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extracted from the measured transmitted signal Pt at the
pickup coupler with the external quality factor Qt.

III. RESULTS

A. Cavity measurements

Typical decay curves for 5-GHz cavities before (blue
and black curves) and after (magenta and dark yellow
curves) 450◦C vacuum heat treatment for different start-
ing cavity photon populations are shown in Fig. 3. For
each case, decays from two different starting power lev-
els are shown, corresponding to two different resolution
bandwidths of the spectrum analyzer as well. As the expo-
nential decay fits (red lines) indicate, the time constant
at different stored energy levels and therefore the qual-
ity factor Q remains constant down to the noise floor of
about 10 photons and approximately 2 photons, respec-
tively. We also observe no rf field-amplitude dependence
of the Q factor for all the cavities in the dilution refrigera-
tor setup. This is consistent with our previous studies and
higher-temperature and higher-field measurements in the
current study, which showed that the “critical” TLS satu-
ration field Ec for niobium oxide is much higher—of the
order of Ec ∼ 0.1 MV/m—and therefore TLS are not satu-
rated by the microwave fields from about n ∼ 1020 all the
way down to n ∼ 2.

Q(T) measurements, which represent the main findings
of our paper, are shown in Fig. 4. A characteristic ∝

FIG. 3. Average photon population decay upon switching the
rf power off measured in the 5-GHz cavities before and after
heat treatment at 450◦C. Blue and black curves correspond to
the decays from different starting fields and with different filter-
ing bandwidths (100 Hz and 10 Hz, respectively). The red lines
show linear fits for both. The magenta and dark yellow lines show
stored energy decays of the 450◦C treated cavity with the much
longer photon lifetime.

340 °C
450 °C

FIG. 4. Intrinsic cavity quality factor Q of the 1.3-, 2.6-, and
5-GHz cavities as a function of temperature. Previously, SRF
cavities have been studied at temperatures above about 1.3 K.
Below about 1 K a significant decrease in Q is observed consis-
tent with the TLS dissipation; the red lines show TLS model fits.
A dramatic increase in Q associated with the oxide-modifying
heat treatment is apparent on the 1.3-GHz and 5-GHz cavities.

1/ tanh[α(�ω/2kT)] temperature dependence of the qual-
ity factors Q(T) for all the cavities is clearly observed
with the Q decreasing towards lower temperatures. The
amount of Q degradation is drastically suppressed by the
heat treatments— 340◦C for the 1.3-GHz cavity and 450◦C
for the 5-GHz cavity, respectively. This is consistent with
the removal of the significant number of TLS, which are
hosted by the pentoxide layer of SRF cavities, as shown in
our previous work [8].

Below about 1 K the contribution to the surface resis-
tance caused by thermally excited quasiparticles becomes
negligible and the Q(T) curves appear to be dominated
by dissipation caused by the TLS. The TLS dissipation
increases as the temperature is further lowered due to
decreased thermal saturation and therefore an increased
number of TLS systems participating in the resonant
absorption of the microwave power.

B. TLS model fitting

In the TLS-dominated regime, an excellent fit is
obtained using the “standard” TLS model [9,10] dissi-
pation, with δ0 as the loss tangent of the TLS at T = 0
K, an additional coefficient α to account for temperature
measurement efficiency, and a fixed residual (Rres) surface
resistance:

1
Q(T)

= Fδ0 tanh
(

α
�ω

2kT

)
+ Rres

G
, (1)
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both the internal losses and the coupling to the feedline.
We fit the line shape to extract the internal quality factor
Qint [Fig. 1(c)] [43] (Appendix Sec. A 5).
A common observation in superconducting circuits is

that losses decrease with increasing microwave power,
indicating that the losses are from saturable TLSs [12].
We observe similar power-dependent loss in our devices
[Fig. 1(d)], with low power Qint ranging from 1 × 105

to 1 × 107 and high power Qint ranging from 1 × 107 to
2 × 108 across different devices.
Different sources of loss can be distinguished by their

power and temperature dependence. In order to further
disentangle different physical mechanisms for loss, we

characterize resonator losses over a wide range of temper-
atures and microwave powers [Fig. 2(a)]. The full power
and temperature dependence is well described by a model
that incorporates three sources of loss: TLSs (QTLS),
equilibrium quasiparticles (QQP), and a separate power-
and temperature-independent loss channel that limitsQint at
the highest microwave powers (Qother). We fit the full
dataset using the following model:

