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Abstract: One significant source of decoherence in superconducting circuits is known as two-level
systems (TLSs), found in amorphous oxide layers. These circuits can, however, also be utilized as
spectral and temporal TLS probes. Comprehensive investigations on the physics of TLSs are now
possible thanks to recent advancements in superconducting qubits. Here, we simultaneously measure
the tunable Xmon qubit decoherence time as well as the resonance frequency for more than 3 days
to investigate stochastic fluctuations. Time-domain Allan deviation and frequency-domain power
spectral density analysis indicate that two TLSs in near resonance with the qubit are responsible for
the fluctuations. From the extracted oscillation in T1 decay, we locate the two TLSs near the junctions.

Keywords: superconducting qubit; two-level systems; decoherence

1. Introduction

Superconducting qubits are attractive candidates for the construction of quantum
computers. They are now moving into the era of ‘noisy intermediate-scale quantum’ (NISQ)
technology [1], and preliminary error correction algorithms have been implemented [2–6].
In the NISQ region, qubit fluctuations directly limit the circuit depth of the algorithm.
Therefore, further progress in this system requires not only instant high-fidelity single- and
two-qubit gates but also longer coherence times and stable performance.

Generally, fluctuations in decoherence time and qubit frequency have been attributed
to quasiparticles or TLS defects [7,8]. The intrinsic properties of quasiparticles have been
deeply investigated in recent decades [9–16]. However, the microscopic nature and loca-
tions of the TLSs still remain undetermined [17]. Although the inherent losses induced
by TLSs restrict the performance of superconducting circuits made of aluminum or nio-
bium, these circuits, including superconducting coplanar waveguide (CPW) resonators
and superconducting qubits, are effective tools to investigate TLSs.

TLS defects have been investigated using different methods based on superconducting
qubits, such as direct microwave spectroscopy [18–25], strain spectroscopy [26–28], long-
term time-domain measurement [29–34], dielectric loss and participation ratio [35–37]. These
works partially analyze spectral or temporal data, or demonstrate with fixed-frequency
qubits. Here, we both spectrally and temporally analyze the relaxation time T1 fluctuations
and qubit frequency ∆ω/2π fluctuations of a frequency-tunable Xmon qubit and discover
that two independent Lorentzians are needed to describe the fluctuations. We then focus
on the original data of T1 fluctuations and find two unusual oscillations. From the fitting of
the oscillation data, we calculate the couplings between the qubit and TLS and find that
two near-resonant TLSs are possibly located near the junctions.

2. Device and Methods

We use the endmost qubit of a tunable six-Xmon-qubit-chain device to probe the TLS
defects [38,39] as shown in Figure 1a. The qubit is made of aluminum on silicon, with a
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large shunt capacitor to decouple the charge noise. The qubit is equipped with a microwave
XY control line, a flux bias Z line for tuning the frequency, and an individual λ/4 readout
resonator. The maximum transition frequency of the qubit is ωmax/2π = 5423.5 MHz,
and the qubit anharmonicity is α/2π = −240 MHz. The bare frequency of the readout
resonator is ωr/2π = 6424.3 MHz, which lies in the dispersive regime. The other five
qubits are modulated to the lowest frequencies with significant frequency differences from
the operating qubit, leaving them fully uncoupled.
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Figure 1. (a) An electron microscope image of a single cross-shaped Xmon qubit and the correspond-
ing simplified measurement circuit. (b) Dependence of the qubit frequency on the Z bias. The peaks
are extracted and fitted to Equation (1) (red dotted line). The frequency resolution is 1 MHz. No
anti-crossings can be found in these spectroscopy results.

By adding a Z bias pulse behind the Xπ driving, we demonstrate the frequency
spectroscopy of the qubit. The result is shown in Figure 1b. The frequency of the qubit
versus Z bias amplitude is extracted and fitted by

ω = (ωmax + ωc)

√√
1 + d2tan2[M(V −V0)] |cos[M(V −V0)]| −ωc, (1)

where ωmax/2π = 5423.5 MHz, ωc/2π = 23.7 MHz, d = −0.2447, M = 2.062, and
V0 = −0.0043 V, respectively. Due to the large junction area (≈1 µm2), previous experi-
ments have revealed characteristic level avoidance or anti-crossing on superconducting
phase qubits [18–22], flux qubits [23,24], and Quantronium [25]. However, the junction area
of the Xmon qubit used in this experiment is ≈200 nm2, and the spectroscopy in Figure 1b
shows no obvious anti-crossing. The result implies that the TLS density per junction area is
too low to be detected with a 1 MHz frequency resolution and 1 min timescale.

