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Decoherence of a tunable capacitively
shunted flux qubit
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Quantum annealing is amethod to solve optimization problems that leverages quantum tunneling in a
coupled qubit system.Wepresent a detailed study of the coherence of a tunable capacitively-shunted
flux qubit, designed for coherent quantum annealing applications. We find that for high qubit
frequencies, thermal noise in the bias line makes a significant contribution to the relaxation, arising
from the design choice to experimentally explore both fast annealing and high-frequency control. The
measured dephasing rate is primarily due to intrinsic low-frequency flux noise in the two qubit loops,
with additional contribution from the low-frequency noise of control electronics used for fast
annealing. Our results characterize decoherence in a realistic setup for quantum annealing and are
relevant for ongoing efforts toward building superconducting quantum annealers with increased
coherence.

Quantum annealing (QA)1–4 is a computational paradigm that shows pro-
mise for outperforming classical computers in solving certain computa-
tional tasks, such as optimization, machine learning5 and quantum
simulation6. In comparison to the more commonly pursued gate-model
quantum computation (GMQC), QA is in principle computationally
equivalent7,8, and is more amenable to scaling up in the near term, since it
does not require individual dynamic control of each qubit. Among
others9–12, one of the most prominent implementations of quantum
annealing is based on superconducting flux qubits13–16. Benefiting from the
compatibility of superconducting qubits with industry-scale fabrication and
the relatively low control requirements (with only two global controls used
to adjust the amplitude of the transverse and Ising terms), commercial
quantum annealers have been made available by DWave, with the latest
generation device containing more than 5000 qubits17.

One of the openquestions on quantumannealing is regarding the role
of noise and coherence times3,18. Depending on the coupling strength and
the instantaneous state of the annealer, the same noise source could cause
different effects19. If the noise is weakly coupled, the annealer primarily
suffers from thermal relaxation and excitation for most forms of noise,

while if the noise is strongly coupled, thermal relaxation and excitation
could either improve20 or hamper annealing depending on the exact
problem21. There is recently increasing experimental evidence of strong
coupling being relevant for quantumannealing, especiallywhen the system
spectral gap becomes small22,23.While someprevious research suggests that
strong coupling to the environment renders coherent quantum annealing
impossible24, other work points out that incoherent quantum-assisted
tunneling is still possible, which could still lead to a quantum advantage25.
To further understand the range of applicability of different noise models,
it is important to understand the underlying sources of the noise in the
device.

There have been many previous studies that contributed to the
understandingof noise in superconductingfluxqubits and superconducting
circuits in general26. Various noise sources have been investigated in detail,
including intrinsic 1/f flux noise27–33, photon noise in the readout
resonator34–38, dielectric loss39–45 and junction critical-current noise46,47.
While decoherence due to extrinsic flux noise was identified as a possible
limitation in early theoretical work48, this source is effectively managed in
modern experiments with gate-based devices. Building on this
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understanding, improved designs of the flux qubits have been developed,
including the persistent-current qubit49–51, the capacitively shunted flux
qubit (CSFQ)37,52–54, and fluxonium42,55,56, which brought the coherence
times of flux qubits to the milliseconds timescale.

Commercial annealers use one of the earliest variants of flux qubit, the
rf-SQUID qubit57,58. The coherence time of these qubits is limited to about
15 ns59, due to a number of reasons, including requirements to simplify
control calibration and to allow large coupling strength for annealing
applications13. Combined with the low control bandwidth of commercial
annealers, this limits the capability for detailed coherence studies. Recently,
the CSFQ has gained prominence as a suitable candidate that features
improved coherence time while having a strong enough coupling strength
required for annealing16,37,60–63. However, previous studies of coherence in
CSFQ use designs without the full flux tunability and controllability
required for annealing37,60,64, thus do not expose the qubits to all the sources
of noise possible in a realistic quantum annealing device.

In this work, we study the coherence of a single tunable capacitively
shunted flux qubit (CSFQ), designed to be incorporated into a large-scale
annealer.Whereas devices inprevious studies consisted of a single patterned
layer, our device utilizes a two-layer fabrication process with the qubit chip
on one layer and the readout and control circuitry (further discussed in the
“The CSFQ device” subsection of the “Results and discussion” section). We
measure the coherence times of theCSFQ for awide rangeoffluxbiases, and
model the results with a comprehensive list of noise sources. Although the
measured coherence times only apply in the weak-coupling limits, the
inferred noise power provides a solid basis for future coherence studies in
more complex settings. We found that relaxation is dominated by 1/f flux
noise up to about ~3 GHz, with additional contributions from bias line
thermal noise and possibly two-level system (TLS) defects65, while
dephasing is dominated by intrinsic flux noise. Additionally, we note that
electronics required forhighbandwidth control introduce challenges related
to dephasing66. Our results are immediately relevant to upcoming experi-
ments that explore coherent QA based on CSFQs, and could inform the
design of other variants of flux qubits, such as fluxonium.

