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We demonstrate a fast method to detect microscopic two-level systems in a superconducting phase
qubit. By monitoring the population leak after sweeping the qubit bias flux, we are able to measure the
two-level systems that are coupled with the qubit. Compared with the traditional method that detects
two-level systems by energy spectroscopy, our method is faster and more sensitive. This method supC 2015 AIP Publishing LLC.
plies a useful tool to investigate two-level systems in solid-state qubits. V
[http://dx.doi.org/10.1063/1.4930201]

Superconducting qubits are promising candidates to realize quantum computation due to their scalability and
design flexibility.1–4 However, in order to realize practical
quantum computation, two crucial qubit parameters should
be improved. One is the decoherence time and the other is
gate fidelity. Recent investigations found that the microscopic two-level system (TLS) is one of the sources of
energy relaxation, which sets a constraint on qubit decoherence time. TLSs are also harmful to Rabi oscillations, leading to a sharp decrease in gate fidelity.5–12 Since TLSs are
ubiquitous in solid-state devices,13–15 it is important to detect
and investigate them in order to achieve better qubit performance.6,16,17 In recent experiments on the mechanism and
interaction of TLSs in superconducting qubits, TLSs are
detected through the standard energy spectroscopy measurement.20,21 With this traditional method, the coupling between
a TLS and a qubit results in an anti-crossing (or energy level
splitting) on spectroscopy.5,6,18,19,22,23 However, the visibility of the anti-crossing depends on the width of the resonant
peak as well as the measurement resolution.24 Timeconsuming high resolution spectroscopy measurement hinders the investigation of the dynamic evolution of TLSs in
solid-state devices. Therefore, it is useful to develop a rapid
measurement method to detect TLSs quickly and accurately.
Here, we propose and then experimentally demonstrate
a rapid method to detect TLSs. In a flux bias superconducting phase qubit, we first excite the qubit to the excite state.
We then sweep the flux bias in a range of dU with different
speeds. If there is a splitting resulting from the coupling of
the TLS and qubit in the region, Landau-Zener transition
will occur. The population transferred to the other state
depends on the coupling strength and sweeping speed. By
measuring the population on the excited state after the
sweeping as a function of the sweeping time, we can obtain
accurate information on the TLS. Compared with the traditional method of spectroscopy, our method possesses higher
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sensitivity and speed, supplying an alternative technique to
investigate two-level systems in solid-state qubits.
A flux bias superconducting phase qubit can be considered as an artificial atom.23,25,26 When initialized in the
ground state, it will be excited to the excited state by absorbing resonant microwave photons. A transition peak with
width dependent on the decoherence time can be observed.
By gradually changing the flux bias and microwave frequency gradually, one can map out the energy spectroscopy
of the qubit, as shown in Fig. 1. This is the traditional
method to detect a TLS. Ideally, the resonant frequency
should decrease smoothly with increasing flux bias due to
the anharmonicity of the phase qubit. When the spectroscopy
is interrupted by a splitting, it is an indication that there is a
coupling between a TLS and a qubit. The center of the splitting reveals the intrinsic frequency of the TLS, while the amplitude of the splitting D is 2 times of the coupling strength.
If the coupling between TLS and qubit is weak which leads
to a tiny splitting, one has to increase the sweep resolution of
flux bias and microwave frequency. With this traditional
method, significant amount of time will be needed to scan a
2-dimentional spectroscopy with frequency resolution much
smaller than the rate of decoherence.
Noticing that the presence of the TLS is always associated with the anti-crossing, we propose to detect TLSs using
the principle of Landau-Zener transition. The schematic time
profile of the measurement is shown in the upper right part
of Fig. 1. If we want to detect TLSs between Ui (0.9708
U0) and Uf (0.9786 U0), we biased the qubit at Ui and apply
a p pulse to excite the system to state j1i. Then, in a time duration ts, we sweep the flux bias to Uf with a constant energy
varying speed vb  dE/dt. At the end of sweeping, the population in j1i P1 is measured. We then change ts, repeat the
procedure, and obtain the corresponding P1. If there is no
TLS between Ui and Uf, the population leaks from j1i only
by the energy relaxation. From Ui to Uf, the energy level
spacing of the qubit changes about 0.3 GHz. In a welldesigned measurement system, the energy relaxation rate
will be kept constant during the whole procedure. This can

107, 102601-1

C 2015 AIP Publishing LLC
V

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
129.237.46.99 On: Thu, 15 Oct 2015 14:30:23

102601-2

Tan et al.

