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By analyzing the dissipative dynamics of a tunable gap flux qubit, we extract both sides of its two-sided
environmental flux noise spectral density over a range of frequencies around 2kBT=h ≈ 1 GHz, allowing
for the observation of a classical-quantum crossover. Below the crossover point, the symmetric noise
component follows a 1=f power law that matches the magnitude of the 1=f noise near 1 Hz. The
antisymmetric component displays a 1=T dependence below 100 mK, providing dynamical evidence for a
paramagnetic environment. Extrapolating the two-sided spectrum predicts the linewidth and reorganization
energy of incoherent resonant tunneling between flux qubit wells.
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The ubiquity of low-frequency magnetic flux noise in
superconducting circuits has been well known for decades
[1–8], making it perhaps surprising that its microscopic origin
hasyet tobedetermined.Understanding theoriginoffluxnoise
will be crucial to reduce it. For example, this would inform
experiments attempting to modify the noise using surface
treatments [9]. Flux noise causes parameter drift and loss of
phasecoherence,and its reduction isakey taskfor technologies
based on flux-sensitive superconducting circuits. In quantum
annealing, low-frequencynoise limits thenumberofqubits that
can coherently tunnel, and a dissipative environment can
suppress incoherent quantum tunneling [10–14].
In the past decade, superconducting qubits have extended

the measurement of flux noise to increasingly wider fre-
quency ranges, showing a 1=fαðfÞ power spectrum from f ≈
10−5 Hz to f ≈ 1 GHz with α close to 1 at low temperatures
[5,15–21]. Although previous frequency-resolved measure-
ments of this noise have used a variety of experimental
methods, they have extracted only a single quantity, the
symmetrized spectrum SþΦðfÞ, to describe the noise.
However, as is well known, a quantum environment can
generate different noise spectra at positive and negative
frequencies, SΦð−fÞ ≠ SΦðfÞ, with SþΦðfÞ≡ SΦðfÞ þ
SΦð−fÞ. The asymmetric quantum part S−ΦðfÞ≡ SΦðfÞ −
SΦð−fÞ is a measure of the environmental density of
states. In thermal equilibrium, the two spectra are related
through the fluctuation-dissipation theorem, SþΦðfÞ ¼
cothðhf=2kBTÞS−ΦðfÞ [22]. In the classical regime
f ≪ 2kBT=h, S

þ
Φ dominates and S−Φ is negligible unless

one is sensitive to weak dissipation. Conversely, in the

quantum limit of high frequencies one has SþΦ ≈ S−Φ, meaning
a single spectrum suffices unless one is sensitive to small
levels of thermal noise. However, when f ∼ kBT=h or if there
is nonequilibrium noise, a single spectrum no longer char-
acterizes the environment. Solid-state qubits are uniquely
well suited to measure environmental quantum noise due to
their strong environmental coupling and faithful individual
qubit readout [23,24]. There is evidence that 1=f noise in
superconducting qubits contributes to relaxation in the
quantum regime [15,21], but there has been no frequency-
resolved experimental distinction between SþΦ and S−Φ or
between equilibrium and nonequilibrium noise. Furthermore,
the transition from classical to quantum flux noise has yet to
be observed or understood.
Experimentally, obtaining S−ΦðfÞ in the classical or cross-

over regime is challenging, requiring high-fidelity readout of
the qubit population over a range of qubit frequency
f10 ≲ 2kBT=h, outside typical qubit operating conditions.
In this Letter, we implement a tunable gap flux qubit with a
measurement scheme allowing us to study this physics. We
extract the full two-sided noise spectrum over a range of f
containing 2kBT=h ∼ 1 GHz. We observe a classical-
quantum crossover, which we find to coincide with a
transition from 1=f to quasi-Ohmic dissipation.
Remarkably, we find that SþΦðfÞ ∝ 1=f at 1 GHz, with a
magnitude close to that extrapolated from the 1=f noise
below 1 Hz. The level of 1=f noise at high and low
frequencies changes similarly between samples [25], provid-
ing evidence that they may originate from the same physical
source. Below the crossover we find that the environment is
close to thermal equilibrium. We measure the T dependence
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of S�ΦðfÞ, and discover a paramagnetic 1=T scaling in S−Φ.
Finally, we show that the small S−Φ in the classical regime has
an important effect by predicting the reorganization energy
during incoherent tunneling between flux qubit wells [13], a
crucial quantity for modeling quantum annealers.
The coplanar waveguide (CPW)-based “fluxmon” qubit

