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In this work, we study a series of tunable flux qubits inductively coupled to a coplanar waveguide
resonator fabricated on a sapphire substrate. Each qubit includes an asymmetric superconducting quantum
interference device, which is controlled by the application of an external magnetic field and acts as a
tunable Josephson junction. The tunability of the qubits is typically +3.5 GHz around their central gap
frequency. The measured relaxation times are limited by dielectric losses in the substrate and can attain
T1 ~ 8 ws. The echo dephasing times are limited by flux noise even at optimal points and reach Tp5 ~
4 ws, almost an order of magnitude longer than state of the art.
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L. INTRODUCTION

A superconducting flux qubit is a micron-size supercon-
ducting aluminum loop intersected by several Josephson
junctions, among which one is smaller than the others by a
factor o [1-6]. When the flux threading the loop is close to
half a flux quantum, this circuit behaves as a two-level sys-
tem and can exhibit long coherence times [7,8]. Thus, it is
often considered as a strategic building block for the physi-
cal realization of superconducting quantum computers [9].
Yet, a good control of the transition energy of the qubit at
its optimal working point is difficult to achieve [10,11] but
is required to perform efficient gates on a scalable system.

A good strategy for controlling the qubit transition
energy consists of replacing one of the junctions by a
superconducting quantum interference device (SQUID).
The advantage of this approach is that another control
parameter is added to the system: the flux &g threading
the loop of the SQUID controls the critical current of the
equivalent junction and therefore modifies the energy of
the flux qubit while keeping it at its optimal point. This
kind of design was implemented in Ref. [12]: a symmet-
ric SQUID formed by two identical Josephson junctions
was introduced at the position of the @ junction in order
to control the gap energy of the qubit. The results of
this experiment were positive in terms of controllabil-
ity (approximately 0.7 GHz/m®,) but the relaxation and
dephasing times of the qubit were severely degraded (77 <
I ws, T, ~ 10 ns).
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These short coherence times are generally attributed to
the presence of flux noise in the SQUID loop [13,14].
For any flux-tunable qubit, this flux noise leads to signif-
icant dephasing whenever the qubit energy is too strongly
dependent on the external flux bias ®g. A possible way to
mitigate this issue consists of using an asymmetric SQUID
formed by two different junctions having, respectively, a
Josephson energy (1 + d)E;/2 and (1 — d)E; /2 with d €
[0, 1]. The equivalent Josephson energy of such a SQUID
E;(®y) varies according to the following expression [15]:

(1+d?) + (1 —d?)cos (%)
3 ,

E; (b)) =E, (1)
where ¢y = h/2e. For a given value of d, the function
E;(dg) ranges between dE; and E; and consequently the
dependence of the qubit energy on @ is strongly reduced
as d approaches 1. This technique has been demonstrated
recently for tuning transmon qubits while keeping good
coherence properties (75 ~ 1020 ws) [16—18]. Yet, the
flux sensitivity of flux qubits is by orders of magnitude
larger than that of tunable transmons. Thus, controlling the
transition energy by this method is delicate.

In this work, we follow the same strategy for control-
ling the gap of superconducting flux qubits. We replace
one of the unitary junctions of the flux qubit by an asym-
metric SQUID and study the controllability of the qubits
and their coherence properties. The tunability of the qubits
is £3.5 GHz around their central frequency. The intrin-
sic relaxation rates can be as low as 'y, ~ 130 kHz (7 ~
8 ws) while the pure echo dephasing rates at optimal points
are typically T'yg ~ 260 90 kHz (75, ~ 4 ps). These
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FIG. 1.

(a) Microscope image of the sample, showing the coplanar waveguide resonator inductively coupled to five tunable flux

qubits labeled according to their position on the resonator. The resonator is fabricated on a sapphire wafer by evaporation of a 150-
nm-thick aluminum layer and UV lithography. (b) Colored atomic force micrograph of flux qubit 3. The qubit is galvanically coupled

to the central conductor of the resonator (colored in green). It consists of two loops: the surface of the main loop is s

=43.71 pm?

main

while the surface of the SQUID loop is Ssquia = 30.82 ps™ giving a ratio ¢® = 0.705. In our experimental setup, the magnetic field is
applied uniformly such that the flux threading the SQUID loop is &5 = (P and & = (1 — ¢)d.

decoherence rates are much smaller than the state of the
art for tunable flux qubits [12,19,20]. We show that these
decoherence rates are mostly limited by flux noise, even at
optimal points.

II. CIRCUIT IMPLEMENTATION

The sample studied in this work is presented in Fig. 1(a).
It is fabricated on a sapphire chip and contains a 1/2
aluminum coplanar waveguide (CPW) resonator with two
symmetric ports for microwave transmission measure-
ments. The resonator has a first resonant mode at w, /27w ~
10.23 GHz with quality factor Q ~ 3500. Five tunable
flux qubits labeled according to their position on the
resonator i = {1,...,5} are galvanically coupled to the
CPW resonator with coupling constant of approximately
120 MHz.