Results and discussion
The CSFQ device
The measured CSFQ, together with the control and readout circuitry, is
schematically shown in Fig. 1a. The CSFQ has amain loop and a secondary
split-junction loop. In the two-state approximation, the CSFQ has the
Hamiltonian

Hq ¼ �ℏΔðΦxÞ
2

σx � IpðΦxÞ½Φz �Φsym
z ðΦxÞ�σz; ð1Þ

where ℏ is the reduced Planck’s constant, Ip is the persistent current in the
qubit main loop, Δ is the tunneling amplitude between the two persistent
current states,Φsym

z is the effective flux bias symmetry point, and σz,x are the
qubit Pauli operators in the persistent current basis. The flux biasΦx is the
externally appliedflux in the secondary loop. Theflux biasΦz is the effective
flux bias in the main loop, defined such that the native crosstalk from the
X-loopΦx/2 is accounted for

50.At the symmetry pointΦz ¼ Φsym
z , the qubit

eigenstates are symmetric and anti-symmetric combinations of the
persistent-current basis states corresponding to current flowing in opposite
directions in the Z-loop. To a large extent,Φz controls the longitudinal field
strength whileΦx controls the transverse field strength, hence the names Z
and X, respectively. The X-loop has a symmetrized design, allowing nearly
independent control of the qubit’s transverse and longitudinal field (see
Supplementary Note 1).

The external flux biases are controlled by currents through on-chip
flux-bias lines, which are supplied by DC voltage sources and arbitrary
waveform generators (AWGs) at room temperature, combined through
cryogenic diplexers. In the experiment reported here, the high-frequency
port of the diplexer that controls the X-loop was unresponsive and is hence
neglected in the schematic in Fig. 1a. In addition to flux biasing, the CSFQ is

capacitively coupled to an rf source, allowing microwave excitation of
the qubit.

Readout of the qubit is achieved by coupling the qubit Z-loop induc-
tively to an rf-SQUID-terminated λ/4-resonator, coupled to a transmission
line. The external flux bias of the rf-SQUID, Φr is controlled by current
through the on-chip bias line.WhenΦr = 0, the resonator is at itsmaximum
frequency and the qubit–resonator coupling is linear. At this point, the
resonator experiences a qubit-state-dependent dispersive shift. Away from
zero bias, the resonator frequency has an increased flux-sensitivity, which
can be used for persistent current basis readout of the qubit.

The device is fabricated at MIT Lincoln Laboratory using a flip-chip
process67, combining a high-coherence qubit chip hosting the CSFQ, and a
control chip that hosts the readout and control circuitry. Optical images of
the two chips are shown in Fig. 1b.

Device characterization
In this subsection, we discuss the characterization measurements for the
CSFQ. We note that details of the device characterization have been pre-
sented in a relatedmanuscript68, andwe focus the discussion here on aspects
that concern annealing implementation with the CSFQ.

The experiments were performed with the device cooled down in a
dilution refrigerator, with a base temperature of about 10 mK (see
Supplementary Note 2 for a detailed diagram of the setup). The crosstalk
between the flux-bias lines was measured using the iterative procedure
introduced in ref. 69. After three iterations, the error in flux biasing is
expected to be about 1mΦ0/Φ0, withΦ0 being the flux quantum. In Fig. 2,
we show the transmission through the line coupled to the resonator, at a
frequency near the resonator's maximum frequency, versus the calibrated
external fluxes Φz, Φx. This measurement shows that the Φz symmetry
point has a non-linear dependence on Φx. This is due to the asymmetry
between the two junctions in the DC-SQUID, which results in an
effective contribution of the X-loop flux to the Z-loop62.
Assuming negligible X-loop inductance, the Z-loop symmetry point of
the tunable CSFQ is found to be (see e.g. Supplemental Information
in ref. 62)

Φsym
z

Φ0
¼ 0:5þ 1

2π
arctan d tan

πΦx

Φ0

� �� �
; ð2Þ

where d = (Icl−Icr)/(Icl+ Icr) is the junction asymmetry, with Icl(r) being
the critical current of the left(right) junction in the DC-SQUID. The
symmetry point can be extracted by checking the point of reflection
symmetry for each trace of the transmission measurement at each value
of Φx. Except for the point at Φx = 0.1Φ0, which we attribute to anti-
crossing between the resonator and the CSFQ higher energy levels and
crosstalk calibration errors, the extracted symmetry points fit well to an
asymmetry value of d = 0.069 ± 0.001. To verify the effect of finite X-loop
inductance, we use a full circuit model (see Supplementary Note 3) to
numerically extract the symmetry points and compare with the analytical
expression. As shown in Fig. 2b, using the same junction asymmetry d,
the discrepancy between the numerically simulated and analytical Φsym

z
grows larger as Φx increases, but always remains below 1.5mΦ0 for the
range where the coherence measurements were performed, justifying the
use of the simpler analytical expression for extracting the junction
asymmetry from the data.

Once the crosstalk and junction asymmetry are calibrated, spectro-
scopy of the qubit is performed at a range of Φz and Φx biases, with
the resonator SQUID biased atΦr = 0. A circuit model of the device is fit to
the transition frequencies between ground, first and second excited states.
The model includes the full capacitance matrix between islands, the loop
inductances, and the Josephson junction critical currents, and is simulated
using a package developed in ref. 70. The fit has been presented in the
supplemental material of a previous work68, and the circuit parameters are
reproduced in Supplementary Note 3 for completeness.
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Using the circuit model, the qubit persistent current Ip and tunneling
amplitude Δ versus the flux bias in the X-loop Φx can be obtained. The
persistent current Ip can be calculated using two different methods. In the
first method, we rely on the operator matrix element of the circuit, which
corresponds to the magnetic dipole moment of the CSFQ, given by

Ip;c ¼ 0c∣
∂Hc

∂Φz
∣1c

� �
; ð3Þ

where ∣0c
�ð∣1c�Þ is the circuit ground (excited) state, and Hc is the circuit

Hamiltonian, all evaluated at the symmetry point Φsym
z .

