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Tuning rf-SQUID flux qubit system’s potential
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At an extremely low temperature of 20 mK, we measured loop current in a tunable rf superconducting quantum

interference device (SQUID) with a dc-SQUID. By adjusting the magnetic flux applied to the rf-SQUID loop (Φf) and

the small dc-SQUID (Φcjj
f ), respectively, the potential shape of the system can be fully controlled in situ. Variations of

transition step and overlap size in switching current with the barrier flux bias are analyzed, from which we can obtain

some relevant device parameters and built up a model to explain the experimental phenomenon.
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1. Introduction

Superconducting qubits are solid-state qubits and

their parameters can be designed and adjusted con-

tinuously in a large range. Modern technology allows

many options to couple the qubits.[1] So far there are

three basic types of superconducting Josephson de-

vices: charge qubit, phase qubit, and flux qubit.[2−5]

Recently, many efforts have been made to realize solid-

state qubits by improving designs, circuits, and ma-

terials to increase the decoherence time.[6,7] The flux

qubit has shown the longest decoherence time among

all three superconducting types.[8] One of the key crit-

ical processes of quantum information is to realize

more closely coupled qubits. Recently, Sun et al.[9]

reported the creation and coherent manipulation of

quantum states in a tripartite quantum system. The

tunability and coupling of the qubit becomes more

and more important in a multiple qubit configuration

to realize a quantum computer. In our experiment,

we focus on the rf-SQUID flux qubit. The parameter

βL of rf-SQUID flux qubit is an important parame-

ter of the device and directly related to the barrier

height of the system. Connecting two superconduct-

ing Josephson junctions with the same parameters

in parallel can be equivalent to a single Josephson

junction. In this way, one can create βL adjustable

rf-SQUID flux qubit. The flexibility can be greatly

enhanced, and much more work can be done with

this type of rf-SQUID flux qubit, both theoretically

and experimentally.[10−12] In our experiment, we fully

controlled the rf-SQUID flux qubit’s potential with

a magnetic flux bias. We present detailed rf-SQUID

characteristics for different βL, and explain the intrin-

sic physics of the connection between the transition

step as well as the overlap size and the barrier flux

bias.

2. Caculation of qubit energy

level

An rf-SQUID qubit consists of a superconducting

loop with inductance L interrupted by a single Joseph-

son junction with a fixed critical current Ic and capac-

itance C (see Figs. 1 and 2). To improve the design,

we can replace the single junction with a flux-biased

and low-inductance dc-SQUID to reach an effectively

tunable Ic. Here, we assume the two junctions in the

small dc-SQUID loop have the same fabrication pa-
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rameters, i.e., each with a capacitance C/2 and a crit-

ical current Ic0/2. Then this system is identical to

a simple rf-SQUID with capacitance C and critical

current Ic = Ic0|cos(πΦcjj
f /Φ0)|, which shows that the

critical current is effectively modulated by an exter-

nal flux bias Φcjj
f . Here, Φcjj

f = M cjj
f Vpb/R1, Φ0 is the

flux quantum, M cjj
f is the mutual inductance between

barrier flux bias coil 1 and the small dc-SQUID loop,

Vpb is the voltage in coil 1, and R1 is the resistance of

coil 1.
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Fig. 1. Optical micrograph of an rf-SQUID sample.
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Fig. 2. Schematic of the manipulation and measurement of

the system. The crosses represent the Josephson junctions.

The dynamics of rf-SQUID qubit can be described

in terms of a variable Φ and is identical to that of a

particle with mass C and kinetic energy CΦ2/2 mov-

ing in the potential well. The potential U(Φ) reads

U (Φ) = U0

[
1

2

(
2π (Φ− Φf)

