using this decom-
position and linearizing the junction in the vicinity of the dc operation
point, we derive the classical normal-mode frequencies {w,,/(2m)},;_
and dimensionless flux-envelope functions {u,,(x)};._,. Subsequently,
we invoke a single-mode approximation, in which the flux ¢(x) is
expressed as P(x, £) = Do@ouo(X)/(21) + Pr(Ou,(x), where m is the
mode index corresponding to the qubit, ¢, is the dc Josephson phase,
and y¢,,(¢) describes the temporal evolution of the flux for the qubit
mode m. The dc phase ¢ is controlled by the flux bias @ as
@0 +21L;Sin(@o) /L, =2 ® 4 /Dy, where L= D /(2m)* /E, s the effec-
tive Josephson inductance.

Finally, we quantize the classical Hamiltonian under the single-
mode approximation and obtain

0 N 1 N . 2Dy, )
Hm =4EC,m(¢0)nfn + EEI.,m(q)O)wfn +Elq)m ( ®Od|ff - (00) - EJ COS((pm - (Po)r
“4)

where 71, and ¢,, are the charge and phase operators corresponding
to the qubit mode and satisfying [, i,,] =i, E, = ®3 /(2m) /(2IL,) is the
inductive energy of the dc component, and the capacitive energy
Ecm(po) and the inductive energy E; ,,(¢o) of the qubit mode m are
functions of ® ;¢ and circuit parameters according to Supplementary
Eqgs. (27), (30-34), (37-38), and (40) in Supplementary Methods 1.

The phase-basis wave functions and the potential energy based on
the Hamiltonian in Eq. (4) are illustrated in Fig. 5a, b for the parameter
values of the qubit B. In Fig. 5c-e, we further show the characteristic
energy scales of the unimon (E¢,,, E; m, E;), the charge matrix elements
(i, |j> and the phase matrix elements (i|®,, 1j> as functions of ®g;s,
where we denote the k-photon state of mode m by |k).

In our qubit samples, each unimon is coupled to a readout reso-
nator via a capacitance Cg at a location x to allow measurements of the
qubit state. As derived in Supplementary Methods II, the Hamiltonian
of the coupled resonator-unimon system is given by

H=hoala,+ > haylj) GI+hd_ (g5l Ulal +g5li) @a), ()
J ij

where f,=w,/(2m) is the resonator frequency, a, is the annihilation
operator of the readout resonator, {fiw;} and { |j>} are the eigenenergies
and eigenstates of the bare unimon qubit, and the coupling strengths
gjj are given by

Cou,,(x,)Au, Lo von .
=4 EmIE M [SMiling, ), 6
gy r2C[I+CJ+CgUm(Xg)2 RK<| ml/> (6)

where Au,, =u,,(x}") — up,(xy), G is the junction capacitance, Z, is the
characteristic impedance of the resonator, and Rx=h/e* is the von
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Klitzing constant. Assuming that |w; — wo — @,| > |Z01|, We invoke the
dispersive approximation allowing us to simplify Eq. (5) as (see Sup-
plementary Methods II)

- . hwp . FEE
Hsp = h,a}a, —~206, — hyala,o,, @)

where w, and w{, are the renormalized resonator and qubit fre-
quencies, 0, =|0) (0| — [1)(1], and the dispersive shift x is approximately
given by

lga* 1 Igpl ®)
W — Wy — 0, 20, — 0 —0

X:

Although the dispersive approximation involves a minor transforma-
tion of the qubit and resonator operators, we have for simplicity used
identical symbols for the transformed and original operators.

Hamiltonian based on a path integral approach (model 2)
Here, we summarize our alternative theoretical approach for evalua-
tion of the unimon spectrum. The unimon consists of a non-linear
element (the Josephson junction) embedded into a linear non-
dissipative environment (the A/2 resonator) as shown in Fig. 1. This
environment can be integrated out by the means of a path-integral
formalism resulting in an effective action for a single variable, the flux
difference _ across the junction. This action appears to be both non-
Gaussian and non-local in imaginary time, and hence extremely chal-
lenging to integrate it analytically. In order to obtain the low-frequency
spectrum of the unimon, we approximate the non-local part of the
action by coupling the ¢_ degree of freedom to M auxiliary linear
modes, each described by a flux coordinate xi, k=1, ..., M. As described
in detail in the Supplementary Methods I, the effective Hamiltonian of
the unimon in this model reads as
2 22 M 2 22 2
Hy= % + ng;* Eycos [(Z)TZ (‘P- +¢’diff)} + kZ; {% + % (%) +ak5(k‘2)—} ,
)