In the second method, we find the ground-to-excited-states transition
frequencies and fit to the qubit frequencies given by the two-state Hamilto-
nian Eq. (1). The corresponding persistent current is denoted as Ip,q. In Fig. 3
we show Ip,c and Ip,q versusΦx. It can be seen that they agree with each other
for small values ofΦx. At largerΦx, Ip,q becomes smaller than Ip,c. This can be
seenas a result of thebreakdownof the two-state approximation, as the lowest
energy states of the circuit are no longer spanned by two well-defined per-
sistent current states as Φx (or equivalently, the tunneling amplitude Δ)
increases. This could lead to deviation from the transverse field Ising model
typically used to describe a quantum annealer. For solving optimization
problems with adiabatic evolution, such deviation likely has little impact, as
long as thefinal problemHamiltonian is accurately represented.However, for
other applications such as quantum simulation or evolutions involving non-
adiabatic transitions63,71,72, the deviation of the CSFQ Hamiltonian from the
simple spinmodelpresents a complication that isworthbeing studied further.

When compared with rf-SQUID flux qubits used in commercially
available annealers, the CSFQ presented here has a persistent current that is
at least an order of magnitude smaller, hence reducing its sensitivity to flux
noise. The smaller Ip also leads to a smaller interaction strength between
qubits, which potentially limits the optimization problems that can be
mapped to the annealer.Wenote that this couldbe compensatedbygalvanic

a)

b)

diplexer

DC source rf source

0.1mm 0.1mmCapacitor

Bump
Pads

X Bias
X Loop

Z Bias

Z Loop

Readout
BiasReadout

SQUID

Fig. 1 | The capacitively shunted flux qubit device. a Schematic of the CSFQ, with
the X-loop in red, Z-loop in green, readout circuit in blue and control circuit in
purple. Readout is performed by measuring the transmission through an rf-SQUID
coupled inductively to the qubit. bOptical images of the qubit and interposer chips,
around the CSFQ. The qubit and readout-SQUID loops are highlighted in false
color. The two chips are flip-chip bonded with Indium bumps.

Fig. 2 | Characterization of the symmetry point as a function of flux bias.
a Transmission measurement versus the qubit external flux biasesΦz,Φx. The black
markers correspond to extracted Φsym

z by finding the point of reflection symmetry
for each Φx trace in the transmission measurement, and the blue line is a fit to the
analytical expression. b Z-loop bias symmetry point Φsym

z as a function of Φx,
extracted from themeasurement shown in panel (a) (black triangles), and calculated
from the analytical (blue line) and numerical (orange dots) model, respectively. The
inset shows the difference between the analytical and numericalmodels, and the gray
shaded region corresponds to the range ofΦx in which coherence measurements are
performed in this work. The difference inZ-loop symmetry point from the analytical
and numerical models is always below 1.5 mΦ0 in this range, and approaches zero as
Φx is reduced towards zero.

Fig. 3 | Simulated qubit persistent current and energy gap as a function of
flux bias. Left axis, the simulated qubit persistent current Ip versus X-loop external
flux bias Φx, obtained using the circuit operator (black) and fitting to two-state
approximation (light blue dashed) (see subsection “Device characterization” for
details). Right axis, the simulated qubit tunneling amplitude Δ versus X-loop
external flux bias Φx.
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coupling, using shared segments of loops60, and even shared junctions or
junction arrays between the circuits that need to be coupled.

The simulated tunneling amplitude Δ, the qubit frequency at the
symmetry point, is shown in Fig. 3. To implement a standard annealing
experiment, theCSFQ is initialized at a largeΔ, aroundΦx ≈ 0.5Φ0, and then
the tunneling amplitude is gradually reduced following a specific annealing
schedule. The CSFQhas amore gentle dependence ofΔ onΦx as compared
to the rf-SQUIDqubit. Given the same resolution in the biasing sources, this
Δ dependence allows finer control of the annealing schedule and assists in
future experimental demonstrations of novel annealing protocols, such as
those proposed in refs. 63,71.

Relaxation times
In this subsection,wepresent themeasurements of the relaxation timesT1 of
theCSFQ.Wenote thatT1 (and similarlyTϕ) coherence times are onlywell-
defined when the system is weakly coupled to the environment, which is
commonly the case in devicesmade forGMQC. In the context of annealing,
the validity of the weak-coupling approximation depends on the relative
strength of the qubit fields and the noise. In this work, we measure the
coherence times for qubit frequency down toΔ/(2π) ≈ 1 GHz, below which
thermally excited qubit population becomes significant. Although qubit
state initialization at lower qubit frequencies is possible through high-
fidelity single-shot readout73, we do not pursue them in this work, as the
available measurement range is enough to determine the strengths of the
different noise sources, and for small enough Δ, the weak-coupling limit
eventually breaks down68.

The relaxation time T1 wasmeasured by initializing the qubit to the first
excited state with a π pulse and then performing readout after a variable
delay time. The duration of the π pulse (and π/2 pulse for the Ramsey
measurements discussed in the “Dephasing times” subsection) was calibrated
from Rabi oscillation measurements. While the specific pulse widths were
bias-dependent, typical values are 10 ns for the π pulses and 5 ns for the π/2
pulses. The relaxation time T1 is measured both as a function ofΦx, at the Z-
loop symmetry point Φ

sym
z , as shown in Fig. 4a, and as a function of Φz

near the symmetry point at three different Φx, as shown in Fig. 4c. At each
Φx, the relaxation measurement (and dephasing measurement presented
later) at the symmetry point is repeated 30 times, and the average value is
reported. We see that asΦx varies from 0.27Φ0 to 0.4Φ0, corresponding to Δ
changing from 1 to 6.2 GHz (see Fig. 4b), the T1 at the Z-loop symmetry
point increases at first, reaching a maximum at Φx = 0.32Φ0, and then
decreases. This is similar to other coherence studies on flux qubits and
fluxoniums32,37,45, where the qubit coherence is limited by 1/f flux noise at
lower frequencies, and transitions to a different noise channel at frequencies
higher than ~1GHz. Furthermore, we also observe that for
Φx= 0.32, 0.36, 0.4Φ0, the measured relaxation times are nearly independent
of the Z-bias Φz near the symmetry point, which also indicates that the Z-
loop noise is not the dominant noise channel at higher values of Φx.