was designed with a long loop and appreciable persistent
current to allow strong coupling to many qubits at once. This
also makes it a sensitive tool to study flux noise. As shown in
Fig. 1(a), the fluxmon consists of a CPW shorted on one end
and shunted with a dc superconducting quantum interference
device (SQUID) on the other. The CPW has inductance and
capacitance per unit length L and C, with length l such that
at frequencies below its λ=4 resonance, it acts as a lumped-
element parallel L ¼ Ll ≈ 600 pH and C ¼ Cl=3≈
100 fF. The high-quality CPW capacitance dominates over
the junction capacitance, minimizing dielectric loss, a shared
feature with the C-shunted flux qubit [21]. The linear CPW
inductance replaces the need for additional large junctions,
and makes the potential intrinsically one-dimensional.
Shunting the CPW with a dc SQUID adds a tunable
nonlinear term, allowing the potential to be varied from a
harmonic single well to a conventional flux qubit double
well [45]. The potential’s “tilt” is tuned by an external flux
bias Φx

t through the CPW, while the barrier height is tuned
via the dc SQUID external flux Φx

ba, yielding a tunable
Josephson term parameterized by β¼ð2π=Φ0Þ2EJL¼
βmax cosðπΦx

ba=Φ0Þ, where βmax ≈ 2.5. Grounds are con-
nected throughout the circuit with Al airbridges [46] to
control linear cross talk and coupling to spurious modes.
We implement a variation of dispersive readout inspired by

phase qubits [47,48]. After performing qubit state manipu-
lations with microwave pulses in the single-well regime, we
adiabatically project the qubit energy states into the stable left
and rightwells of a double-well potential with a raised barrier,
as illustrated in Fig. 1(b). A large tilt is then applied to induce
different well frequencies that are detected through a dis-
persively coupled readout resonator, yielding a single-
shot separation fidelity of > 99.9% and a j1i state fidelity
of ∼97% limited by energy decay during the projection.
At zero tilt bias, the potential energy function is

symmetric, meaning the energy eigenstates j0i and j1i
have even and odd parity. Using this parity basis in the
two-level approximation, the qubit Hamiltonian can be
written as Ĥ ¼ − 1

2
½ΔðΦx

baÞσz þ εðΦx
t Þσx�, where the gap

Δ=h is f10 at zero tilt, and ε ¼ 2IpΦx
t . Here, Ip ≡

ð1=LÞjh0jΦ̂j1ij ∼ 0.5 μA is the “persistent current.” At
zero tilt, flux noise in the main qubit loop (i.e., in ε) at
f10 induces incoherent transitions between energy eigen-
states according to Fermi’s golden rule [49]: Γ↓=↑ ¼
ð1=ℏ2Þð1=L2Þjh0jΦ̂j1ij2SΦð�f10Þ. This implies a two-rate
equation where the qubit relaxes to a steady-state popula-
tion pstray¼Γ↑=ðΓ↓þΓ↑Þ at a rate 1=T1 ¼ Γ↓ þ Γ↑. From
T1 and pstray we extract both SþΦ and S−Φ,

SþΦðf10Þ ¼
ℏ2L2

T1jh0jΦ̂j1ij2
; ð1Þ

S−Φðf10Þ ¼ ½1 − 2pstrayðf10Þ�SþΦðf10Þ: ð2Þ

We measure T1 and pstray vs f10 at zero tilt bias by
varying the barrier bias, and use the data to extract S�ΦðfÞ
after numerically computing h0jΦ̂j1i. The ability to tune Δ
as in Fig. 1(c) is crucial, as it allows us to vary f10 while
remaining at zero tilt so as to be sensitive only to transverse
noise in ε. It also allows measurement over a wide
frequency range within a valid two-level approximation.
We use the method of swap spectroscopy [50] [Fig. 2(a),
inset]: first, with f10 ≈ 5 GHz (β ≈ 1), the qubit is excited
using a π pulse, and then a barrier pulse detunes f10 to a
different frequency. The detuning pulse is adiabatic yet
much shorter than T1. During the barrier pulse, a com-
pensating tilt bias pulse is applied to correct for cross
talk, keeping the qubit at zero tilt. We wait for a variable
time t at the detuned bias point, before tuning back to
the original bias and performing readout. After measuring
pj1iðtÞ, we extract T1 and pstray by fitting to pj1iðtÞ ¼
p0 expð−t=T1Þ þ pstray. A typical data set for T1 and pstray