1

Qint
¼ 1

QTLSðn̄; TÞ
þ 1

QQPðTÞ
þ 1

Qother
: ð1Þ

The TLS and quasiparticle losses are parametrized by [20]

QTLSðn̄; TÞ ¼ QTLS;0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð n̄β2

DTβ1
Þ tanhð ℏω

2kBT
Þ

q
tanhð ℏω

2kBT
Þ ð2Þ

and

QQPðTÞ ¼ AQP
eΔ0=kBT

sinhð ℏω
2kBT

ÞK0ð ℏω
2kBT

Þ ; ð3Þ

where ω is the center angular frequency of the resonator; T
is the temperature; n̄ is the intracavity photon number;
QTLS;0 is the inverse linear absorption from TLSs; D, β1
[44], and β2 [45] are parameters characterizing TLS
saturation; AQP is an overall amplitude proportional to
the kinetic inductance ratio; Δ0 is the superconducting gap
(Δ0 ¼ 1.764kBTc); Tc is the superconducting critical
temperature of the film; K0 is the zeroth-order modified
Bessel function of the second kind; kB is the Boltzmann
constant; and ℏ is the reduced Planck constant. There are
seven free fit parameters: QTLS;0, D, β1, β2, AQP, Tc,
and Qother.
This model gives rise to three separate regimes in the

data. At high temperatures above 500 mK, Qint exhibits a
weak power dependence and decreases exponentially with
temperature. This behavior is consistent with equilibrium
quasiparticle loss, as the temperature becomes an appreci-
able fraction of the superconducting critical temperature for
α-Ta [20]. Although prior studies in other materials have
observed power-dependent quasiparticle loss [46], we do
not observe such behavior in tantalum. We note that our
measurements are optimized to capture the low-power, low-
temperature losses and, therefore, may not disambiguate
the Tc and AQP fitting parameters accurately. We also note
that we observe a large range in Tc that is not observable by
direct film characterization, indicating that the resonators
are much more sensitive probes for minority phases. At
intermediate temperatures 100–500 mK, Qint increases
with temperature by around a factor of 2 for the lowest
microwave powers, with little variation with temperature at
the highest microwave powers, consistent with thermal
saturation of TLSs, where the characteristic temperature
is given by the resonator frequency [20]. At the lowest

FIG. 2. Parametrizing losses. (a) Internal quality factorQint as a
function of applied microwave power and temperature for a
characteristic resonator. The traces are well separated at low
temperatures and then collapse together and fall exponentially at
high temperatures. The characteristic shape of the curves is fit to a
model incorporating TLS loss and equilibrium quasiparticles.
Solid lines show the best fit to the dataset. (b) Shift in the resonant
frequency with temperature relative to the base temperature
center frequency for a representative device. The solid line
represents a fit to the data. (c) Comparison between estimates
of QTLS;0 extracted from two independent measurements: the
power and temperature dependence of Qint and the temperature
dependence of the frequency. The dashed line is a guide to the eye
showing the case where QTLS;0 is equal for both measurements.
Only 26 devices are shown in this plot, because we optimize our
measurements to measure Qint across temperature and power,
with a sparser temperature sampling than is required to extract
QTLS;0 from the fractional frequency shift with high confidence.
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both the internal losses and the coupling to the feedline.
We fit the line shape to extract the internal quality factor
Qint [Fig. 1(c)] [43] (Appendix Sec. A 5).
A common observation in superconducting circuits is

that losses decrease with increasing microwave power,
indicating that the losses are from saturable TLSs [12].
We observe similar power-dependent loss in our devices
[Fig. 1(d)], with low power Qint ranging from 1 × 105

to 1 × 107 and high power Qint ranging from 1 × 107 to
2 × 108 across different devices.
Different sources of loss can be distinguished by their

power and temperature dependence. In order to further
disentangle different physical mechanisms for loss, we

characterize resonator losses over a wide range of temper-
atures and microwave powers [Fig. 2(a)]. The full power
and temperature dependence is well described by a model
that incorporates three sources of loss: TLSs (QTLS),
equilibrium quasiparticles (QQP), and a separate power-
and temperature-independent loss channel that limitsQint at
the highest microwave powers (Qother). We fit the full
dataset using the following model:

1

Qint
¼ 1

QTLSðn̄; TÞ
þ 1

QQPðTÞ
þ 1

Qother
: ð1Þ

The TLS and quasiparticle losses are parametrized by [20]