where [X4,4,,] = 1764, [¢_,Q_]1=ih, and all other single-operator
commutators are zero, and the parameters C, Ly, and ai are
determined by Supplementary Egs. (76)-(78). In the limit M - «, this
approximation becomes exact. We restrict our analysis to the lowest
auxiliary mode which gives a non-vanishing contribution to the
unimon spectrum. Note that if the unimon is symmetric (x;=0), the
coupling of the Josephson junction to the first mode of the resonator
vanishes, i.e., a; = 0, and hence we need to consider the case M=2. This
approximation defines our model 2 which appears accurate enough
for the quantitative analysis of the experimental data.

In addition to the technicalities related to the derivation of the
models, the main difference between models 1 and 2 lies within the
different employed approximations. In model 1, we take the linear part
of the unimon into account exactly after linearizing the circuit at the
minimum of the potential given by the dc phase, but we apply the
single-mode approximation. Model 2 does not require us to solve the
dc phase, and consequently we can conveniently work also in the
regime E;>E, which is problematic for model 1 owing to multiple
solutions for the dc phase. The price we pay for this advantage is that
we consider the linear part of the problem to some extent approxi-
mately and that we need to solve a multidimensional Schrédinger
equation.

Design of the qubit samples

The samples are designed using KQCircuits®® software which is built to
work with the open-source computer-automated-design program
KLayout™®. The designs are code-generated and parametrized for

convenient adjustments during the design process. As illustrated in
Fig. 1e, each of the qubit chips comprise three unimon qubits which are
capacitively coupled to individual readout resonators via U-shaped
capacitors. All readout resonators are coupled with finger capacitors
to the probe line using a single waveguide splitter. For multiplexed
readout, the frequencies of the readout resonators are designed to be
separated by 300 MHz. All of the unimons have the Josephson junction
at the mid-point of the waveguide and are capacitively coupled to
individual drive lines.

We present the design values of the main characteristic properties
for all of the measured five qubits in Supplementary Table 2 in Sup-
plementary Methods V. To obtain the geometries of the qubit circuits
that yield the desired physical properties, first, the dimensions of the
center conductor of the qubit are chosen in an effort to obtain the
characteristic impedance of Z = /L, /C,; =100 Q. Here, the capacitance
per unit length is C;=2¢eo(e, —1)r; + G5, and the inductance per unit
length is L;=1/(C,i,c»), where €q is the vacuum electric permittivity,
€,=1145 is the relative dielectric constant of the substrate,
ri=K(r3)/K(@ — r3), where K denotes the complete elliptic integral of
the first kind, r, = tanh[ma/(4n)]/ tanh[mb/(4n)], a is the width of the
center conductor of the qubit, 7 is the thickness of the substrate, b is
the total width of the qubit waveguide, C,=2€o(r;+r3), where
r;=K(3)/KQ1 —r}), ry=a/b, and c is the speed of light”. Second, a
series of finite-element simulations is executed on Ansys Q3D Extrac-
tor software to obtain the dimensions of the U-shaped capacitors with
the target values of approximately 10 fF for the coupling capacitances
C, between the readout resonators and the qubits. Third, the dis-
persive shift of the qubit is approximated based on Eq. (8) as x = a|go:|/
[A(A + a)], where a/(2m) =500 MHz is a rough estimate for the anhar-
monicity of the unimon, |goy|/(2m) is the targeted coupling strength
between the qubit and its readout resonator, and A=2m(fo; —f).
Finally, we adjust the length of the readout resonator and the capaci-
tance C, between the resonator and the probe line in order to obtain a
resonator linewidth of k = y and a resonator frequency of f.. To this end,
we carry out the microwave modeling of the device netlist, from which
we obtain estimates for the resonant modes and their respective
linewidths.

