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‘We have observed the macroscopic resonant tunneling of magnetic flux between macroscopically distinct quantum

states in a superconducting flux qubit. The dependences of the macroscopic resonant tunneling on the barrier height of

the potential well, the flux bias and the initial state are investigated. Detailed measurements of the tunneling rate as a

function of the flux bias reveal the feature of the quantum noise in the superconducting flux qubit.
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1. Introduction

Superconducting qubits have aroused a lot of in-
terest because of the fundamental quantum physics
and the promising application in the quantum infor-
mation processing.'? While more and more strik-
ing progress has been achieved in the past decades,
more and more difficulties have appeared on the road
to the implementation of quantum processing. For
instance, the performance of the qubits is limited
by the short energy relaxation time and dephasing
time, which may result from the designs, circuits and
materials.[3~8] Recently, Harris et al.” reported the
observation of the quantum mechanical low frequency
noise with 1/ f frequency dependence, which led to the
shift of Gaussian shaped resonant tunneling rate. In
the present article, we use another method to present
our measurements of the quantum noise in the radio
frequency superconducting quantum interference de-
vice (rf-SQUID) flux qubit. Instead of measuring the
tunneling delay time directly, we extract the tunnel-
ing rate from the relationship between probability and
the flux bias, with the initial state prepared.

An rf-SQUID flux qubit is generally composed of
a superconducting loop with inductance L interrupted
by a Josephson junction with capacitance C' and crit-
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ical current I.. The dynamics of the rf-SQUID can be
described in terms of a variable ¢ and is identical to
that of a particle of ‘mass’ C' moving in a potential

well
1/ 27(d — D)\ 27
U@)=Us 2(% — B cos o )|
(1)
where &9 = h/2e is the flux quantum, U, =

@3/(47%L), and B, = 2wLI./®y. For a proper [,
when magnetic flux & close to ®q/2 is applied, the
system has a double potential well. Energy levels lo-
calized in different wells represent different flux states,
which correspond to macroscopic currents circulat-
ing around the loop in the clockwise and the anti-
clockwise directions. Flux can tunnel between the op-
posite wells when the energy levels in the two wells
are aligned,['% generating a change of the circulating
current direction, which can be discriminated by a dc-
SQUID magnetometer.

2. Model and method

Our samples are fabricated with Nb/AlO, /Nb tri-
layer on an oxidized Si wafer using a standard pho-
tolithography process. A schematic layout of one of
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the samples is shown in Fig. 1. The qubit is essen-
tially an rf-=SQUID in the second order gradiomet-
ric design.' Two tunnel junctions in parallel named
compound Josephson junctions (CJJs) are used in-
stead of one in order to adjust I. with an applied dc
flux bias @77 which consequently changes the barrier
height of the well in situ. We use an on-chip flux bias
line to control the tilt of the potential with an applied
dc flux bias #{. Additional flux bias line is used to pro-
duce @?C, thus biasing the readout de-SQUID at the
maximum sensitivity region. The mutual inductance
between the qubit and dc-SQUID is well designed so
that we can distinguish the different fluxes generated
by the circulating currents in the qubit. The sample is
mounted on a chip carrier enclosed in a superconduct-
ing aluminum sample cell. The assembly is thermally
anchored to the mixing chamber of dilution refrigera-
tor with base temperature 7" = 20 mK and magnet-
ically shielded by three layers of Mu-metal cylinders
surrounding the Dewar bottle at room temperature.
All electrical leads that connect the junction to room
temperature electronics are carefully filtered by RC fil-
ters and copper-powder filters. Battery-powered low-
noise pre-amplifiers are used for all measurements. All
the on-chip flux bias lines mentioned above are induc-
tively coupled to the qubit. A 20 dB attenuator at
1 K stage and a 10 dB attenuator at 20 mK stage are
used to reduce the external noise along the current
bias circuit.

CJJ
L)~
e

_—7 barrier loop
¢

Iy,
qubit loop

Fig. 1. Schematic of the sample layout, where the crosses
represent Josephson junctions and @?C, 45?‘” and dﬁfq de-
note the flux bias for the dc-SQUID, compound Josephson
junctions and qubit, respectively.