Then, we evaluate the fluctuations of the qubit relaxation time T1 with different qubit
frequencies, both by sweeping the Z bias and by consecutive measurements. The experi-
mental pulse sequence that we use to measure T1 at a single frequency is shown in Figure 2a
with odd pulse sequences. The qubit is driven to the first-excited state by a calibrated Xπ

pulse. After waiting for a variable free evolution time ∆ti, the population of the excited
state is measured. T1 is determined by fitting the population to a single-exponential decay
as a function of ∆ti. We sweep a frequency range across 230 MHz and a spanning time of
up to 21 h with 0.005 V and 16 min step sizes. There is an obvious time-varying reduction
in T1 between −0.05 V and 0.05 V as shown in Figure 2b.
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Figure 2. (a) Time-domain measurement sequences: Simultaneous acquisition of T1 relaxation and
TR

2 Ramsey measurements is achieved by interleaving single pulse sequences. The time ∆ti is the
free evolution time. (b) Spectrally and temporally resolved T1. This dataset comprises 6480 T1

measurements, spanning 230 MHz and 21 h with 0.005 V and 16 min step sizes, respectively. (c) An
interleaved series of 4700 T1 relaxation and TR

2 Ramsey measurements, spanning 85 h with a 65 s
step size.

To elucidate the origin of the observed time-varying reduction of T1, we tune the
qubit to −0.033 V, where the qubit frequency is ω/2π = 5419 MHz. Using the interleaved
sequences shown in Figure 2a, we acquire the qubit parameters at once, including the
lifetime T1, decoherence time TR

2 , and qubit frequency shift ∆ω/2π. The whole sequence
takes approximately 65 s. While the interleaved sequences prolong the time to obtain a
single parameter, which leads to an increased noise window, it ensures that each data point
of T1, TR

2 , and ∆ω/2π is exposed to the same noise environment. By repeatedly running
the sequences shown in Figure 2a, we monitored the stability of the parameters. Figure 2c
shows the results of 4700 sequence repetitions over 85 h.

3. Time and Frequency Domain Analyses

In this work, we conduct statistical analyses that are commonly used in frequency
metrology [40]. We investigate both the Allan deviation and the power spectrum density
of T1 and ∆ω/2π fluctuations in Figure 2c, respectively, and the results are displayed in
Figure 3.

The Allan deviation is a commonly used parameter in time-domain analysis, which
helps to determine the nature of the stochastic processes responsible for data noise [41].
The slope of the Allan deviation, which corresponds to different kinds of noise, can be
fitted to

σ(τ) = (
h0

2
)

1
2 τ−

1
2 + (2ln(2)h−1)

1
2 + (

4π2

6
h−2)

1
2 τ

1
2 +

Aτ0

τ
(4e−

τ
τ0 − e−

2τ
τ0 − 3 + 2

τ

τ0
)

1
2 , (2)

where the first three terms represent white noise, 1/ f noise, and random walk noise,
respectively, and hi (i = 0,−1,−2) is the corresponding noise amplitude [42]. The last term
stands for the exponentially correlated (Lorentzian) noise, which is the only noise process
that can explain the single peak in the Allan analysis, where A is the noise amplitude and
τ0 is the characteristic timescale [31]. In Figure 3a, we model the T1 fluctuations by two
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Lorentzians with a white noise floor, and we obtain correlation times of approximately
2× 103 s and 3× 104 s. For the ∆ω/2π Allan deviation in Figure 3c, the correlation times
are the same as the T1 fluctuations but with different amplitudes. Considering that the
typical quasiparticle tunneling rate in transmons is in the range of 0.1 kHz to 30 kHz, we
conclude that the two Lorentzians correspond to two TLSs.
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Figure 3. (a,c) Allan deviations of T1 fluctuations and frequency shift (∆ω/2π) fluctuations in
Figure 2c, respectively. (b,d) PSDs of T1 fluctuations and frequency shift (∆ω/2π) fluctuations in
Figure 2c, respectively. All the plots feature a red line indicating the overall noise which comprises
1/ f noise (orange lines), two different Lorentzians (blue lines), and white noise (magenta lines).