Sample fabrication

The qubit devices were fabricated at the facilities of OtaNano Micro-
nova cleanroom. First, we sputter a 200 nm-thick layer of highly pure
Nb on a high-resistivity (p > 10 kQcm) non-oxidized undoped n-type
(100) 6-inch silicon wafer. Then, the coplanar waveguide is defined in a
mask aligner using photo resist. After development, the Nb film is
etched with a reactive ion etching (RIE) system. After etching, the resist
residuals are cleaned in ultrasonic bath with acetone and isopropyl
alcohol (IPA), and dried with a nitrogen gun. Subsequently, the 6-inch
wafer is cleaved into 3 x 3 cm? dices by Disco DAD3220, including nine
chips in total. Each chip is 1x1 cm?.

The tunnel junctions are patterned by a 100 keV EPBG5000pES
electron beam lithography (EBL) system with a bilayer of methyl
methacrylate/poly methyl methacrylate (MMA/PMMA) resist on a sin-
gle chip. This is followed by a development in a solution of Methyl
isobutyl ketone (MIBK) and IPA (1:3) for 20 s, Methyl Glycol for 20 s,
and IPA for 20 s. The resist residues are cleaned with oxygen descum
for 15 s. The two-angle shadow evaporation technique is applied to
form the SIS junctions in an electron beam evaporator. Before eva-
poration, the native oxides are removed by Ar ion milling. Aluminum is
deposited at a rate of 5 A/s. After lift off in acetone, each chip is cleaved
by Disco DAD3220, then packaged and bonded with Al wires.

Measurement setup

For the experimental characterization, the packaged qubit devices
are cooled down to a temperature of 10 mK using a commercial dilu-
tion refrigerator. The packaged samples are shielded by nested
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mu-metal and Aluminum shields. The ports of the sample holder are
connected to room temperature electronics according to the more
detailed schematic diagram that can be found in Supplementary
Methods IV.

To implement the microwave signals for driving the qubits, we up-
convert in-phase (/) and quadrature-phase (Q) waveforms generated by
an arbitrary waveform generator with the help of an /Q mixer and a
local oscillator signal. The generated microwave signal is passed
through a room temperature dc block and 60 dB of attenuation within
the cryostat before reaching the sample.

For the qubit-state readout, we use an ultrahigh-frequency
quantum analyzer (UHFQA) by Zurich Instruments. Using the
UHFQA, we create an intermediate-frequency voltage signal that is up-
converted to the frequency of the readout resonator with an /Q mixer
and alocal oscillator. The obtained microwave signal is passed through
60 dB of attenuation within the cryostat before entering the probe line.
The output readout signal passes through two microwave isolators and
a cryogenic high-electron-mobility transistor (HEMT) for amplification.
At room temperature, the output signal is further amplified using a
series of amplifiers and down-converted back to an intermediate fre-
quency. In the UHFQA, the down-converted voltage signal is digitized
and numerically converted to the base band. Due to the qubit-state-
dependent dispersive shift of the readout resonator [see Eq. (7)], the
measured output voltage is also dependent on the qubit state.
To enable convenient calibration of the /Q mixer used for the qubit
drive, the setup also includes a room temperature switch enabling us
to alternatively down-convert and measure the up-converted
drive signal.

To control the external flux difference, we use an external coil
connected to a dc voltage source via two 50 kQ resistors and a series of
low-pass filters at room temperature and at the 100 mK stage of the
cryostat. The coil is not specifically designed to yield a magnetic-field
gradient required to bias the unimon, but such a gradient forms
naturally owing to the simple circular shape of the coil and to the field-
screening superconducting regions in the vicinity of the qubit. Note
that the field does not need to be constant along the CPW structure
although we have, for simplicity, invoked such an assumption in the
derivation of model 1 in Supplementary Methods I.

Measurement and analysis of qubit frequency and
anharmonicity

To measure the frequencies of the one-photon |0) < |1) transition and
the two-photon |0) <> |2) transition, we use a standard two-tone qubit
spectroscopy experiment illustrated in Fig. 2c. In the experiment, we
apply a continuous microwave signal to the drive line of the qubit while
applying a readout signal through the probe line of the sample. At the
sweet spot Dgir=Do/2, we further measure the |1) < |2) transition
frequency with an ef-Rabi experiment (see Fig. 6) in order to verify the
anharmonicities shown in Fig. 3a and summarized in Table 1. In the ef-
Rabi experiment, the qubit is first prepared to the excited state with a
n-pulse followed by another pulse with a varying amplitude and a
varying frequency around the estimated |1) <> |2) transition. After the
drive pulses, a readout pulse is applied and an oscillating output vol-
tage is observed as a result of Rabi oscillations between the states |1)
and |2).