Appl. Phys. Lett. 107, 102601 (2015)

FIG. 1. Energy spectroscopy of a superconducting phase qubit. A large splitting resulting from the coupling between a TLS and a qubit can be clearly
observed at flux bias about 0.9738 U0. Upper right is the schematic time profile of the experimental procedure. Qubit is initially biased at Ui near 0.9708
U0. A p pulse is applied to excite the qubit to j1gi. Then, the flux bias is
swept to Uf with a constant speed. Finally, a readout pulse is sent to the qubit
and the qubit state is measured. Left corner shows the schematic energy diagram of the TLS-qubit coupled system. The arrows indicate two channels of
the population leaking from j1gi. One is the energy relaxation to j0gi with a
rate 1/T1. The other is the Landau-Zener transition to j0ei with a rate PLZ.

be confirmed by directly measuring the energy relaxation
time T1 at various fixed flux biases. Therefore, if we plot P1
as a function of ts, we obtain an exponential decay with
relaxation time T1, which is the energy relaxation time of the
qubit. However, in the presence of the TLS, there is another
leak channel. The energy level diagram is schematically
shown in the left corner of Fig. 1. The energy levels in the
TLS-qubit coupled basis can be written as j0gi; j1gi; and
j0ei, respectively, where j0iðj1iÞ is the state of the qubit and
jgiðjeiÞ is the state of the TLS. The resonant p pulse excites
the system from j0gi to state j1gi. When we sweep the flux
bias across the anti-crossing, the qubit has finite probability
to be transferred to state j0ei through Landau-Zener transition. The transition probability is approximately given by
Landau-Zener formula PLZ ¼ expð2pD2 =4vb 
hÞ, which
depends on the amplitude of splitting D and the sweeping
speed vb.27 Now the population after sweeping can be written
as
P1 ¼ ets =T1 e
2

2

pD
2v
h
b

¼ ets =T1eff ;

(1)

1D
where T1eff ¼ T1 =ð1 þ pT
2dE
h Þ and dE is the energy difference
of state j1gi at Ui and Uf. Therefore, having measured T1 and
T1eff, we can detect the TLS and derive the amplitude of anticrossing. In our system, T1 is fairly constant over the sweep
range, which is proved by the previous measurement results.
Shown in Figs. 2(a) and 2(b) are some examples of P1 vs.
ts for various Uf. In our experiments, we set Ui ¼ 0.9708 U0.
Uf ranges from 0.9708 U0 to 0.9786 U0. The energy difference
dE for 0.9708 U0 and 0.9786 U0 is dE/2p ¼ 300 MHz, which
is much larger than D/2p  50 MHz. In this range, the frequency of qubit is linear in flux, which indicates that the constant varying speed of vb  dE/dt is convenient to achieve.
Moreover, for a large dE, we can always design the waveform
of flux sweeping to keep a constant vb if we have known the
qubit energy spacing as a function of the flux bias. Therefore,

FIG. 2. (a) Population of j1gi as a function of sweeping time ts for various
final flux biases Uf. (b) Effective energy relaxation time determined from the
population in j1gi vs. sweeping time ts for two final flux biases Uf ¼ 0.9708
U0 (square) and 0.9786 U0 (diamond). By fitting the curve to an exponential
decay, we can obtain T1eff. Since Uf ¼ 0.9708 U0, T1eff obtained from the
upper curve is identical to T1. (c) P1 vs. final flux bias for two sweeping
time. The line is a guide to the eye. A quick decrease of P1 near 0.9734 U0
indicates the presence of a TLS. (d) Upper panel: Spectroscopy of the qubit
for flux bias from 0.9740 U0 to 0.9773 U0. No obvious splitting can be
observed. Lower panel: T1eff vs. final flux bias in the same range. A discontinuity at 0.9757 U0 can be clearly seen. The red arrow marks the corresponding position of a small TLS on spectroscopy.

