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Controlled decoherence of floating flux qubits∗
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In Born–Markov approximation, this paper calculates the energy relaxation time T1 and the decoherence time T2 of

a floating flux qubit by solving the set of Bloch–Redfield equations. It shows that there are two main factors influencing

the floating flux qubits: coupling capacitor in the circuit and the environment resistor. It also discusses how to improve

the quantum coherence time of a qubit. Through shunt connecting/ series connecting inductive elements, an inductive

environment resistor is obtained and further the reactance component of the environment resistor is improved，which

is beneficial to the enhancement of decoherence time of floating flux qubits.
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1. Introduction

Over the past decade, a variety of qubits have
been theoretically proposed and experimentally real-
ized based on superconducting Josephson junctions
because of its compatibility with current state of the
art fabrication methods for solid state devices.[1−4] Su-
perconductor qubit is macroscopical quantum qubit,
having a large size and having many merits, for ex-
ample, it can be easily controlled, easily coupled and
easily measured.[5−7] It is known that the building
blocks of quantum computers are single-qubit logic
gates and two-qubit gates.[8] One particular scheme
is based on magnetic flux states in superconduct-
ing quantum interference devices (SQUIDs).[9−11] In
some of these schemes, the SQUID quantum bit, or
qubit, is based on a two-level system. The conven-
tional configuration of SQUID qubit utilizes the low-
est level in each of the double well as the computa-
tional basis. Unitary transformations required to ac-
complish one-qubit rotations, such as the Hadamard
and NOT gates, are implemented by controlling the
pulse area of the microwaves with frequency tuned to
the level separation.[12−15] In parallel, coherence times
of qubits have increased from tens of nanoseconds to a
few microseconds through an improved understanding
of microwave engineering and materials research.[16,17]

However, the disadvantage of superconducting
qubit is that it is easily affected by environment. Com-
pared with other qubit candidates (such as trapped
ions, nuclear spins, and cavity QED), decoherence

presents a much more formidable challenge to super-
conducting qubits. The interaction between quantum
system and environment will cause two demolishment
processes, e.g., quantum dissipation and quantum de-
coherence. The former will cause energy dissipation,
and the latter will make the system degenerate from
coherent state to classical state. Then, how to keep a
long coherence time is a key problem in superconduc-
tor quantum qubit research. In order to overcome the
influence of decoherence, one of the tactics proposed
by the electrical engineers and researchers is to im-
prove the decoherence time of the qubits by advanc-
ing the hardware design of the circuits. Electrically
floating qubit is such an efficient design scheme. For
electrically floating qubit, such dissipation mechanism
has been well understood for charge qubits. However,
Steffen et al. pointed out that the research results of
charge qubits cannot be extended to the flux qubits
simply.[18] For floating flux qubits, capacitive coupling
easily occurs in the grounded capacitance and dis-
tributed capacitance between lead wires, which factu-
ally result in decoherence and then reduce the decoher-
ence time. In this paper, this problem is further stud-
ied by adopting the multilevel quantum description
method in Born–Markov approximation. The results
indicate that for floating flux qubits, decoherence time
decreases owing to the efficient coupling formed by
the environment and the finite grounded capacitance
and distributed capacitance. It is also theoretically
pointed out that decoherence time of the floating flux
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qubits can be efficiently enhanced through shunt con-
necting/ series connecting inductive elements in the
environment circuit (external controlling circuit).

2. Model

We investigate the decoherence property of super-
conducting flux qubit coupled the environment which
is shown in Fig. 1.[19] The RF (radio frequency)-
SQUID is made up of a superconducting ring inter-
rupted by a Josephson tunnel junction. In the circuit,
we use an impedance Z(ω) to imitate the phase re-
laxation which arises from environment. The Z(ω) is
a dominate source of dissipation, which contains the
grounded capacitors and the distributed capacitance
between the wires. In previous studies, the impact of
coupling capacitance on decoherence is often omitted.
In fact, the coupling capacitance has a significant im-
pact on decoherence of a floating flux qubits. In the
following analysis this will be further reflected.

Fig. 1. The graph representation of the flux qubit. The

impedance Z(ω) is used to imitate the phase relaxation

which arises from environment.