Φ0

)2

− βLcos

(
2πΦ

Φ0

)]
,(1)

where U0 ≡ Φ2
0/
(
4π2L

)
, and βL = 2πIcL/Φ0. When

an external magnetic flux Φf close to Φ0/2 is applied

to the qubit loop, the potential as a function of flux

Φ has two wells separated by a potential barrier. The

two potential wells correspond to two distinct macro-

scopic flux states (|L⟩ and |R⟩) with screening cur-

rents circulating in different directions. Especially at

Φf = 0.5Φ0, the double-well potential is symmetric

and the screening currents circulating in opposite di-

rections have equal magnitude. The flux states can be

detected by an inductively coupled dc-SQUID magne-

tometer. By changing the qubit flux bias Φf , one can

tilt the double-well potential, i.e., change the energy

difference ε (shown in Fig. 3) between the two poten-

tial wells. Adjusting Φcjj
f (Vpb) can modulate Ic (βL),

and therefore control the barrier height ∆U (shown in

Fig. 3).
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Fig. 3. Calculated energy levels and wavefunctions of an rf-

SQUID system at flux detuning δΦf = Φf–0.5Φ0 = −7.5 ×
10−3Φ0 with L = 1080 pH, C = 80 fF, and βL = 1.6. The

level spacing between |0L⟩ and |1L⟩ is about 17 GHz. The ∆U

is the barrier height, and ε is the energy difference between

two wells.

The system has several quantized energy levels

that are below the barrier top and localized in either

left well or right well. The levels localized in the left

well correspond to the flux state |L⟩; the levels local-

ized in the right well correspond to the flux state |R⟩.
Above the barrier top, there are also some energy lev-

els not localized in either potential well. To make this

point more clear quantitatively, we use the Fourier

Grid Hamiltonian (FGH) method[13] to calculate the

energy levels and the corresponding wavefunctions for

flux detuning δΦf = Φf–0.5Φ0 = −7.5 × 10−3Φ0 with

L = 1080 pH, C = 80 fF, and βL = 1.6. The re-

sults are shown in Fig. 3. The wavefucntions of four

energy states |0L⟩, |1L⟩, |2L⟩, and |3L⟩ are localized

in the left well, while those of three states |0R⟩, |1R⟩,
and |2R⟩ are localized in the right well. Two energy

levels are above the potential barrier top, and their

wavefunctions span over both wells, which are usually

referred to as the common levels.

3. Experiment and analysis

Our samples are Nb/AlOx/Nb junctions fabri-

cated on an oxidized Si substrate using the standard
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trilayer process (see Fig. 1). Some of the device pa-

rameters are: rf-SQUID loop inductance L ≈ 1.3 nH,

junction capacitance C ≈ 35 fF, and junction critical

current Ic ≈ 610 nA. The schematic of the manip-

ulation and measurement of the system is shown in

Fig. 2. Two on-chip current bias lines (coil 1 and coil

2) transfer the magnetic flux to the rf-SQUID loop

(Φf) and the small dc-SQUID loop (Φcjj
f ), detuning

the potential from symmetric point and modulating

the potential barrier height, respectively. Therefore,

we can control two degrees of freedom of the system

potential in situ by adjusting Φf and Φcjj
f .

The rf-SQUID flux state is detected by an under-

damped dc-SQUID magnetometer with a hysteretic

current–voltage curve inductively coupled to the qubit

loop. First, we give a brief introduction on how to

measure the switching current in the experiment. We

slowly sweep the dc-SQUID bias current in triangle

waveform and monitor the voltage across the dc-

SQUID. When the junction switches to the voltage

state, the counter records the switching current value

(actually switching time). The junction will return

to zero-voltage state at the end of one triangle sig-

nal. After making this measurement repeatedly (with

a repetition frequency of 71.3 Hz), we can obtain

the distribution of the switching current (shown in

Fig. 4). The self inductance of the dc-SQUID mag-

netometer loop is about 120 pH. An external flux

bias line placed about 5 µm away from the dc-SQUID

magnetometer loop is used to exert a magnetic flux to

it. We can easily obtain the switching current of the

dc-SQUID magnetometer as a function of the flux bias

Φdc
f . The dc-SQUID is biased at the point where it

is most sensitive to the external magnetic field. From

50

40

30

20

10

0

2.16 2.17 2.18 2.19 2.20 2.21

Switching current/mA

P
ro

b
a
b
il
it
y

I

Dt1 Dt2

ISW2ISW1

V

t

t

threshold

Fig. 4. Distribution of the switching current of the dc-

SQUID magnetometer. The mean ISW is 2.186 µA, the

standard deviation is 10 nA. The inset shows the measure-

ment sequence of switching current.

the modulation periodicity (0.99 mA), we can obtain

the mutual inductance between the dc-SQUID loop

and the current bias line 3, which is about 2.09 pH.