QTLSðn̄; TÞ ¼ QTLS;0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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DTβ1
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QQPðTÞ ¼ AQP
eΔ0=kBT

sinhð ℏω
2kBT
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2kBT
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where ω is the center angular frequency of the resonator; T
is the temperature; n̄ is the intracavity photon number;
QTLS;0 is the inverse linear absorption from TLSs; D, β1
[44], and β2 [45] are parameters characterizing TLS
saturation; AQP is an overall amplitude proportional to
the kinetic inductance ratio; Δ0 is the superconducting gap
(Δ0 ¼ 1.764kBTc); Tc is the superconducting critical
temperature of the film; K0 is the zeroth-order modified
Bessel function of the second kind; kB is the Boltzmann
constant; and ℏ is the reduced Planck constant. There are
seven free fit parameters: QTLS;0, D, β1, β2, AQP, Tc,
and Qother.
This model gives rise to three separate regimes in the

data. At high temperatures above 500 mK, Qint exhibits a
weak power dependence and decreases exponentially with
temperature. This behavior is consistent with equilibrium
quasiparticle loss, as the temperature becomes an appreci-
able fraction of the superconducting critical temperature for
α-Ta [20]. Although prior studies in other materials have
observed power-dependent quasiparticle loss [46], we do
not observe such behavior in tantalum. We note that our
measurements are optimized to capture the low-power, low-
temperature losses and, therefore, may not disambiguate
the Tc and AQP fitting parameters accurately. We also note
that we observe a large range in Tc that is not observable by
direct film characterization, indicating that the resonators
are much more sensitive probes for minority phases. At
intermediate temperatures 100–500 mK, Qint increases
with temperature by around a factor of 2 for the lowest
microwave powers, with little variation with temperature at
the highest microwave powers, consistent with thermal
saturation of TLSs, where the characteristic temperature
is given by the resonator frequency [20]. At the lowest

FIG. 2. Parametrizing losses. (a) Internal quality factorQint as a
function of applied microwave power and temperature for a
characteristic resonator. The traces are well separated at low
temperatures and then collapse together and fall exponentially at
high temperatures. The characteristic shape of the curves is fit to a
model incorporating TLS loss and equilibrium quasiparticles.
Solid lines show the best fit to the dataset. (b) Shift in the resonant
frequency with temperature relative to the base temperature
center frequency for a representative device. The solid line
represents a fit to the data. (c) Comparison between estimates
of QTLS;0 extracted from two independent measurements: the
power and temperature dependence of Qint and the temperature
dependence of the frequency. The dashed line is a guide to the eye
showing the case where QTLS;0 is equal for both measurements.
Only 26 devices are shown in this plot, because we optimize our
measurements to measure Qint across temperature and power,
with a sparser temperature sampling than is required to extract
QTLS;0 from the fractional frequency shift with high confidence.
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Dissipation by quasiparticle excitations

 

Hot Nonequilibrium Quasiparticles in Transmon Qubits
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Nonequilibrium quasiparticle excitations degrade the performance of a variety of superconducting
circuits. Understanding the energy distribution of these quasiparticles will yield insight into their generation
mechanisms, the limitations they impose on superconducting devices, and how to efficiently mitigate
quasiparticle-induced qubit decoherence. To probe this energy distribution, we systematically correlate
qubit relaxation and excitation with charge-parity switches in an offset-charge-sensitive transmon qubit,
and find that quasiparticle-induced excitation events are the dominant mechanism behind the residual
excited-state population in our samples. By itself, the observed quasiparticle distribution would limit T1 to
≈200 μs, which indicates that quasiparticle loss in our devices is on equal footing with all other loss
mechanisms. Furthermore, the measured rate of quasiparticle-induced excitation events is greater than that
of relaxation events, which signifies that the quasiparticles are more energetic than would be predicted from
a thermal distribution describing their apparent density.