The decoherence time T2 is related to the relax-
ation time T1 via
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where Tφ denotes the dephasing time. Based on circuit
theory and Bloch–Redfield equation, the relaxation
time T1 and the dephasing time Tφ of the flux qubit
in the semiclassical approximation are given by[20,21]
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and 〈0|ϕ |1〉 = 2π/Φ0

√
~/2ωC. For simplicity, in this

paper, we only consider a symmetric double well, i.e.
〈0|ϕ |0〉 − 〈1|ϕ |1〉 = 0, then Tφ → ∞. What should
be pointed out is that the states |L〉 and |R〉 in the
left and the right wells respectively actually overlap
locally, that is the overlap integral between the left
and right states 〈L|R〉 6= 0. In semiclassical approx-
imation, we take 〈L|R〉 = 0 without considering the
effect of such overlap locally on the decoherence of the
system.

We briefly analyse the results mentioned above.
(1) The construction of the circuit affects directly
on the energy relaxation time T1 and the deco-
herence time T2. Only coming from the external
impedance Z(ω), we obtain these results. The ex-
ternal impedance Z(ω) is taken as the elementary
impedance in the quantum circuit and the fluctuation
of the external current source. (2) Energy relaxation
time and decoherence time decrease with the increase
of the coupling matrix element. In order to ensure the
accuracy of quantum calculation, the speed of gate op-
eration must be improved under certain decoherence
time. Apparently, it seems that we can improve gate
speed by decreasing the potential barrier, namely im-
proving ϕ01. In fact, however, it does not work. For
two level superconducting qubits, the results indicate
that the opposite result will be achieved by decreas-
ing the potential barrier.[22] (3) For the flux qubit de-
scribed by the circuit shown in Fig. 1, suppose that
Z(ω) is pure resistor, it is quite apparent that the
dephasing time Tφ is proportional to the Z(ω); the
energy relaxation time T1 is also proportional to the
Z(ω) which transits from high level to low level and
the decoherence time T2 has an identical property.

Expression for spectral density is closely related
to the circuit structure and circuit elements. Appro-
priate circuit structure and circuit elements are indis-
pensable to the manipulation and reading of the super-
conducting qubit state. Impedance Z(ω) is a function
of frequency, which consists of real part and imaginary
part. In the following discussion, we can notice that
the part of grounded capacitance Cg and distributed
capacitance Cd is closely linked with quantum bit. We
need to distinguish them from other environmental re-
sistance components.

The Z0(ω) denotes the impedance formed by the
Cg and Cd. The ZL(ω) analogizes other environment
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impedance.

Z(ω) = Z0(ω) + ZL(ω), (5)

where

Z0(ω) = R0(ω) + iχ0(ω),

ZL(ω) = RL(ω) + iχL(ω).

Then the expression for spectral density

J(ω) =
ω(R0 + RL)

(R0 + RL)2 + (χ0 + χL)2
. (6)

When Tφ →∞, from Eqs. (1), (2) and (6), we obtain
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When other conditions are invariant, we can see from
Eq. (7) that under ohmic impedance environment,
χ0 +χL = 0, spectral density is inversely proportional
to the environmental impedance, this fact reveals that
decoherence time T2 and relaxation time T1 are pro-
portional to the environmental impedance, which per-
fectly agrees with the results in Ref. [23].

It is well known that necessary input/readout cir-
cuits for qubit manipulation are indispensable to per-
form quantum information processing, where the in-
put/readout circuits namely are external environment
of the qubits. The entangling coupling between the
qubit and environment will lead to decoherence. To
overcome the influence of decoherence and improve
decoherence time of the qubit, one of the tactics pro-
posed by the electrical engineers and researchers is
bettering the hardware design of the circuits. Electri-
cally floating qubit is such an efficient design scheme.

For electrically floating qubit, such dissipation
mechanism has been well understood for charge
qubits. However, for floating flux qubits, capacitive
coupling easily occurs in the grounded capacitance
and stray capacitance between lead wires, which fac-
tually leads to decoherence and then decreases the de-
coherence time.

In Fig. 1, there are grounded capacitance Cg and
distributed capacitance Cd in the bias circuit of the
flux qubit, which also form into the impedance of
the circuit. The ZL is other analogical environment

impedance. Based on classical circuit theory, we can
obtain

J(ω) =
ω3RLC2

0

(ωRLC0)2 + (ωχLC0 − 1)2
, (8)

where C−1
0 = C−1

g +C−1
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environmental temperature are invariant, we approx-
imately have
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0
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Under pure ohmic environment (χL = 0), when
ωRLC0 << 1,

T2 =
α

2ω

1
ω2RLC2

0

. (10)

The above equation indicates that, when C0 (i.e.
Cg and Cd) is certain, to enhance decoherence time,
we should shunt connecting a lesser resistor to de-
crease resistance RL. In terms of classical circuit the-
ory, the resistance of the lead wire is proportional to
the length and inversely proportional to the cross-
sectional area. When two resistors are shunt con-
nected, the equivalent resistance mainly depends on
the lesser resistor, suggesting that we should shorten
the length and enlarge the cross-sectional area in qubit
circuit design.