vs Δ=h is shown in Figs. 2(a) and 2(b).
A typical data set converted to spectral densities [Eqs. (1)

and (2)] is shown in Fig. 2(c). In addition, the extracted
effective temperature Teff is plotted in Fig. 2(d), where
expð−hf10=kBTeffÞ≡ Γ↑=Γ↓. We observe several interest-
ing features. First, below ∼1 GHz, SþΦðfÞ follows a 1=fα

(a)

  tilt bias
+ µwave

barrier bias

(c)
100 µm

µm
 5

readout
resonator

(b) ii. pre-tilt

iii. raise barrier

i. prepare
    state

iv. post-tilt

probe readout
   resonator

FIG. 1. (a) Optical micrograph of Al-sapphire fluxmon qubit
and bias lines, inductively coupled to a CPW readout resonator.
The main qubit loop and bias utilize a gradiometric CPW current
(arrows). (b) Four stages of measurement, involving double-well
projection followed by dispersive readout. (c) Qubit spectroscopy
vs frequency and Φx

t for two values of ΔðΦx
baÞ.

PRL 118, 057702 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 FEBRUARY 2017

057702-2



law, with α ≈ 1. Remarkably, in Fig. 2(e) we find that
extrapolating this power law to frequencies below 1 Hz
predicts the magnitude of the quasistatic 1=f noise [25]
surprisingly closely. In thermal equilibrium, S−ΦðfÞ should
scale as f1−α at low frequencies, meaning a constant S−ΦðfÞ
for 1=f noise, which is roughly what we observe. At
frequencies below the classical-quantum crossover, the
noise appears to be described by a single Teff ≈ 30 mK,
suggesting thermal equilibrium of the low-frequency envi-
ronment, but with T > Tfridge [Fig. 2(d)]. We believe the
peak in dissipation at 1.4 GHz may be due to coupling to
the hyperfine transition of weakly bound hydrogen atoms
on the qubit surface [25,51].
Second, we find that the classical-quantum crossover is

accompanied by a transition from 1=fα to super-Ohmic
dissipation, meaning noise for which SþΦðfÞ ≈ S−ΦðfÞ ∝ fγ

with γ ≥ 1. If we fit to the phenomenological thermody-
namic model SΦðωÞ¼Aω=jωjαf1þcoth½ℏω=ð2kBTAÞ�gþ
Bωjωjγ−1f1þcoth½ℏω=ð2kBTBÞ�g, then α ¼ 1.05 and γ
between 2.5 and 3 fits our data best. Purcell decay is
negligible. We note that γ ¼ 3 gives a frequency depend-
ence for T1 that is indistinguishable from Ohmic charge
noise (S−Q ∝ ω), the high-frequency model used in
Ref. [21]. Dielectric loss [52] would give γ ¼ 2, but based
on similarly fabricated Xmon qubits and airbridges we
estimate a limit of T1 ∼ 20 μs at 5 GHz. Allowing for a
finite high-frequency cutoff for the 1=fα noise could yield a
different best fit γ ≈ 1.5 [25]. If we instead simply ignore
the 1=f part and only fit the data above ∼3.5 GHz, an
Ohmic flux noise model with γ ≈ 1 describes the data
reasonably well, with the net dissipation represented by a
frequency-independent parallel resistance R ≈ 20 MΩ.
Dissipation from the tilt flux bias line would similarly
have γ ¼ 1, but with T1 ≈ 40 μs. Since the observed level