DOI: 10.1103/PhysRevLett.121.157701

The adverse effects of nonequilibrium quasiparticles (QPs)
ubiquitous in aluminum superconducting devices have been
recognized in a wide variety of systems, including Josephson
junction (JJ) based superconducting qubits [1–13], kinetic-
inductance [14–16] and quantum-capacitance [17] detectors,
devices for current metrology [18], Andreev qubits [19–21],
and proposedMajorana qubits [22,23].While recent efforts to
reduce the density of QPs in superconducting qubits have
shown some improvement in the relaxation times of devices
limited by QP-induced loss [11,24–26], understanding the
energy distribution of nonequilibriumQPs may shed light on
their source and further help to mitigate their effects.
Furthermore, it has been suggested that “hot” nonequilibrium
QPs may be responsible for the residual excited-state pop-
ulation seen in superconducting qubits at low temperatures
[8,27,28], though this has yet to be confirmed directly.
In this Letter, we report signatures of hot nonequilibrium

QPs observed in the correlations between qubit transitions
and QP-tunneling events. An offset-charge-sensitive trans-
mon qubit was used to directly detect switches in the charge
parity of the transmon islands associated with individual
QPs tunneling across the JJ [9]. We correlated these charge-
parity switches with transitions between the ground and
first-excited states of the transmon, and found that QP
tunneling accounts for ≈30% of all qubit relaxation events
and ≈90% of excitation events. The measured ratio of the
QP-induced excitation and relaxation rates is greater than 1,
which is at odds with a thermal distribution accounting for
their estimated density, defining what we refer to as a “hot”
energy distribution of tunneling QPs. These results confirm

previous suspicions that nonequilibrium QPs are respon-
sible for the residual excited-state population in transmon
qubits [8,27,28], and emphasize the need for further
understanding of QP-induced loss.
Ideally, QPs in superconducting devices would be in

thermal equilibrium with their thermal anchor (T ≈ 20 mK
for dilution refrigerators), and their spontaneous generation
would be exponentially suppressed by the superconducting
gap Δ. However, there is an observed fraction of broken
Cooper pairs x0QP ≈ 10−8 − 10−6 [1,3,4,11,25,27,29–31]
which is orders of magnitude greater than would be
predicted in thermal equilibrium. In a transmon [32], QP
tunneling across the JJ will always change the excess
charge on the islands by 1e, switching the charge parity of
the junction electrodes between “even” and “odd” [2].
Tunneling QPs couple to the phase across the JJ [4,6], and
consequently can induce qubit transitions (Fig. 1). If the
QPs were in thermal equilibrium, the values of x0QP quoted
above would correspond to an effective QP temperature of
130–190 mK. Under this assumption, QP-induced relax-
ation of the qubit should vastly outweigh QP-induced
excitation. As we will show, this is not observed in our
devices, indicating that this effective temperature does not
adequately describe the QP energy distribution.
To directly probe the interaction between nonequilibrium

QPs and a transmon qubit, we slightly relax the transmon-
defining condition that the Josephson coupling energy EJ
is much greater than the charging energy EC [7]. In this
regime, the ground-to-excited-state-transition frequency
f01¼ðE1−E0Þ=h has a measurable dependence on charge
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The Message

Even low concentration ( 1 ppm) of magnetic impurities in strong

coupling regime causes significant dissipation in SRF cavities

Sub-gap states near Fermi energy contribute to:

residual resistance at low temperatures

anomalies in quality factor behavior at low temperatures

anomalies in frequency shift near T = 0 and Tc

coherence peak in conductivity near Tc

Measure the position and extent of the subgap states
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Methodology

ĝ(p̂, r;εn, t)≡


 g(p̂, r;εn)1̂ f (p̂, r;εn)iσy

f̄ (p̂, r;εn)iσy ḡ(p̂, r;εn)1̂




where p̂ is the direction momentum on the Fermi surface

• Eilenberger equation: ĝ2 =−π2 1̂

[
iεnτ̂3− ∆̂−Σ̂imp , ĝ

]
+i h̄vf ·∇∇∇ĝ = 0 ∆̂ = ∆τ̂1iσy ,

∆= 2πλ ∑n

∫
dp̂f (p̂;εn), λ : e-phonon coupling constant

•Find Σ̂imp(ĝ) self-consistently using T -matrix
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The impurity self-energy term

T̂
p′ p

= Û +

Ĝ

Û T̂

Σ̂imp(p;εn) = nsT̂ (p,p;εn) , (1)

Non-magnetic impurities: Û(p′,p) = vN1̂, → Σ̂N = 1
2τN

Nf ĝ

scattering rate 1
τN

contributes to Drude conductivity

Non-magnetic impurities do not effect Tc and ∆: [Anderson-1959]

But they do contribute to conductivity and London penetration depth
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Magnetic impurities in weak coupling regime

A.A. Abrikosov and L.P. GorkovJETP, 12:1243, 1961

uncorrelated, classical spin

H ′ = J S⃗ · s⃗,
S⃗ impurity spin

s⃗ = (h̄/2)σ⃗ electron spin

S
s

s0:
(a)

s1:
(b) (c) (d)

s1:
(e)

+ + + . . .