Another typical frequency domain analysis technique is the power spectral density
(PSD) [43]. Similar to Equation (2), the noise PSD can also be represented by

S( f ) = p0 +
p−1

f
+

p−2

f 2 +
2B
π

σ

4( f − f0)2 + σ2 , (3)

where the four terms represent white noise, 1/ f noise, random telegraph noise, and ex-
ponentially correlated (Lorentzian) noise [42], with pi (i = 0,−1,−2) denoting the noise
amplitude for the first three terms. σ is the full width at half of the maximum (FWHM) of
the Lorentzian, and f0 is the characteristic frequency. Similar to the results of Allan variance,
the PSD of the T1 and ∆ω/2π fluctuations can also be modeled by two Lorentzians of the
same characteristic frequencies but different FWHMs, with 1/ f and a white noise floor.
Again, it is confirmed that there are two TLSs affecting the qubit.

4. TLS Location

We can explain the fluctuations in Figure 2c using the interacting TLS model, where
defects can not only interact with the qubit but also mutually interact with themselves [17],
as shown in Figure 4c. If the transition energy of a TLS is below or near the thermal
level kBT, it undergoes stochastic state switching that is thermally activated. Longitudinal
coupling gT between the TLS with high transition energy near the qubit frequency (labeled
as ‘TLS1’) and TLSs with energies below the thermal level causes telegraphic fluctuation
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or spectral diffusion of the TLS1 frequency. This temporal frequency fluctuation of TLS1
results in the qubit parameters variations. In cases where the frequency of TLS1 is close to
the qubit frequency, the coupling strength g becomes larger than gT , and we can simplify
the model to two-qubit resonant coupling, where energy swap between the TLS1 and the
qubit will happen.
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Figure 4. (a) A dataset with a sinusoidal decay profile. (b) Another dataset with a much larger
oscillation frequency. Resonant exchange with TLSs is the reason for the emergence of revivals.
(c) Illustration of the interacting TLS model. The interaction between the TLS1 and TLSs with energies
at or below kBT (blue area) leads to frequency fluctuations of TLS1, which are then transformed into
the qubit parameters fluctuations through coupling g. (d) Electron microscope image of the qubit’s
SQUID. The dimensions are indicated in the image. The red and green concentric circles have radii of
0.27 µm and 1.2 µm, respectively, indicating the locations of the TLSs. The insert depicts a schematic
cross-sectional view of the junction and its native aluminum oxide layer that contains structural TLS
(not depicted to scale). In addition to this, surface defects can also arise from fabrication residuals,
atmospheric contaminants, and substrate surface amorphization resulting from circuit patterning.

To locate the TLSs, we re-examine the T1 raw data. Typically, the qubit decays ex-
ponentially to the state |0〉 due to spontaneous emission as the delay after the Xπ pulse
increases. However, we find two types of revival oscillations as shown in Figure 4a,b. All
the other qubits in this device are tuned far away from the operation qubit, so the interac-
tion between the qubits can be neglected. For quasiparticles, we discuss in the previous
section that the quasiparticle tunneling rate is higher than the characteristic frequency of
Allan deviation. The effect of quasiparticles on the qubit relaxation time usually remains
in the form of exponential decay [13]. Both phase and flux qubits have also been found to
exhibit these revivals [21,24], which were explained by coherently coupled TLSs residing
in the qubit junctions. Accordingly, the revival oscillations are attributed to the energy
exchange between the qubit and the two-level systems. The coupling strength g between a
single TLS and the qubit can be extracted by fitting the oscillation to

〈σZ(t)〉 = 〈σZ〉∞ + a1e−Γ1t + a2e−Γ2t + aosc cos (2π f t + φ)e−Γosct, (4)
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where 〈σZ(t)〉 is the measured expected value of the Pauli matrix, 〈σZ〉∞ is the thermal equi-
librium background, ai and Γi are the amplitude and relaxation rate of the two hybridized
degenerate states i(i = 1, 2) to |0〉qubit |0〉TLS, and aosc, f , Γosc describe the amplitude,
frequency, and decay rate of the oscillation in 〈σZ(t)〉 [32], respectively. The two oscillation
frequencies in Figure 4a,b are fTLS1 = 273 kHz, and fTLS2 = 1.022 MHz, respectively.