The qubits are fabricated by double-angle evaporation
of Al-AlO,-Al using a trilayer CSAR-Ge-MAA process
[8]. The trilayer is patterned by electron-beam lithography,
developed and etched by a reactive ion etcher in order to
form a suspended germanium mask. This mask is robust
and evacuates efficiently the charges during electron-beam
lithography, and thus provides a good precision and repro-
ducibility of the junction sizes. Before aluminum evapo-
ration, an ion milling step etches the oxide layer from the
central conductor of the resonator in order to connect it gal-
vanically to the qubit. A first 25-nm layer of aluminum is
evaporated at —50 °C in a direction of —25° relative to the
sample axis. This step is followed by dynamic oxidation of
0, — Ar(15% — —85%) at P = 20 pbar for a duration of
30 minutes. A second layer of 30 nm of aluminum is then
evaporated with the opposite angle (+25°) at a temperature
of approximately 7 °C. The low temperature enables us to
reduce the grain size of aluminum and to better control
the dimensions and oxidation properties of our junctions.
Before cooling the sample to cryogenic temperatures, we
perform room-temperature resistance measurements of ref-
erence junctions. A histogram of these measurements is
given in the Supplemental Material [21].

The low-temperature measurements of the qubits are
performed in a cryogen-free dilution refrigerator at a
temperature of 14 mK. The input line is attenuated at
low temperature to minimize thermal noise and filtered
with homemade impedance-matched radiation-absorbing
filters. The readout output line includes a band-pass fil-
ter, a double circulator, and a cryogenic amplifier. Qubit
state manipulations are performed by injecting in the input
line of the resonator microwave pulses at the frequency
of the qubit wy;, followed by a readout pulse at w, whose
amplitude and phase yield the qubit excited-state proba-
bility. The sample is glued on a printed circuit board and
embedded into a superconducting coil that is used to pro-
vide magnetic flux biases to the qubits. In order to isolate
the device from surrounding magnetic noise, the system is
magnetically shielded with a Cryoperm box surrounding a
superconducting enclosure.

Figure 1(b) presents a colored atomic force microscopy
(AFM) image of one of these qubits. The circuit consists
of two loops. The main loop indicated by a yellow dashed
line is intersected by two identical Josephson junctions of
Josephson energy E; and one smaller junction colored in
red of Josephson energy «E;. The SQUID loop is inter-
sected by two additional Josephson junctions of Josephson
energy B(1+d)E;/2 and B(1 — d)E,;/2. Its surface is
smaller than that of the main loop by a factor ¢ ~ 0.7.

III. TUNABILITY OF THE QUBITS

The inductive energy of the circuit exhibits two local
minima that correspond to a persistent current /p flowing
clockwise or anticlockwise in the main loop. These two
minima become degenerate when the flux threading the
main loop ® = @ is such that

O O]
P = 48 =k, 2)
w0 29

with £ = £1,+3,45,... and tan§¢ = dtan[D,/2¢q]. At
these optimal points, the two quantum states hybridize into

024066-2



TUNABLE SUPERCONDUCTING FLUX QUBITS...

PHYS. REV. APPLIED 19, 024066 (2023)

— Ly/2
N
(a) 5 4.80 ABD /27 = 4.48 GHz (b) 14 o = (C) il 3
FATOIN 1) = 456 nA 12 GQ Petien /\7
S 4.60 N o R B(1—d)E2 £
> N 10 ‘~\ A 7, .-
5450 5 A . \\:\ /I,O B(1 + d)E)2
- : 8 Wl / .’ 2 m 4
~ (3.5m) a \ oA W "
T 725" /2r=T15GHay 2 g Lt L2
@; I = 354 nA N /| A qubit3 f
37.20 4 S | * qubitd g L o
[} - .
%7.15 5 O qubit 5
= 0 ™ 27
[ -500 0 500 1
®— Dy (nDy) D/ mod 2w Resonator :& Resonator

FIG. 2.

(a) Measured qubit frequency of qubit 3 versus ¢ (magenta triangles) and fit (magenta curve) yielding the qubit parameters

A and I, at optimal points 7= and 5. (b) Measured gaps of qubits 3 (magenta triangles), 4 (green stars), and 5 (blue circles) versus
@, /0. The dashed curves are calculated for arbitrary values of g according to the model illustrated in (c) with fitting parameters E;,
o, and d. (c) Flux qubit model including the kinetic inductance L; and geometric capacitances. Island 1 is connected galvanically to

the central conductor of the resonator.

symmetric and antisymmetric superpositions and give rise
to an energy splitting RA called the flux-qubit gap. In our
experimental setup, the magnetic field is applied uniformly
such that the flux threading the SQUID loop is &5 = ¢ .
One can therefore solve Eq. (2) and get the values of the
fluxes @, and ®y at each optimal point. For different val-
ues of k, the value of the effective Josephson energy of the
SQUID changes according to Eq. (1) and, consequently,
the value of the gap of each qubit depends on %. In the fol-
lowing, the gap of qubit i at each optimal point is denoted
as AW and its associated persistent current as /5.