To estimate the circuit parameters presented in Table 1, we use
the following approach. First, we fit the theoretical Hamiltonian in Eq.
(4) to the experimental transition frequencies of qubit B in order to
estimate L, C;, and £;. Subsequently, the coupling capacitance Cg of
qubit B is estimated by fitting Eq. (5) to the data of the avoided crossing
in Fig. 2b. For the other qubits, it is assumed that L, and C; are equal to
those of qubit B due to an identical geometry of the CPW. For these
qubits, the Josephson energy £ is first approximately fitted based on
the measured |0) < [1) transition followed by an estimation of Cz using
data of an avoided unimon-resonator crossing.

Characterization for readout

To characterize the device for qubit readout, we measure the dis-
persive shift x/(2m) for all of the qubits. This is achieved using an
experiment, in which the output readout signal is measured as a
function of the signal frequency after preparing the qubit either to its
ground or first excited state. In Fig. 7a, the measured dispersive shifts
are compared against theoretical predictions computed with Eq. (8)
based on the fitted circuit parameters, and the measured qubit fre-
quency woy/(2m) and anharmonicity a/(2m). The good agreement
between the experiment and the theory validates the dispersive
approximation in Eq. (7).

We further measure the single-shot readout fidelity for qubit E
with x/(2m) =4.1 MHz. This is achieved by alternately preparing the
qubit to the ground state and to the first excited state followed by a
state measurement with a 1.6 ps-long readout pulse. The output
readout voltage is obtained as an unweighted average of the voltage
during a 1.6 ps-long integration window. This experiment is repeated
2000 times. Using an optimized threshold voltage, we extract a
readout fidelity [P(]0)||0)) + P(|1)||1))]/2 of 89.0% as shown in Fig. 7b, c.
The readout error is dominated by qubit relaxation during the readout
pulse. Note that the measured fidelity is reached without a quantum-
limited amplifier suggesting that high-fidelity single-shot readout is
possible with the unimon. Similarly, the relatively long readout time
used in this work can be greatly shortened after the introduction of a
quantum-limited amplifier.

Measurement and analysis of energy relaxation time
To measure the energy relaxation time 73, an initial -pulse is applied
to the ground-state-initialized qubit followed by a varying delay and a
subsequent measurement of the qubit population. We use a single
exponential function for fitting the qubit population, which is sup-
ported by the experimental data of qubit B shown in Fig. 8a. Thus,
there is no evidence of quasiparticle-induced losses that result in a
double-exponential decay.

For qubit B, the relaxation time is characterized across ®g;s/
@, €[0.0,0.5] in order to determine the mechanisms limiting 7. As
detailed in Supplementary Methods IlI, we model the relaxation rate
I =1/T; due to a noise source A as’

_ (019 ,,/9A)

2 10)

I Si(@o1),

where Sy(wo;) is the symmetrized noise spectral density of the variable
A at the qubit angular frequency wg;. In Fig. 8b, we compare the fre-
quency dependence of the measured relaxation rate to the theoretical
models based on Ohmic flux noise, 1/f flux noise, dielectric losses,
inductive losses, radiative losses, and Purcell decay through the reso-
nator by scaling the theoretical predictions to coincide with the
experimental data at ®gr = Po/2. As illustrated in Fig. 3b, the experi-
mental data is most accurately explained by a model including Purcell
decay and dielectric losses with an effective dielectric quality factor of
Qc=3.5x10°

Measurement and analysis of coherence time
The coherence time of the qubits is characterized using standard
Ramsey and Hahn echo measurements’. At the sweet spots, we esti-
mate the Ramsey coherence time T, by fitting an exponentially
decaying sinusoidal function to the measured qubit population,
whereas we obtain the echo coherence time T5 using an exponential
fit. As illustrated in Fig. 8c-e, these models agree well with the
experimental data of qubit B at the flux-insensitive sweet spots yielding
T,=31ps and T5=89pus for ®gr=®o/2, and T,=6.4ps and
Tg =95 Hs for Dier= 0.