of dissipation is not seen in the Xmon transmon qubit [53],
which is composed of a similar capacitance and Josephson
inductance (albeit with a critical current density 10 times
smaller) but negligible geometric inductance, we hypoth-
esize that the quasi-Ohmic noise is magnetic in nature. The
presence of unexplained Ohmic dissipation (γ ¼ 1) was
seen in microstrip-based flux qubits [54], but with a much
stronger magnitude (R ≈ 20 kΩ). Given that the extracted γ
depends on whether the 1=f noise is included in the model,
it could be that this earlier result was the combined effect of
1=f and super-Ohmic dissipation. We note that at high
frequencies, Teff ranges from 50–80 mK, meaning a higher
T for the quasi-Ohmic bath and/or the presence of non-
equilibrium noise, making it difficult to model.
We investigate the nature of the 1=f noise further by

looking at its temperature dependence. The temperature
independence of the classical low-frequency noise at milli-
kelvin temperatures and the 1=T dependence of the static
susceptibility in SQUIDs are evidence of a paramagnetic
origin [6] for the noise. Here, we uncover dynamical
evidence for this conclusion. As shown in Fig. 3, we find
that S−Φ displays an approximately 1=T dependence below
the classical-quantum crossover point, which through the
fluctuation-dissipation theorem implies that χ00ðωÞ, the
imaginary (absorptive) part of the environment’s dynamic
susceptibility χðωÞ ¼ χ0ðωÞ þ iχ00ðωÞ, has a paramagnetic
1=T scaling (see [25]). In comparison, SþΦ displays only a
very slight temperature dependence, consistent with the fact
that we see no measurable temperature dependence in the
quasistatic flux noise (f < 10 kHz) [25]. In the inset to
Fig. 3 we explicitly plot 1=S−ð500 MHzÞ vs Teff , implying
that χ00ðω; TÞ ∝ 1=ðT þ T0Þ, with T0 ≈ 10 mK. This func-
tional form might be taken as evidence for paramagnetic
spins that would behave antiferromagnetically at lower

(a)

(b)

(c)

(d)

(e)

barrier pulse

zero tilt compensation

-pulse measure

mix plate temp.

FIG. 2. (a) T1 vs f10 at zero tilt measured with swap spectroscopy. Inset illustrates the pulse sequence. (b) pstray vs f10 at zero tilt. Inset:
f10 at zero tilt vs barrier bias. (c) S�ΦðfÞ extracted from (a) and (b) and numerical evaluation of h0jΦ̂j1i. (d) Effective temperature Teff of
the data in (b). (e) Low-frequency quasistatic flux noise [25] together with SþΦðfÞ from (c) on the same axes.
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temperatures. We also note that a model with a temperature-
dependent high-frequency cutoff of a few kBTeff=h (con-
sistent with spin-phonon or spin-spin interactions) fits the
crossover region vs f and T somewhat better than one with a
fixed or infinite cutoff (see [25]).
Finally, we show that the measured S−Φ extends deep into

the classical regime by performing an experiment closely
tied to quantum annealing. We look at the effect of
dissipation on incoherent macroscopic resonant tunneling
(MRT) between the lowest states of the left and right flux
qubit wells. In the regime of large β, the tunnel coupling
Δ=h is much smaller than the linewidth of the energy
levels, meaning that quantum tunneling will be incoherent.
For the level of damping and dephasing in our system, at
temperatures below Tcr ≈ 200 mK the escape rate from one
well to the other near resonance should be dominated by
quantum tunneling [12,55–57]. Rewriting the result of [12],
the tunneling rate as a function of tilt bias energy ε is
predicted to be

ΓL→RðεÞ ¼
Δ2

4ℏ2

Z
∞

0

dteIAðtÞ cos½εt=ℏ − IBðtÞ�; ð3Þ

where IAðtÞ ¼
R fh
fl

df½ð2IpÞ2=ðhfÞ2�SþΦðfÞ cosð2πftÞ,
IBðtÞ ¼

R fh
fl

df½ð2IpÞ2=ðhfÞ2�S−ΦðfÞ sinð2πftÞ, and fl and
fh are appropriate low- and high-frequency cutoffs.
Assuming the integrated noise is dominated by frequencies
smaller than the resonant tunneling linewidth W=h,
then near its peak Eq. (3) can be approximated as
ΓðεÞ¼ ffiffiffiffiffiffiffiffi

π=8
p ðΔ2=ℏWÞexp½−ðε−εpÞ2=2W2�, where W2 ¼

4I2p
R fh
fl

dfSþΦðfÞ and εp ¼ 4I2p
R fh
fl

dfS−ΦðfÞ=ðhfÞ [12]. It
is therefore possible to observe the integrated effect of S−Φ in
the deep classical regime by looking at the offset εp for the
maximum tunneling rate [13], which physically corre-
sponds to the reorganization energy of the environment
that must be absorbed upon tunneling.