Tobetterunderstand the relaxationdata,we consider several relaxation
channels and show their individual and combined calculated relaxation
times in Fig. 4, including intrinsic flux noise in the Z-loop, thermal noise
from theZ-loop bias line and the Purcell effect due to the readout resonator.
We assume the intrinsic flux noise has a noise PSD of 2πAΦz

=ω, with ω
being the angular frequency and AΦz

the noise power at ω/(2π) = 1Hz, set
by fitting to the dephasing times (see “Dephasing times” subsection). The
flux-bias line can be modelled as a 50Ω impedance in parallel with a bias
inductor that is coupled to the qubit loops. The noise temperature of the bias
line can be approximately estimated based on the attenuations used along
the signal line74. The relaxation time due to the Purcell effect is estimated
using the relation for coupling to a single-mode resonator and is given by75

TPurcell
1 ¼ ðωr � ω01Þ

g

� �2
κ�1: ð4Þ

Here ωr, ω01, and g are the resonator, qubit transition frequencies and the
linear coupling strength between the qubit and the resonator. The coupling
strength g is calculated using the circuit model parameters (see Supple-
mentary Notes 3 and 4 for the qubit and resonator models), and is found to
range fromabout 100 to 200MHzdependingon thefluxbias. The resonator
decay rate κ is estimatedbasedon resonator linewidthmeasurements.At the
readout point, the resonator frequency and decay rate are ωr/(2π) = 7.89
GHz and κ/(2π) = 1.9MHz. Besides the above noise channels, we also note
that the intrinsic flux noise in the X-loop has a negligible contribution to
relaxation due to the comparatively small value of the X flux bias matrix
elements (see discussion in Supplementary Note 5). The microwave port of
the X-bias line, which became disconnected during the experiment, could
have led to additional relaxationdue to thermalnoise on theX-bias line.This
is estimated tomake a substantial contribution to relaxation forΦx≳ 0.4Φ0,

Fig. 4 | Relaxation time T1 as a function of flux bias. a Measured (black square
markers) and simulatedT1 values as a function ofΦx, at theΦz symmetry point. Each
measured point is the result of averaging 30 repeated measurements, and error bars
are the standard deviation. The simulated T1 considered contributions from dif-
ferent sources, with the combined simulatedT1 shown in black. The grey dashed line
shows (for reference only) the simulated T1 decay rate if the intrinsic flux follows 1/
f0.96 instead of 1/f spectrum.bMeasured (black squaremarkers) and simulated (lines)
qubit frequency Δ as a function of Φx, at the Φz symmetry point. cMeasured (solid
markers) and simulated (lines) T1 as a function ofΦz atΦx = 0.32Φ0 (green circles),
0.36Φ0 (blue squares), and 0.4Φ0 (orange triangles). The simulated T1 combines all
noise sources shown in panel (a). There are no free parameters in the simulation; the
flux noise amplitudes are obtained by fitting to the dephasing measurements for a
fixed value of α. See “Dephasing times” subsection in the text.
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limiting T1 to about 2 μs. Details of the relaxation calculations are given in
the “Methods” section. As shown in Fig. 4, at each X-flux bias Φx, the
predicted relaxation time by combining the above known sources of noise
comes within a factor of 2 of the highest T1 measured at that value of Φx.

We discuss the potential causes for the disagreement between the
experimental data and the model used for energy relaxation. First, at lower
Φx, the 1/fnoise power could differ from the noise power extrapolated using
the dephasing time fits based on the simple 1/f dependence. Indeed, mea-
surements done on devices fabricated using a similar process show that the
intrinsic flux noise has 1/f α dependence, with 0.9≲ α≲ 133,37. To find a
consistent set of α and flux noise amplitude values that explain both the
relaxation and dephasing time data, we fit the flux noise amplitudes to the
dephasing data with different values of α, between 0.85 and 1.05 in steps of
0.01. Assuming there are stochastic noise channels, such as two-level sys-
tems that themodel does not account for, we only consider sets of α andflux

noise amplitudes where the experimental T1 values are strictly lower than
the modeled ones. As indicated in Fig. 4, we found that if the dephasing
times are fit insteadwith α = 0.96, themodel predicts lower relaxation times
thanwhenchoosingα = 1, in better agreementwith the experimental data at
lower Φx. Second, at higher Φx, or qubit frequency, we note that there is
significant scatter in the measured T1 data, especially at values of
Φx > 0.32Φ0. This can be seen from the T1 versusΦzmeasurements shown
in Fig. 4c. The scatter in theT1 data could be due to coupling tomicroscopic
two-level systems (TLS). Although the underlying physical nature of TLSs is
still under active investigation65, resonant coupling to TLSs usually leads to
variations in T1 over qubit frequencies

76 and sometimes time-dependent
fluctuations77. This is also in line with recent measurements on fluxoniums,
showing that TLSs indeed have a strong contribution to relaxation at high
frequencies45. Besides TLSs, quasi-particles are known to cause fluctuations
in T1 over time78. To check the effect of quasi-particles, we comparedT1 fits
using a simple exponential decay model and a model incorporating non-
exponential decay due to quasi-particle tunneling during the T1 measure-
ment. The reduced chi-squared of the fits is almost the same in the two
models, and therefore, the quasi-particle is likely not a dominant source of
T1 loss in our experiment.