When RL is certain, spectral density increases
with the decrease of capacitor C0. Namely, the bigger
the capacitance is, the more obvious the decoherence
phenomenon of the flux qubit is. Without consider-
ing other factors, we can obtain a longer decoherence
time through decreasing the capacitance C0. Different
from the resistance, we should employ series connected
capacitance to obtain lesser capacitance. When two
capacitors are series connected, the equivalent capaci-
tance mainly relies on the lesser capacitor. The exist-
ing technology is easily available for the capacitance
of the magnitude of 10fF, while difficult for the ca-
pacitance of lower magnitude, which factually reflects
from profile that for floating flux qubits of capacitive
coupling, the decoherence time is hard to be enhanced
because the coupling capacitance exists and the cou-
pling capacitance has trouble in further decreasing.

Undoubtedly, realistic environment is reactive
(χL 6= 0), namely, the environment can both ex-
hibit capacitive and inductive characteristics. When
ωχLC0 ≈ ωRLC0 << 1, from Eq. (9), we have

T2 =
α

2ω

1
ω2RLC2

0

,
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which is similar to the pure resistance environment.
But if we can realize ωχLC0 >> 1, by designing

the controlling circuit, then from Eq. (9) we have

T2 =
α

2ω

R2
L + χ2

L

RL
. (11)

From the above formula, we can see that when envi-
ronmental impedance is larger, the grounded capaci-
tance and distributed capacitance of the lead wires in
quantum circuit have no impact on the decoherence
time of the qubit. At this moment, decoherence time is
mainly determined by the environmental impedance.

Next, we further analyse how to improve the flux
qubits in a reactive environment. (i) When the imag-
inary part of the environmental impedance is cer-
tain, we can control the decoherence of the circuit by
controlling the real part of the impedance. In fact
χL >> RL satisfies at this moment, decoherence time
increases with the decrease of resistor RL, this fact is
quite different from the influence of resistance on the
decoherence, where the resistance reflects the fluctu-
ation of current source. Apparently, resistor RL can
be lessened through shunt connecting a lesser resistor.
Evidently, for a qubit circuit with bigger environmen-
tal dissipation, it is efficient to improve decoherence
time through shunt connecting a lesser resistor. How-
ever, for a qubit circuit with smaller environmental
dissipation, this method is not efficient even acts con-
trary. (ii) When the real part of the environmental
impedance is certain, we can control decoherence of
the circuit by controlling the imaginary part of the
impedance. Because χL >> RL, the decoherence time
approximates to

T2 =
α

2ω

χ2
L

RL
. (12)

Thus, we can see that decoherence time can be
enhanced by increasing the imaginary part of the en-
vironmental impedance. Under the limit ωχLC0 >>

1, what technological line would be adopted to in-
crease the reactive component of the environmental
impedance to achieve the goal of enhancing the deco-
herence time?

If it is capacitance impedance environment,
χ−1

L = ωCL, then C0/CL >> 1 is required, which is
difficult to realize for the moment. The best way to in-
crease χL is shunt connecting/ series connecting induc-
tance elements to structure inductance environment.
Let χL = ωLL and choose ω = 40 GHz, C0 = 5 fF,
then we have LL > 125 nH for ωχLC0 >> 1, which is
relatively easy to implement in realistic qubit circuits.

3. Conclusion

For floating flux qubits, capacitive coupling easily
occurs in the grounded capacitance and stray capac-
itance between lead wires. Capacitor has the charac-
teristics of alternating current and stopping direct cur-
rent that low-frequency noise has little impact on the
floating flux qubits with capacitance coupling. There
are two main factors influencing decoherence of float-
ing flux qubits: one is coupling capacitance in the
circuit. Necessary but finite coupling capacitance will
prevent the increase of decoherence time. The other
is environmental impedance, which is the most signif-
icant source of decoherence. Increasing the environ-
mental impedance, especially increasing the reactive
component of the environmental impedance is ben-
eficial to the enhancement of the decoherence time.
While to achieve the goal of increasing the reactive
component of the environmental impedance, the best
way is to shunt connecting/ series connecting induc-
tive elements to configure the inductance environ-
ment. Our research results may offer good instruction
to the circuit design of the flux qubit.
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