To make the rf-SQUID loop insensitive to the

ambient flux noise as well as cross talk between the

two bias fluxes, the rf-SQUID loop is designed with a

second order gradiometric configuration. No net flux

is coupled to the gradiometer by a spatially uniform

field. The only response of the SQUID is the spa-

tial variation of the magnetic field. If Φf is close to

0.5Φ0, the direction of the rf-SQUID current is re-

versed, causing a transition step in switching current

of the dc-SQUID magnetometer. Thus, the magni-

tude of the transition step is exactly the magnitude of

the qubit signal. The qubit signal can be identified by

sweeping Φf while measuring the switching current of

the dc-SQUID. We can see some qubit signals in Fig. 5.

The qubit signal spacing is about 1.87 mA, corre-

sponding to one flux quantum (Φ0 = 2.07×10−15 Wb)

through the rf-SQUID loop. Thus, we can obtain the

mutual inductance between the rf-SQUID loop and

the qubit flux bias, namely ∼1.16 pH. The mutual in-

ductance between the dc-SQUID and rf-SQUID loops

is about 23.4 pH, almost equal to that calculated by

FastHenry. Once the qubit transition step region is

identifed, we can also apply a pulsed current to the

dc-SQUID magnetometer to read out the qubit signal

more quickly. The readout pulse consists of a 15-ns

sampling current (rising time: ∼10 ns) having almost

the same amplitude as the critical current and a 15-

µs holding current (holding plateau: ∼10 µs) which is

higher than the retrapping current of the dc-SQUID

magnetometer in amplitude.
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Fig. 5. Qubit signals. The inset shows the detail of the

qubit signal. The transition step is the amplification of

the qubit signal.

Since the critical current is proportional to the

Josephson coupling energy, the amplitude of the cir-
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culation current in the rf-SQUID loop can be effec-

tively modulated by an external flux Φcjj
f , supplied by

a coil placed about 12 µm away from the compound

junction and the mutual inductance is about 0.4 pH.

We can adjust the barrier bias voltage Vpb to modulate

the potential-barrier height of the rf-SQUID. The shift

(qubit step) of the dc-SQUID switching curve can be

used to study the rf-SQUID characteristics by sweep-

ing slowly the rf-SQUID flux bias and collecting all of

the corresponding switching curves of the SQUID. The

detailed view of qubit steps with eight different poten-

tial barrier heights (corresponding to different barrier

flux biases Φcjj
f ) is shown in Fig. 6, which reflects the

characteristics of the rf SQUID with different values

of the parameter βL. The data are shifted vertically

for clear demonstration.
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Fig. 6. Characteristics of rf SQUID for different values of βL for (a) Φcjj
f = 0.77Φ0, (b) 0.80Φ0, (c) 0.85Φ0,

(d) 0.90Φ0, (e) 0.95Φ0, (f) 1.00Φ0, (g) 1.05Φ0, and (h) 1.10Φ0. The Isw denotes the switching current.

A double rf SQUID shows a hysteretic flux-

in/flux-out characteristic, and has jumps between dif-

ferent potential wells. From Fig. 6 we can see that

as the barrier height or βL, increases, the magnitude

of qubit signal (switching current longitudinal split-

ting) increases. The origin of this phenomenon is that

when the barrier flux bias increases, the rf SQUID

with its current circulating around the loop in clock-

wise and counterclockwise directions becomes larger

accordingly. Therefore, the transition step magnitude

in the switching current of the dc-SQUID magnetome-

ter also increases. The qubit signal magnitude as a

function of the barrier flux bias is shown in Fig. 7.