Previous coherence measurement on flux qubits shows that T1 at
higher qubit frequency is likely limited by intrinsic flux noise with an ohmic
or superohmic noise spectrum32,45, although it could be difficult to distin-
guish ohmic flux noise from charge noise37.We found that including ohmic
flux or charge noise in the model does not lead to substantially better
agreement between the simulation and themeasurement. This suggests that
at higher qubit frequencies, thermal noise from the bias line is likely the
main source of relaxation, along with TLSs, which caused additional var-
iations in themeasured relaxation rates. The largebias linenoise is due to the
use of a large bandwidth low-pass filter at 12 GHz, opted to explore fast
annealing and allow spectroscopic characterization through the bias lines.
This could be mitigated by reducing the cutoff frequency to values of the
order of 1 GHz, which retains the compatibility for most annealing proto-
cols, while suppressing the bias line-induced relaxation rate to below the
intrinsic flux noise limit.

Dephasing times
We next discuss the dephasing measurements, which were also performed
at a range of X and Z flux biases. Tϕ times were measured using a Ramsey
protocol (see, for example, ref. 66), which consists of initializing the qubit
with a π/2 pulse (detuned ~10MHz from the qubit transition frequency)
and then applying a second pulse after a variable delay time just before
performing readout. As shown in Fig. 5a, at the Z bias symmetry point, the
Ramsey pure dephasing time Tϕ varies from ~200 to ~100 ns as Φx is
reduced from0.4Φ0 to 0.27Φ0. The spin-echo dephasing timeTE

ϕ, measured
with a sequence that has an additional π pulse in between the two π/2
pulses66, shows an improvement of about a factor of 5. This improvement,
and the fact that all the measured coherence decays have been well-fitted
with a Gaussian envelope, are consistent with dephasing dominated by 1/f
noise. When examining the Φz dependence of Tϕ as shown in Fig. 5b, it is
found that the maximum dephasing time occurs slightly to the left of the Z
bias symmetry point Φsym

z , which stands in contrast to the non-tunable
flux qubit.

To model dephasing (see the “Methods” section), we assume that 1/f
fluxnoise in theZ- andX-loops are the only sources of dephasing,withnoise
power spectral densities SΦz

¼ 2πAΦz
=ω and SΦx

¼ 2πAΦx
=ω, respec-

tively. In addition, we assume the flux noise in the Z- and X-loops has a
correlated noise PSD CΦzΦx

, represented by the dimensionless coefficient,
czx ¼ CΦzΦx

=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
SΦz

SΦx

p
. The frequency sensitivity to flux noise is deter-

mined directly from the circuitmodel, without the two-state approximation
(see Supplementary Note 5). The noise powers and correlation coefficients
are fitted to the Φz dependence of the dephasing times Tϕ. As shown in
Fig. 5b, themodel describes thefluxdependence of the dephasing timeswell,

Fig. 5 | Dephasing time as a function of flux bias. aMeasured (solid markers) and
simulated (lines) relaxation time T1 (black circles), Ramsey Tϕ (blue triangles) and
spin-echo TE

ϕ (red squares) dephasing times, as a function of Φx, with Φz set at the
symmetry point. Each measured point is the result of averaging 30 repeated mea-
surements, and error bars are the standard deviation. bMeasured (solid markers)
and simulated values (lines) of Tϕ as a function ofΦz atΦx = 0.32Φ0 (green circles),
0.36Φ0 (blue squares), and 0.4Φ0 (orange triangles). The vertical dashed lines
indicate the position of the Z-loop symmetry point at each value of Φx.
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indicating that the dephasing times are indeed limited by noise sources that
couple to the flux biases of the circuits. The noise powers that fit the mea-
sured Tϕ best are

ffiffiffiffiffiffiffiffi
AΦz

p ¼ 13:4 μΦ0=
ffiffiffiffiffiffiffiffi
Hz

p
,

ffiffiffiffiffiffiffiffi
AΦx

p ¼ 7:4 μΦ0=
ffiffiffiffiffiffiffiffi
Hz

p
.

These numbers are consistent with previous devices fabricated using a
similar process60, considering that flux noise power scales as length over
width of the loop wires30,33.

When applying the samemodel to theΦxdependence of the dephasing
times Tϕ and T

E
ϕ, as shown in Fig. 5a, the model agrees relatively well with

the Ramsey dephasing times Tϕ and underestimates the dephasing times
measured by spin-echo. As the spin-echo sequence is less sensitive to low-
frequency noise (ω≲TE

2 � 1MHz, the disagreement between themeasured
and calculated spin-echo dephasing times could indicate that the flux noise
ismore concentrated in the low-frequency range thanwhat the 1/f spectrum
predicts. One possible explanation could be excess electronic noise, though
further experiments are required to verify this.

The best fit of the dephasing times indicates a correlation coefficient of
czx = 0.49 (see the “Methods” section for definition). Flux noise correlation
in tunable flux qubits has been measured previously45,79, and it has been
pointed out that positive (negative) correlation shifts the maximum
dephasing time to the left (right) of the symmetry point. Assuming flux
noise arises from uniformly distributed environmental spins on the metal
surface of the superconducting loop, ref. 79 shows that the correlation could
be understood in terms of spins that occupy the shared arm between the Z-
andX-loops. However, given the symmetrizedX-loop design used here, the
expected correlation using this simplemodel forfluxnoise is zero andhence
does not explain the measured correlation.