We measure ΓðεÞ using the pulse sequence in Fig. 4(a).
We prepare either the left- or right-well ground state with a
high barrier, and as a function of tilt bias lower the barrier to
β ≈ 1.5 (Δ=h ≈ 1 MHz) and measure the incoherent tun-
neling rate to the other well. A typical data set is shown in
Fig. 4(b). Fitting the tunneling peaks to Gaussians, over
multiple data sets we extract εp=ð2IpÞ ¼ 7� 3μΦ0 and
W=ð2IpÞ ¼ 80� 20μΦ0. Above base temperatureW is not
changed within the margin of error, but εp becomes too
small to reliably measure.
We can compareW and εp to that expected from directly

integrating S�ΦðfÞ, interpolating a 1=f power law between
the noise measured at low and high frequencies [Fig. 2(e)].
Including the Ohmic noise leaves the tunneling rate
virtually unaffected near the peak even when integrating
(3) up to fh ¼ 10 GHz, the oscillation frequency of the
inverted potential barrier, the natural high frequency cutoff
[25,40,42]. The natural low-frequency cutoff for W and εp
is the peak tunneling rate itself, ∼103 Hz. However, there is
additional broadening of W due to quasistatic noise
averaged over experimental repetitions, which amounts
to extending the low-frequency cutoff for W down to the
inverse total data acquisition time [25]. Using these cutoffs
we predictW=ð2IpÞ ≈ 50μΦ0 and εp=ð2IpÞ ≈ 4μΦ0, within
a factor of 2 of the measured values. For low-frequency

FIG. 3. Temperature dependence of S�Φ . S−Φðf ¼ 500 MHzÞ
shows a 1=ðTeff þ T0Þ dependence, as explicitly plotted in the inset.

idle reset pre-tunnel tunnel post-tunnel readout

(a)

(b)

FIG. 4. (a) Pulse sequence for the MRT experiment. (b) MRT
data with Δ=h ≈ 0.5 MHz, showing a small offset in the tilt bias
that maximizes tunneling, consistent with the measured S−Φ.
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noise in thermal equilibrium, one would expect T ¼
W2=ð2kBεpÞ [13]. Plugging in our measured W and εp
yields Teff ≈ 60 mK, higher than the 30 mK deduced in
Fig. 2(d). However, this may be explained by the extra
broadening ofW from quasistatic noise. Subtracting out our
estimation of this contribution yields instead 20 mK.
In conclusion, we have used the fluxmon to measure flux

noise over a range of frequencies about 2kBT=h, separately
extracting the symmetric and antisymmetric components
S�ΦðfÞ and observing the classical-quantum crossover. We
find that S−Φ displays a paramagnetic temperature depend-
ence below the crossover, and that SþΦ follows a 1=f power
law whose magnitude is consistent with that of the 1=f flux
noise near 1 Hz. The fact that the noise spectrum has a 1=f
shape near the crossover indicates that the underlying
magnetic fluctuators have a distribution of relaxation times
that extends to at least 1 GHz, possibly hinting towards spin
clustering as opposed to spin diffusion [25,58,59], which
would also be consistent with the correlated low-frequency
inductance fluctuations observed in SQUIDs that were
postulated to arise from fluctuations in spin cluster relaxation
times [60]. Recent evidence [9] that adsorbed molecular O2

(spin-1) may play a dominant role in flux noise could also
support this conclusion, as spin-orbit-induced magnetic
anisotropy could break conservation of total spin and allow
clusters to locally transfer energy and angular momentum to
the lattice. Finally, we showed that the measured noise and
dissipation can approximately predict incoherent quantum
tunneling rates between flux qubit wells, which has direct
implications for quantum annealing applications.
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