It shows a sharp increase of the magnitude of qubit

signal when the barrier flux bias changes from 0.75Φ0

to 0.90Φ0, and a slight increase when the flux bias

changes from 0.90Φ0 to Φ0. From Φ0 to 1.10Φ0, the

magnitude of qubit signal is nearly constant. This

can be caused by the hysteresis characteristics of the

rf SQUID. The maximal magnitude of qubit signal is

about 70 nA.
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Fig. 7. Qubit signal magnitude as a function of the bar-

rier flux bias.

From Fig. 6, we can also see that as the barrier

height increases, i.e., βL becomes larger, the magni-

tude of switching current horizontal overlap (hystere-

sis width) increases. The underlying physics is that

when the potential barrier is low (βL is small), both

the left and right potential wells are shallow. In this

case, small flux detuning can affect the system’s sta-

bility. Variation of the potential-well symmetry by

tuning Φf is in a very small range around Φf = 0.5Φ0.
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If the potential barrier is high (βL is large), both

the left and right potential wells are deep, and the

states in each well are more complex. Variation of the

potential-well symmetry is in a larger range around

Φf = 0.5Φ0, and the system has a greater probability

to tunnel through the barrier and reach a state in an-

other well compared with the case that the potential

barrier is low. The switching current horizontal over-

lap magnitude as a function of the barrier flux bias is

shown in Fig. 8. We can see that the overlap width is

maximal when the barrier flux bias is a special integer

number of flux quanta. It decreases symmetrically as

the flux increases or decreases from one of these values.

Figure 8 shows that the horizontal overlap magnitude

increases when the barrier bias voltage changes from

0.75Φ0 to Φ0, and decreases when the voltage changes

from Φ0 to 1.10Φ0. The maximal magnitude of the

horizontal overlap is about 135 mΦ0.
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Fig. 8. Switching current horizontal overlap magnitude

as a function of the barrier flux bias.

4. Computer simulation

We define i=F (Φf) to describe the relationship

between the external magnetic flux threading the

qubit loop and the macroscopic current circulating the

loop by. The relationship changes with the potential

barrier height (βL). In view of magnetic flux quanti-

zation, we can obtain the relationship between Φ and

Φ0 as

δ

2π
Φ0 + Φ = NΦ0, (2)

where Φ is the effective magnetic flux threading the

quibit loop, δ is the phase difference of the two sides

of the equivalent junction, and N is an integer num-

ber. Using Josephson equation, we can obtain

i = Ic sin δ = Ic sin
−2πΦ

Φ0
= −Ic sin

2πΦ

Φ0
. (3)

The effective magnetic flux Φ which threads the qubit

loop is composed of the external magnetic flux Φf and

the self-inductance current magnetic flux iL. Thus,

we obtain

Φ = Φf + iL = Φf − IcL sin
2πΦ

Φ0
. (4)

Given that βL = 2πIcL/Φ0, using Eqs. (3) and (4), we

obtain

2πiL

Φ0
= −βL sin

2πΦ

Φ0
, (5)

2πΦ

Φ0
=

2πΦf

Φ0
− βL sin

2πΦ

Φ0
. (6)

Using Eqs. (5) and (6), we can calculate the relation-

ship i = F (Φf), as shown in Fig. 9.
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Fig. 9. Simulation results of the relationship between the

external magnetic flux threading the qubit loop and the

macroscopic current circulating the loop for different βL.

In Fig. 9, when βL < 1, the curve is single-valued;

when βL > 1, there are three values of i correspond-

ing to one value of Φf . The upper and lower values

are in steady state and the middle one is unstable.

As βL becomes larger, we can also see both the hor-

izontal overlap and the longitudinal splitting of the

curves become larger. All of these results agree with

the experimental observations well.

5. Conclusion

In our experiment, we controlled the magnetic

flux bias of the rf-SQUID qubit loop (Φf), which deter-

mines the asymmetry of the potential, and the mag-

netic flux bias of a small dc-SQUID (Φcjj
f ), which mod-

ulates the potential barrier height. We analyzed and

explained the dependence of the qubit signal magni-

tude and switching current horizontal overlap on the

barrier flux bias. The simulation model matches the

experiment phenomenon well. On this basis, the best

parameter area for barrier controlling can be obtained.
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