Junction asymmetry could also lead to an offset between themaximum
dephasing time and the qubit symmetry point. To see this, one could define
another effective Z-flux bias Φ~z , such that the symmetry point in Φ~z is
independent of Φx. This means

Φ~z ¼ Φz � FðΦxÞ; ð5Þ

where F is given by Eq. (2) when theX-loop inductance is negligible. Then it
can be shown that the noise correlation coefficient between Φ~z and Φx is
given by (see Supplementary Note 1)

c~zx ¼ czx �
dF
dΦx

SΦxffiffiffiffiffiffiffiffiffiffiffiffiffi
SΦz

SΦx

p : ð6Þ

where czx is the dimensionless correlation between Φz and Φx flux noise.
Therefore, for negligible noise correlation czx between the Z- andX-loops,
as would be the case if noise purely comes from uniformly distributed
spins on the metal surface, the correlation coeffcient c~zx , between the
effective Z-loop and X-loop would be negative given a positive junction
asymmetry d. In other words, the effect of junction asymmetry in the
device is to shift the point of maximum dephasing time to the right of the
symmetry point, which is the opposite of what is observed experimen-
tally. We note that this apparent offset should not be confused with the
fitted correlation czx, as the fitting uses numerically extracted frequency
sensitivity toΦz andΦx, which implicitly contains information about the
asymmetry.

To further investigate the source of the apparent noise correlation
between the Z- and X-loops, we considered additional sources of
dephasing, including bias line thermal noise, voltage noise of the bias
source, photon shot noise, second-order coupling to flux noise, charge
noise and junction critical-current noise (see Supplementary
Notes 6 and 7). We find that using previously reported values of 1/f noise
of the critical current of the junctions47, its contribution to dephasing is
about an order of magnitude smaller compared to dephasing due to first-
order coupling to flux noise. Furthermore, junction critical-current noise
leads to a maximum dephasing time to the left of Φsym

z . This means the
junction critical current noise could contribute to the apparent positive
correlation between the two flux bias noise sources, though it is likely not
the dominant source. In addition, we note that in contrast to previous

studies, where the flux noise correlation could mostly be explained by
environmental spins local to the metal surface of the superconducting
loop45,79, our device has a flip-chip architecture, involving a ground plane
on the interposer chip facing the loops. This can be seen in Fig. 1b, while
the interposer ground plane facing the main part of the qubit Z-loop is
designed with cutouts to allow large geometric mutual inductance, the
region facing the qubit X-loop does not have such cutouts. This design
difference points to the possibility of screening effects and environmental
spins on the interposer ground plane as a source of noise correlation.
Qualitatively, it could be understood as follows: Persistent currents in the
flux qubit loops induce screening currents on the interposer chip. Fluc-
tuating environmental spins on the interposer chip could interact with
the screening currents, which induce fluctuations in the magnetic field
experienced by the qubit loops due to the screening current. Since the
distance between the interposer chip and the qubit chip is only about
3 μm, comparable to the width of the qubit loop wires, we expect
the magnitude of the screening current to be on the same order as the
persistent current. Furthermore, due to the different geometries on the
qubit chip and the interposer chip, the screening currents will likely lead
to different noise correlations as compared to the persistent current on
the qubit loops. Therefore, the overall noise correlation observed in the
experiment could be different from the one we expect if flux noise only
comes from noise sources local to the flux qubit loops. The precise effects
of the environmental spins on the interposer chip will be investigated in
future studies.

We also observed over multiple cooldowns of the dilution fridge and
changes to the setup that the choice of bias source could have an impact on
the coherence times as well. Experiments performed during earlier cool-
downs used AWGs as the DC bias sources for the device. After switching
from using AWGs to a lower noise DC bias source for theX-bias, we found
the measured Ramsey pure dephasing time atΦx = 0.32Φ0 improved from
~80 ns initially to ~150 ns after the switch. In Supplementary Note 6, we
show that by assuming the AWG has a combined 1/f and white noise
spectrum at low frequency, it alone could lead to a dephasing time of
Tϕ ~ 350 ns. This is roughly consistent with the reduction in Ramsey
dephasing time when the AWG is used, given the crudemodel of the AWG
noise. As theDCbias source does not support fast annealing, strategies need
to be developed tomitigate the noise from the AWG. This could be done by
either using a cryogenic bias-T to combine theDCand fast signal, allowing a
smaller coupling strength of the noisier signal, or applying heavier filtering
to the fast signal and correcting for distortions in-situ80.

Noise in annealing parameters
It is useful to put the noise measured here in the context of annealing
applications. For a “single-qubit anneal”62,81, the qubit Hamiltonian starts
with a large value of Δ, at which the qubit is initialized in the ground state,
and the qubit Hamiltonian is gradually changed to a target Hamiltonian
whereΔ is close to zero. Theonly parameter defining the targetHamiltonian
is the qubit longitudinal field

ϵ ¼ 2IpðΦz �Φsym
z Þ

ℏ
: ð7Þ

Noise in the control fluxes gives rise to noise in the annealing parameters
ϵ,Δ, with the same frequency dependence.We focus on the intrinsic 1/f flux
noise, assuming noise arising fromwiring and electronics can beminimized
through careful engineering. Using the two-state approximation Hamilto-
nian Eq. (1), we find the individual and correlated 1/f noise in ϵ, Δ to be

Aϵ ¼
∂ϵ

∂Φz

� �2

AΦz
þ ∂ϵ

∂Φx

� �2

AΦx

þ 2
∂ϵ

∂Φz

∂ϵ

∂Φx
AΦzΦx

;

ð8Þ
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AΔ ¼ ∂Δ

∂Φx

� �2

AΦx
; ð9Þ

AΔϵ ¼
∂ϵ

∂Φz

∂Δ

∂Φx
AΦzΦx

þ ∂ϵ

∂Φx

∂Δ

∂Φx
A2
Φx
; ð10Þ

where AΦzΦx
¼ czx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AΦz

AΦx

p
is the 1/f power of the flux noise correlation.