Figure 2(a) shows the frequency dependence of qubit
3 on & around the 7 and 57 optimal points. The tran-
sition frequency of the qubit around each optimal point
follows wg =~/ A2 +&2 with & =2Ip (CID — dDOPt) /h,
yielding AG™ /27 = 4.48 GHz, IS =456 nA; and
AGST 27 = 7.15 GHz, I§°™ = 354 nA. We repeat this
procedure for the five qubits at their respective optimal
points +m,+37, 57, £77,£97 (see the Supplemental
Material [21]).

Figure 2(b) presents the gaps of qubits 3, 4, and 5 ver-
sus @, /¢@o. These data together with the persistent currents
obtained for each optimal point [21] enable us to fit param-
eters of the model shown in Fig. 2(c). In this model, the
qubit consists of two superconducting loops intersected by
five Josephson junctions. Each Josephson junction is char-
acterized by its Josephson energy E; and its bare capaci-
tance energy E¢ = e?/2C;. The junctions divide the loops
into four superconducting islands. Each island is capac-
itively coupled to its surrounding by geometric capaci-
tances. These geometric capacitances are calculated using
the electrostatic module of COMSOL [21]. They reduce the
gaps of the qubits by approximately 1 GHz but barely mod-
ify their persistent currents. It is also necessary to take into
account the kinetic inductance of the SQUID loop in order
to match the parameters of the model with the experimental

results. The kinetic inductance is estimated by measuring
the resistance of evaporated aluminum wires at low tem-
perature and is added in our model as a renormalization
of the large Josephson junction of the SQUID [21]. We
summarize the results of the fits in Table 1. These val-
ues are in good agreement with the measured values of
o, d, and E; extracted from room-temperature resistance
measurements [21].

IV. RELAXATION AND DECOHERENCE

The change of the gap modifies the relaxation rate
between the two qubit levels. For illustration, we present
in Fig. 3(a) the energy relaxation decay of qubit 3 at
two different optimal points. The decay is exponential in
both cases but the relaxation times are different, namely
7(13’”) = 7.7 us and Tf’sn) = 5.2 us. Several mechanisms

TABLE 1. Parameters of the qubits. The charging energy is
fixed at £c = 1.73 GHz assuming a specific capacitance of the
junction C/4 = 100 fF wm~2 [8,22]. The ratio ¢ is measured
by AFM. The value 8 =2.11 is taken according to room-
temperature measurements such that Sd > «. The inductance
Ly = 72.5 pH is determined according to the resistance measure-
ment of wires at low temperatures. The values of £, d, and «
are obtained by fit with the model shown in Fig. 2(c). The ampli-
tude of the flux noise v/4zA4s is extracted for each qubit from the
dependence of I'yx versus ¢.

Qubit EJ A/ ARAS
no. (GHz) E;/Ec « d ¢ (WD)
1 550 318 0429 0.759 0.696 22
2 558 323 0426 0.715 0.687 2.6
3 559 323 0.442 0.711 0.705 23
4 518 300 0421 0.707 0.677 23
5 563 326 0426 0.740 0.714 3.0
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(a) Energy relaxation and spin-echo measurements of qubit 3 at optimal points 7 and 57 . (b) Intrinsic relaxation rates iy

versus A. The dashed line corresponds to calculated dielectric losses in the substrate assuming tan§ = 5 x 107>, (c) Stacked bar chart
showing the measured pure echo dephasing rates F;j’Ek”). The calculated contributions to dephasing are represented in different colors:
flux noise (purple), critical current noise I', (yellow), and photon noise I'ypot (red). The flux noise dephasing can be separated into
first-order flux noise in the qubit loop I'k (dark purple), first-order flux noise in the SQUID loop I's (purple), and second-order effects

I'yna (light purple). The total Ty = \/ [z + 5 43,4+ T2+ 5, is represented as a dot-dashed black segment. The remaining

unexplained contribution is represented in gray. For each contribution X € {R, S, 2nd, o, phot}, the percentage indicated in the relevant

colored stack represents I'% /"2 .

may give rise to such a phenomenon; among them, the Pur-
cell effect. The Purcell rate I'p is quantitatively determined
by measuring the qubit Rabi frequency Qp for a given
microwave power Pj, at the resonator input [8,11]. This
enables us to analyze and compare the intrinsic relaxation
rates defined as 'y = Iy — ['p of all the qubits at various
optimal points. Such an analysis shows that qubit 3 has
approximately the same intrinsic relaxation rate at optimal
points 7 and 5.