These parameters can be rewritten by the coupling strength g as

g2 = aosc × f 2, (5)

f 2 = g2 + ∆ f 2, (6)

where ∆ f is the energy gap between the TLS and the qubit. From this model, we find
that the coupling strengths of the two TLSs are gTLS1 = 190 kHz and gTLS2 = 820 kHz.
The energy differences between the two TLSs and the qubit are ∆ fTLS1 = 196 kHz and
∆ fTLS2 = 610 kHz, respectively. The coupling strengths and the energy differences are
smaller than the scanning steps of Figure 1b, so we cannot find any anti-crossings in
the spectroscopy.

By assuming the qubit is coupled with the TLS through an electric field and considering
that the TLS dipole moment is d = 1 Å [19], the minimal length of the electric field line, x,
can be estimated by

x =
2|d|
hg

√
Ech fqubit, (7)

where Ec is the qubit’s charging energy, h is the Planck constant and fqubit is the working
frequency of the qubit. In this work, xTLS1 = 1.2 µm, and xTLS2 = 0.27 µm. The coupling
strength between the qubit and the TLS lying in the amorphous AlOx tunnel barrier
of the qubit junction is generally tens to hundreds of megahertz, much larger than the
coupling strengths we measured. The junction area of the sample is approximately 200 nm2,
and there also exist fabrication residuals, atmospheric contaminants, and substrate surface
amorphization resulting from circuit patterning around the junction electrodes as shown in
the insert of Figure 4d [27,44,45]. Overall, we consider that these two TLSs are located in
the area of the SQUID close to the junctions, marked with green and red concentric circles
in Figure 4d.

5. Conclusions

In this study, we first observed the modulation of qubit energy levels with Z bias
and did not find any obvious anti-crossings in the spectroscopy in Figure 1b. Then, we
measured the long-term stability of the qubit relaxation time T1 at different frequencies
and found that there exists an obvious time-varying reduction in T1. To elucidate the
causation of the observed reduction in T1, we used a time-multiplexed protocol to measure
the stability in T1, TR

2 , and the qubit frequency shift of a tunable Xmon qubit during a time
exceeding 85 h. By time-domain Allan deviation and frequency-domain power spectral
density analyses, we conclude that there exist two spectrally unstable TLSs which are
mainly responsible for the qubit parameters’ fluctuations. Additionally, we calculated the
coupling strengths and energy differences between the qubit and the TLSs, and we located
these two TLSs within the range of 2 µm in the junction area.

The analytical methods used in this paper are effective tools to analyze the long-
term stability of the quantum system parameters, such as decoherence times of quantum
dots [46], optical gains of laser diodes using quantum wires [47,48], and spontaneous
currents in superconducting rings [49,50], and are not limited to the superconducting qubit
system discussed here. The presence of fluctuations in T1, TR

2 and qubit frequency highlights
the importance of recalibrating qubits frequently, as these fluctuations contribute to errors in
quantum gate fidelities and quantum teleportation fidelities [51,52], and this study provides
an approach for selecting the ideal working points of tunable superconducting Xmon qubits
to avoid the unstable area. Basically, this emphasizes that in order to accurately evaluate the
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quality of a qubit, not only the exceptional coherence time, but also the long-term average
value should be estimated.

Additionally, the methods provide a way to locate the main source of system noise
via the Allan deviation and frequency-domain power spectral density. The observed
coherent qubit–TLS couplings (Figure 4) are an unambiguous indication that there exist
near-resonant TLSs. The occurring frequency of revivals is close to the frequency of T1
decay, indicating the instability of the spectrum, which is consistent with the interacting
TLS model in Figure 2c. Therefore, we attribute the reduction in T1 in Figure 2b to the
near-resonant TLSs. However, the Allan deviation and frequency-domain power spectral
density analyses require a vast amount of data, which is time consuming. Other fast and
accurate noise analysis methods still need to be developed.
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