In Fig. 6, we show these three quantities versus the transverse fieldΔ, for the
target longitudinal field ϵ = 0, noting these quantities are weakly dependent
on ϵ. It can be seen that the ϵ noise, Aϵ is always the dominant noise factor.
The correlated noise AΔϵ is mainly due to the measured flux noise corre-
lation, and is about an order ofmagnitude lower thanAϵ. The noise inAΔ is
comparable to AΔϵ for large Δ, but diminishes quickly with decreasing Δ.
The role of the relative strength of the noiseswill be explored in futurework.
One interesting direction is to extend the previous analysis of the effect of
correlated noise on single-qubit Landau–Zener tunneling82, to the general
case of multi-qubit annealing.

Conclusions
We have presented a detailed characterization of coherence in a CSFQ design
relevant for quantum annealing. We measured the T1 relaxation and Tϕ
dephasing times and modelled them considering all relevant noise sources.
We find that the T1 values are influenced primarily by 1/f flux noise with
additional contributions from bias line thermal noise and TLSs at higher
frequencies. The measured dephasing time Tϕ is dominated by 1/f flux noise,
with a possible contribution from 1/f noise in the junction critical current.
We point out that for annealing applications, the external flux biases can
introduce significant relaxation and dephasing as compared to the intrinsic
noise of the qubit. This suggests that future annealing experiments that aim to
combine high coherence and high control flexibility need to carefully evaluate
the trade-off between the added noise and the improved control bandwidth.

Additionally, we observe a positive correlation between the Z and X
flux noise, as manifested in the maximum dephasing time versus Φz

occurring to the left of theZ bias symmetry point. This correlationmay arise
due to environmental spins on the interposer ground plane and junction
critical-current noise. Future experiments that are able to distinguish the
different sources of 1/f noise are needed to quantitatively determine the
origin of this noise correlation.

Our work provides a detailed characterization of noise sources of a flux
qubit, relevant for future analysis of coherent annealers based on CSFQs.
Besides quantum annealing, the work presented here is also relevant for flux
qubit devices made for GMQC, such as fluxonium qubits. Future work will
be directed at extending the coherence characterization to the strong cou-
pling limit and multi-qubit systems, as well as studying coherence in a
dynamic setting, which will lead to a deeper understanding of the role of
coherence in quantum annealing.

Methods
Noise power spectral density and correlation
In this work, we define the noise power spectral density (PSD) of a random
variable δλ as the Fourier transform of its autocorrelation function

SλðωÞ ¼
Z 1

�1
d τeiωτhδλðτÞδλð0Þi: ð11Þ

If the noise arises from a quantum bath, the noise PSD is asymmetric in
positive and negative frequencies. However, our noise measurement is only
sensitive to the symmetrized noise spectrum, which we define as

Sþλ ðωÞ ¼
1
2

Z 1

�1
d τeiωτhδλðτÞδλð0Þ þ δλð0ÞδλðτÞi ð12Þ

¼ 1
2

SλðωÞ þ Sλð�ωÞ
 �
: ð13Þ

The symmetrized correlation between two random variables δκ and δλ is
given by the cross power spectral density

CλκðωÞ ¼
1
2

Z 1

�1
d teiωt hδλðtÞδκð0Þ þ δλð0ÞδκðtÞið Þ ð14Þ

� cλκ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþλ ðωÞSþκ ðωÞ

q
; ð15Þ

where cλκ is a dimensionless number describing the relative correlation
between the two noise variables.

Relaxation time calculation
We consider the qubit relaxation time T1 in general to be given by

1
T1

¼ 1

TPurcell
1

þ 1

Tz1f
1

þ 1

Tx1f
1

þ 1

Tzb
1

þ 1

Txb
1

ð16Þ

þ 1

TQOhmic
1

þ 1

TzOhmic
1

þ 1

TxOhmic
1

; ð17Þ

where TPurcell
1 is the Purcell effect decay rate to the resonator, TzðxÞ1f

1 are the
relaxation timesdue to the intrinsic 1/ffluxnoise in theZ(X) loops,TzðxÞb

1 are
the relaxation times due to Johnson–Nyquist noise in the Z(X) bias lines,
and TQðz;xÞOhmic

1 are additional ohmic noises that couple to the qubit char-
ge(flux) degrees of freedom32,37,83.

The relaxation time due to Purcell loss is estimated by75

TPurcell
1 ¼ g2

ðωr � ω01Þ2
κ; ð18Þ

where g is the exchange interaction strength between the qubit and the
resonator, ωr is the resonator frequency and κ is the resonator decay rate.