To study the sensitivity of the qubits to flux noise, we conduct
Ramsey and Hahn echo measurements as a function of the external
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flux bias in the vicinity of ® 4= ®o/2 (see Fig. 3c). In superconducting
qubits, flux noise is often accurately described by 1/f noise’*”

00 A2

So, (@)= / dt exp(—iwt) (D g (0)D e (£)) =2n%, 1
where A, /~/Hz is the flux noise density at 1 Hz. The 1/fnoise gives
rise to a Gaussian decay in the echo experiment™’®, due to which we
model the Hahn echo decay with a product of Gaussian and expo-
nential functions, oc exp(—Tg, o> — I, ot), as illustrated in Fig. 8f. The
corresponding T5 is evaluated as the 1/e decay time given by*

e VAT o)+ (50 —To

(12)
2 2 )

Under the assumption of 1/f-noise, the Gaussian dephasing rate I';yo
obtained from an echo measurement is related to the flux noise den-
sity as™’®

0w,

1
O gi¢¢

X’

[t o=vin24,, | 13)

where l';,x is a small residual Gaussian decay rate at the sweet spot. For
each of the qubits, we estimate the parameter Ay, in Table 2 by a
linear least-squares fit to (|0wy; /6®diff|,l';’¢) data, where 0woy/0®gjst is
estimated by fitting a parabola gy, =a®ge>+bDyp+C to the
measured wo; near the sweet spot and then evaluat-
ing 0wo; /0D = 2Dy +b.

For Ramsey experiments, we use an exponential decay model also
away from the sweet spot to constrain the number of fitting para-
meters. The theoretical fit shown in Fig. 3c is based on a simple model
of the form 1/T, =a'|0wq; /0D gige| + b

Implementation and benchmark of single-qubit gates
To implement fast high-fidelity single-qubit gates, we use the deriva-
tive removal by adiabatic gate (DRAG) framework>®. Thus, we para-

metrize the microwave pulses implementing the gates
Vi (£) =1(2) cos(@qt + 6) + Qg (¢) sin(wyt + 6) as
—(t — ty/2)
Ip(t)=Aexp ——gr L€ [0, ¢4, (14)
Qup(8)=Blip(0), £ € [0, 5], (15)

where wy/(2m) is the drive frequency, 8 determines the rotation axis of
the gate, A and 8 are amplitudes of /q, and Qqp, respectively, ¢ is the
gate duration, and o=ty/4 is the standard deviation of the Gaussian.
The drive frequency wy/(2m) is set to the qubit frequency wo;/(2m)
measured in a Ramsey experiment. The amplitude A of the Gaussian
pulse is determined using error amplification by applying repeated r
pulses with varying amplitudes A after an initial /2 pulse. The ampli-
tude B of the derivative component is chosen to minimize the differ-
ence of qubit populations measured after gate sequences (X(rr), Y(11/2))
and (Y(m), X(11/2))”".

To characterize the accuracy of the calibrated single-qubit gates,
we use the definition of average gate fidelity’®. To measure the average
gate fidelity, we use standard and interleaved randomized bench-
marking (RB) protocols®™ . In the standard RB protocol, we apply
random sequences of Clifford gates appended with a final inverting
gate and estimate the average fidelity of gates in the Clifford group F¢
based on the decay rate of the ground state probability as a function of
the sequence length. We decompose the Clifford gates based on
Table 1inref. 79 using the native gate set {/, X(+n/2), Y(xm/2), X(r), (1)}

such that each Clifford gate contains on average 1.875 native gates. The
average fidelity per a single native gate is estimated as F=1- (1- F¢))/
1.875. To estimate the average gate fidelity of individual gates in the set
{I, X(1/2), Y(11/2)}, we utilize the interleaved RB protocol, in which the
average gate fidelity is measured by comparing the decay rates for
sequences with and without the gate of interest interleaved after each
random Clifford gate.

The theoretical coherence limit for the gate fidelity is computed
based on the measured i and 75
as Fgjim=1/6 % (3 + exp(—ty/Ty)+2 exp(—tg/T§)>38.

Data availability
Data supporting the findings of this article is available at https://doi.
org/10.5281/zenodo.7052804.
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