Figure 3(b) reveals a general behavior of intrinsic relax-
ation rates versus frequency. Previous measurements of
flux qubits [8] identified dielectric losses in the substrate
as a major contributor to relaxation at low temperature
[23]; using the approach of Ref. [8] and a loss tangent of
5 x 1073, we obtain the dashed line in Fig. 3(b). Clearly
dielectric losses account for most of the relaxation at
intermediate frequencies but cannot explain the increased
relaxation rates at high frequencies when the flux in the
SQUID &g/¢y is close to 2. A second source of losses
could be quasiparticle tunneling [24-26]. A single quasi-
particle trapped in one of the large qubit islands would
lead to a relaxation rate larger than what is observed, at
least at low frequencies, as well as to nonexponential decay
due to fluctuations in the number of trapped quasiparticles
[27,28]. Alternatively, quasiparticles can reach the qubits
from the CPW resonator. However, a relatively high nor-
malized quasiparticle density, corresponding to an effective
quasiparticle temperature of the order of 150 mK, would
be needed to explain a decay rate of the order of tens of
kilohertz. Therefore we conclude that quasiparticles do not

significantly account for relaxation and cannot explain the
residual decay rate observed at high frequencies.

At the respective optimal points, the amplitude of the
spin-echo signal shown in Fig. 3(a) decays with pure
dephasing times bel”) =2.6 us and TgE’S”) =4.6 ps. In
Fig. 3(c), we present a stacked bar chart showing the
measured pure echo dephasing rates at various optimal
points and the different contributions of flux noise, critical
current noise, charge noise, and photon noise. The dephas-
ing due to photon noise (represented in red) is estimated
by measuring the dispersive shifts at optimal points and
by estimating the number of thermal photons in the res-
onator [4]. It is the dominant dephasing mechanism for
(3, 3) since at that point the qubit gap happens to be very
close to the resonator transition. The contribution of charge
noise is strongly reduced by the ratio E£;/E¢ ~ 300 and is
found to be always completely negligible (< 1 kHz). We
also consider critical current fluctuations in the o junction
assuming S, (w) = 47 / |wl|, with 4;; ~ 0.1 pA [29,30],
and find an approximately constant contribution of approx-
imately 70 kHz [represented in yellow in Fig. 3(c)]. The
flux noise shown in purple represents the main source of
dephasing of the qubits even at optimal points.

Away from their optimal points, the decoherence of
flux qubits is known to be governed by flux noise [5,7,8].
The flux noise power spectrum S¢ (@) = A%/ |w| implies
that the pure echo dephasing rate is given by F;DE =
Ap/In2 |dwoy /3P| with |dwo; /dP| =~ 2Ip |e| /RA [31].
At the optimal points, ¢ = 0 and thus this decoherence
mechanism should be canceled. Yet, contrary to standard
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flux qubits, our design contains two independent degrees of
freedom (Pg, ) [19]. These degrees of freedom add o,
components in the Hamiltonian of the system, namely H =
RA /20, + (I.,s8®s + L. g8 ®g) 0= [21]. Thus, even at opti-
mal point where I, s¢ + L g (1 —¢) =0, dwg; /0Ps/r # 0
will give first-order contributions to dephasing:

Ls/rA
Tgp = 2\/1n2%. 3)

For each qubit, we measure I',¢ versus e and extract the
apparent flux noise amplitude 44 around each optimal
point. The amplitudes Ag/r of the flux noise in the dif-
ferent loops can be directly extracted from A¢ and from
the ratio y = /Ps/Pg, where Ps and Py are the perime-
ters of the two loops [14]. As expected, we find that 4g
and A do not change significantly for the different optimal
points of a given qubit and thus +/AsAr is a good indi-
cator of flux noise in each qubit (see Table I). A more
rigorous derivation of flux noise contributions including
second-order effects is given in the Supplemental Material
[21]. We find that such effects can be also significant as
shown in Fig. 3(c).

V. CONCLUSION

In conclusion, we show that it is possible to control
the gap of flux qubits by using an asymmetric SQUID.
This method mitigates the decoherence due to flux noise
in the SQUID loop while keeping a tunability range of
+3.5 GHz. It should be possible to improve further the
coherence properties of the qubits by reducing the per-
sistent currents down to 200 nA and by exchanging the
locations of the small and large junctions of the SQUID.
This exchange will further reduce the tunability of the
qubit to the level of 500 MHz and thus decrease the
pure dephasing rates related to the presence of the SQUID.
According to our simulations, the dephasing rate due to
flux noise should then be between 15 and 100 kHz.
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