Eq. (1) is, in general, a good approximation. We can see that
with the increase in Uf, the sweeping range hits the TLS and a
decrease in T1eff could be observed. We have measured the
stationary T1 at various flux biases without sweeping the flux
bias. T1 ¼ 140 6 4 ns and does not change with flux bias. By
fitting P1 vs. ts in Fig. 2(b), we obtain T1eff ¼ 11.00 6 0.01 ns
for Uf ¼ 0.9786 U0. Using the definition of T1eff, we obtain
D/2p ¼ 48.3 6 2.5 MHz, which agrees with the observation in
the spectroscopy.
A comparison between our method with the traditional
method demonstrates the advantage of the former in terms of
resolution and speed. For the spectroscopy method, the resolution is determined by the width of resonant peak, which is
the inverse of T1 without considering the dephasing. Using
measured T1, the smallest TLS we can detect with spectroscopy is about 7 MHz for our sample. In order to measure a
spectroscopy of a 50 MHz TLS, we have to scan a window
of 100 MHz frequency (with 1 MHz step) and 8 mU0 flux
bias (with 0.2 mU0 step). The total points we need to measure is about 4000 in the window. On the other hand, the resolution of our method is determined by the uncertainty of
T1eff. The largest uncertainty is achieved when T1eff
approaches T1 because the smaller the TLS, the larger the
T1eff. Given the uncertainty of our T1 measurement and Eq.
(1), the smallest D we can detect is about 6 MHz, which is
slightly smaller than that of the spectroscopy method.
However, we only need to measure about 50 points to obtain
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T1eff, which is about 2 order of magnitude faster than the
spectroscopy measurement.
Therefore, an obvious advantage of our measurement
technique is the quick detection of the presence of the TLS.
There is a room to further shorten the measurement time. We
can just compare the P1 instead of T1eff so we do not need to
change the sweeping time and repeat the measurement procedure. Shown in Fig. 2(c) are examples of P1 vs. sweeping
distance for two different sweeping speeds. We decrease the
measurement points to about 10. A fast decrease of P1 near
0.9727 U0 reflects a large TLS presence on spectroscopy.
Therefore, if we have already known T1, we can monitor a
TLS in real time by detecting P1 while sweeping the flux
bias. Although we could not extract the exact value of D by
this means, it will tell us the relative amplitude of the coupling. This is very powerful for the investigation of the dynamics of TLS.
The high sensitivity of our method can be demonstrated
by measuring small TLSs. For instance, in Fig. 2(d) upper
panel, there is a small TLS which can hardly be observed
from spectroscopy. However, if we measure T1eff for different flux biases, a discontinuity at 0.9757 U0 can be found,
indicating that there is a small TLS at that flux bias.
We noticed that Eq. (1) is an asymptotic formula for
Landau-Zener transition.27 It is an exact solution only under
the condition of sweeping flux bias from 1 to þ1. In
order to precisely determine D, we have to carefully check
the validity of the approximation. For the finite sweeping
range, we can use the master equation to describe the dynamics of a qubit. Considering the effect of decoherence, we can
write the master equation as
q_ ¼ i½H; q  C½q;

(2)

where
2

D
6 x01 ðtÞ
2
H¼6
4 D
xTLS
2

3
7
7:
5

(3)

Here, x01(t) ¼ x01(0) – vbt is the energy level spacing of the
qubit and xTLS is the intrinsic frequency of the TLS. The second term C½q describes the relaxation and dephasing processes phenomenologically. In a concrete expression, Eq. (2)
can be rewritten as



q_ aa
q_ bb
q_ ab


D
¼ i ðqba  qab Þ  Ca qaa
2


D
¼ i ðqba  qab Þ  Cb qbb
2


D
¼ i ðx01 ðtÞ  xTLS Þqab þ ðqbb  qaa Þ  cqab ;
2

with qba ¼ q?ab . Here, j1gi and j0ei are labeled as jai and
jbi. Ca and Cb are the energy relaxation rate to j0gi from
j1gi and j0ei, respectively. c ¼ (Ca þ Cb)/2 þ 1/T2 is the
decoherence rate including both energy relaxation and phase
dephasing. In Fig. 3, we compare the results obtained from
numerical solution of the master equation and those obtained
from Eq. (1). The two results generally agree well, except
for when D2T > 0.2dE, in which T is sweep time. Therefore,
in order to obtain accurate D value, one should maximize
dE/T, which is the sweeping speed.
There are two more issues we should mention for our
method. One is that our method assumes that T1 does not
change during the sweeping. This may not be valid in some
systems, which will make it difficult to obtain an accurate
value of D. Nevertheless, if one knows the background of T1
as a function of the energy detuning, one can use our method
to detect the presence and relative magnitude of a TLS. The
other issue is the presence of multiple TLSs with the increase
of dE. When the distance between TLSs dE is larger than D,
one can use our method to characterize the TLSs one by one.
If the distancePbetween TLSs is small, one can replace D in
Eq. (1) with
Di , which is an effective energy gap of the
whole system. In this case, our measurement will obtain the
property of the whole TLSs instead of individual TLSs.
In summary, we have demonstrated a rapid method to
detect TLSs in superconducting phase qubits. By sweeping
the qubit bias flux, we measure the effective relaxation time,
from which we can measure the TLS that coupled with the
qubit. Compared with the traditional method of spectroscopy, the method can detect TLSs with higher resolution and
speed, thus supplying a useful tool to characterize two-level
systems in solid-state qubits.28
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