For the rest of the noise channels, we assume the noise is weak and the
decay rate from the Bloch–Redfield theory (or equivalently, Fermi’s Golden
rule) is given by66

1

Tλ
1

¼ j 1h ∣
∂Hq

∂λ
∣0ij2 Sλðω01Þ þ Sλð�ω01Þ

� 

; ð19Þ

where ∂Hq/∂λ is understood as the qubit operator that is coupled to
the noise, and Sλ(ω01) is the noise PSD of λ at qubit frequency ω01. For the
intrinsic flux noise, we assume they are of the form 2πAλ/ω, with the same
noise amplitude as found in the pure dephasing rate fits. For
the Johnson–Nyquist noise, we consider the bias line as an inductor with
inductance Lb shunted by an impedance of Z0 = 50Ω. The current

Fig. 6 | Noise in annealing parameters. 1/f noise amplitudesAϵ (blue solid line) and
AΔ (orange dotted line) at 1 Hz for the annealing parameters ϵ (longitudinal field)
andΔ (transverse field) as a function ofΔ, calculated from themeasured 1/fflux noise
in the two control loops. The green dash-dotted curve shows the correlated noise
amplitude AΔϵ.

https://doi.org/10.1038/s42005-025-02360-2 Article

Communications Physics |           (2025) 8:453 7

www.nature.com/commsphys


noise is given by

SIðωÞ ¼
ℏωRe ½Zb�ð1þ coth ℏω

2kBTN
Þ

ω2L2b
; ð20Þ

where
1
Zb

¼ 1
Z0

þ 1
iωLb

; ð21Þ

and Lb = 25 pH based on electromagnetic simulation. To compute the noise
temperature TN, we assume that each attenuator along the signal delivery
chain acts as a beam-splitter74, so that the thermal noise photon number at
stage i is given as

niN ¼ Aini�1
N þ ð1� AiÞnBEðTi;ωÞ; ð22Þ

where Ti and Ai are the temperature of the fridge plate and the corre-
sponding attenuation attached to that plate. The Bose–Einstein photon
occupation number is given by nBEðT;ωÞ ¼ 1=½expðℏω=kBTÞ � 1�. In
particular, for the Z-bias, we used 20, 10, 10 dB attenuations at the 4, 0.5 K
and 10mK stages of the dilution fridge. This attenuation scheme leads to an
effective noise temperature of 170mKatω/(2π) = 3 GHz,which is relatively
high compared to the base temperature of the fridge.

The additional Q(z, x) ohmic noise can be given as

SOhmic ¼ Bωjωjγ�1 1þ coth
ℏω
2kBT

� �
; ð23Þ

with γ = 1 and the different noise coefficients BQ, Bz, Bx corresponding to
charge noise,Φz flux noise andΦx flux noise. Previous experiments on flux
qubits have found that the dominant relaxation channel at higher qubit
frequencies (≳1 GHz) could be either ohmic charge or (super)ohmic flux
noise32,37,45. In our experiments, we found that including the ohmic flux and
charge noise does not substantially improve the agreement between the
model and the simulation, due to the relatively significant scatter in our
T1 data.

Pure dephasing time calculation
Dephasing is caused by low-frequency fluctuations in the qubit energy
splitting ω01 due to various noise sources. The noise spectrum of the qubit
transition frequency ω01 is given by

Sþω01
¼

X
λ

∂ω01

∂λ

� �2

Sþλ þ 2
X

λ≠κ

∂ω01

∂λ

∂ω01

∂κ
Cλκ; ð24Þ

where the summation runs over the noise sources under consideration. For
classical noise, dephasing can be described by the decay hexp �χðτÞ� 
i84,
where χ is given by

χðτÞ ¼ τ2

2π

Z 1

ωlow

dωSþω01
ðωÞgN ðωτÞ: ð25Þ

Here, gN(ωτ) is the filter function for the specific coherence measurement,
andωlow is a low-frequency cutoff determined by the total experiment time.
We have N = 0 for Ramsey and N = 1 for spin-echo measurement. Their
respective filter functions are

g0 ¼ sinc2
ωτ

2

� �
and ð26Þ

g1 ¼ sinc2
ωτ

4

� �
sin2

ωτ

4

� �
: ð27Þ

In general, the decay of hexp �χðτÞ� 
i is not exponential. We associate the
pure dephasing time Tϕ as the 1/e decay time,
where hexp½�χðτ ¼ TϕÞ�i ¼ 1=e.

The intrinsic flux noise usually has a noise PSD of the form

Sþλ ðωÞ ¼ Aλ

2π
jωj

� �α

; ð28Þ

forλ∈ [Φz,Φx],whereα ~ 1. If dephasing is dominatedbyfluxnoise,we can
assume Sþω01

has the same frequency dependence, with

Sþω01
¼ Aω01

2π
jωj

� �α

: ð29Þ

In this case, the integral in Eq. (25) can be simplified, which leads to a
dephasing time of

1
Tϕ

¼ Aω01
ηN

� �1=ð1þαÞ
: ð30Þ

Following ref. 60, for Ramsey and spin-echo measurements, the factors
η0, η1 can be determined numerically by

η0 ¼ ð2πÞα�1
Z 1

ωlow t

dz
zα

sinðz=2Þ
z=2

� �2

; ð31Þ

η1 ¼ ð2πÞα�1
Z 1

0

dz
zα

sinðz=4Þ
z=4

� �2

sin2ðz=4Þ; ð32Þ

where t is the typical free evolution time in a single Ramsey sequence.
To fit the measured Ramsey dephasing times, Eq. (30) is applied. The

noise power Aω01
is related to the flux noise powers via

Aω01
¼ ∂ω01

∂Φz

� �2

AΦz
þ ∂ω01

∂Φx

� �2

AΦx
ð33Þ

þ2
∂ω01

∂Φz

∂ω01

∂Φx
czx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AΦz

AΦx

q
; ð34Þ

with∂ω01/∂Φz(x) extractednumerically from the circuitmodel. The factorη0
is found by using ωlow = 10Hz × 2π and t = 100 ns, and the noise exponent
is assumed to be α = 1.

Data availability
The data presented in this study have been deposited in ref. 85.

Code availability
The code for analyzing the decoherence data is available in ref. 86.
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