There are several methods to measure the macro-
scopic resonant tunneling (MRT) in the rf-SQUID
qubit.!%11:12] The time profile of the measurement se-
quence in our experiments is shown in Fig.2. Having
calibrated the sample parameters, we set the flux bias
@FM | with which the potential barrier between the
wells is not too high for the experiments. Beside &,

which determines the energy levels in the wells, an

additional short pulse is added to the qubit in order
to prepare the initial state in one of the wells. After
shutting down the preparing flux pulse and waiting
for a delay time tgclay, & readout current pulse with
a rising time of 5 ns is applied to de-SQUID. By set-
ting the amplitude and the duration of readout current
pulse properly, we can observe that de-SQUID either
switches to a finite voltage or stays at zero voltage,
corresponding to the qubit state in the left well |L) or
in the right well |R). The switching probability can be
obtained by repeating the trials 5000 times, thereby
representing the probability of the qubit being in |R)
state. Then we change @{ gradually, repeat the above
measurement and obtain the population as a function
of .
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Fig. 2. Time profile of the measurement sequence, where
the upper insets illustrate the changes of the potential

wells.
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Fig. 3. Curves for probability versus @? with the initial
state prepared in one of the double wells, where dotted
lines indicate the locations where the lowest energy levels
in one well cross the energy levels in the opposite well.

Figure 3 shows the typical data of the probability
being in |R) as a function of the flux bias. The solid
line represents the measured probability without the
initial state prepared. As expected, it is symmetric
about 45? = 0.5®y. The curve to the left of the solid
line is the probability measured when the initial state
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is prepared in the left well. The dips indicated by the
dotted lines correspond to the lowest energy levels in
the left well crossing successively the different levels in
the right well, generating a maximum transition rate
from the left to the right well. For the curve to the
right of the solid line, the initial state is prepared in
the right well. Similarly, peaks can be observed at the
flux bias where the levels between two wells are lin-
ing up and generating maximum transition to the left
well. These curves have different values of t4ciay. The
closer curves to the solid line correspond to the longer

tdelay .

3. Discussion

In order to compare our experiment with the the-
ory quantitatively, we extract the tunneling rates at

different flux bias. From the master equations, we

have AP
T; = —ItrPL + IRLPR,
P+ Pr=1, (2)
FLR — eE/Teff
IRy ’

where P, and Py are the populations in |L) and |R)
respectively, I1r and IRy, are the rates of tunneling
transitions between the two wells, € is the bias energy
between the wells and T is the effective temperature.
By solving Eq. (1), we obtain Py, as a function of ¢,

1
1+4e4’ ®)

PL=C .e—(1+efA)FLRt

where A = and (' is a constant.

eff
Therefore, for each &, we measure the probabil-

ity of being in |R) state as a function of ¢gelay. Shown
in Fig. 4 is an example of the probability versus tqelay-
By fitting it using Eq. (3) we obtain the tunneling rate
I'. Then we reset ®f, repeat the procedure. We ob-
tain I" as a function of &f, which is shown in Fig. 5.
The squares and the circles represent the tunneling
rates with the initial state prepared in the different
wells. They are symmetric about 0.5¢9. When the
levels in different potential wells cross each other, the
tunneling rates are enhanced due to the maximizing
of the density states. The inset of Fig. 5 shows that at
0.5®¢, the Gaussian-shape tunneling rate peak splits
into two peaks. According to Ref. [13], in the presence
of low frequency flux noise, the transition rate I g is
found to be

T A2 (e —ep)?
fir = \/QWeXp {* 2W? }

in which A, W and €, represent the tunneling ampli-
tude, the width of the tunneling rate and the energy
shift, respectively. For a classical noise, €, = 0, so
the tunneling rate is symmetric about 0.5®q; yet for a
quantum noise, e, # 0, so the tunneling rate is shifted
and the peak symmetric about 0.59¢ splits into two
peaks. This is a signature of the presence of the strong
low frequency noise.[”’ Considering the large geomet-

rical size of our sample, the splitting is reasonable.
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Fig. 4. Probability versus tqelay at @?, from which we
can obtain the tunneling rate by fitting with the theoret-

ical model.
101! T T T
3
T 1072 :f‘p-
wn G & &
% ‘| :e %
T 0.496 0.500 0.504 &
= 1073 ’ & J
* ~
G
—4
E 10~ % 4
1073 .
0.52

Fig. 5. Tunneling rate versus @?. The inset clearly shows
the splitting of the tunneling rate peak around 0.5Pq,
which is caused by the quantum noise in the qubit.

It is interesting to notice that though around each
crossing point, the tunneling rate is enhanced because
the energy levels in the double well align with each
other, but is not always a maximum (Fig. 5). The rel-
ative peak height of the tunneling rate at the crossing
point seems to be periodically modulated as a func-
tion of #¢. This is counterintuitive and also observed
when we change the barrier height of the qubit. Fur-
ther experiments are needed to clarify whether it is

intrinsic or artificial.
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4. Conclusion

Using a fast readout pulse, we have measured the
probabilities and tunneling rate each as a function of
the flux bias in the rf-=SQUID flux qubit by prepar-
ing the initial state in one of the double wells. Peaks
and dips due to the resonant tunneling are observed
when the levels in opposite wells line up. The quan-

tum noise in the qubit leads to the splitting of the

middle resonant tunneling peak.
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