FIG. 1 Leading order electronic self-energy diagrams of the Fermi-liquid theory of superconductivity. These terms are first order
in the expansion parameter s. The diagrams describe (a) the zero-order self energy defines the Fermi surface and Fermi velocity,
(b) the coupling of an external field to low-energy quasiparticles, (c) Migdal’s leading-order quasiparticle-phonon self energy, (d) the
mean-field interaction energy of quasiparticles and Cooper pairs, and (e) the leading-order quasiparticle-impurity scattering self energy
diagrams.

the key quantum mechanical degree of freedom encoded in the BCS theory of superconductivity, and is the origin of the
non-classical phenomena associated with the superconducting state, e.g. persistent currents, perfect diamagnetism, the
Josephson effect and branch-conversion (Andreev) scattering. Particle-hole coherence is described in the quasiclassical
theory by grouping particle excitations, occupied one-electron states with energy above the Fermi energy (ε > 0), and hole
excitations, empty one-electron states with ε < 0, into an iso-spin doublet. The particle-hole doublets (Nambu spinors)
span a two-dimensional space of quasiparticle excitations (Nambu space). The quantum statistics of the internal state of
quasiparticle excitations is described by a 2×2 density matrix for the particle-hole degree of freedom.1

Here I focus on the theory of superconductivity in metals with impurity disorder in the“dirty limit” defined by electron-
impurity scattering mean free paths short compared to the superconducting coherence length, `� ξ . As an introduction,
Sec. III, I discuss the reduction of the nonequilibrium transport equations for disordered normal metals to a transport
equation for the Keldysh propagator, and the corresponding charge response functions. In Sec. IV I develop the the
non-equilibrium Keldysh-Eilenberger equations as an expansion in the parameter, δ ≡ `/ξ , and obtain non-equilibrium
quasiclassical equations as a generalization of Usadel’s equations for equilibrium states of inhomogeneous supercon-
ductors.14 For a complementary development of the non-equilibrium Usadel equations based on a functional integral
formulation see Ref. 15 The sensitivity of conventional “s-wave” superconductors to disorder is discussed in the con-
text of the Usadel equations, highlighting the insensitivity of the transition temperature and excitation gap to disorder
(Sec. IV.C) in contrast to the strong suppression of the supercurrent to impurity disorder (Sec. IV.D). In Sec. V I de-
rive the nonlinear current response to the gauge-invariant condensate momentum, ps =

1
2 (∇rϑ − 2e

c A), and in Sec. V.B
obtain the field-dependence of the London penetration depth from the nonlinear screening currents (nonlinear Meissner
effect) at a vacuum-superconducting interface with a external field parallel to the interface. In Secs. V.C-V.D the nonlin-
ear Meissner response is extended to microwave frequencies. The nonlinear response leads to a number of novel effects
including photon generation at the third harmonic, and photons at intermodulation frequencies for multi-mode excitation
of the superconductor, as well as nonlinear Kerr rotation. In Sec. V.E I discuss the potential relevance of the nonlinear
current response to SRF cavities as possible detectors of axion-like dark matter. I begin with a review of the quasiclassical
transport theory based on the leading order self energies for disordered superconductors.

II. THEORY

The central objects of the theory are the propagators, ĜR,A,K(p,r;ε, t), where the superscript on the propagator identifies
its microscopic significance; ĜK denotes the Keldysh propagator, which is a 4× 4 matrix generalization of the classical

1I consider spin-singlet superconductors and neglect spin-orbit interactions and paramagnetism, in which case the 4-dimensional density matrices
describing the combined spin and particle-hole degrees of freedom reduce to 2×2 matrices in particle-hole space.

2

↑ ↓ ↑
Pair breaking rate: 1/τs

αs ≡ 1/2πTc0τs pair-breaking rate/pair-formation rate
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Spin impurities, strong coupling limit

L.Yu, Acta Physica Sinica, 21(1):75, 1965]
H.Shiba, PTP, 40(3):435–451, 1968]
A.I.Rusinov, JETP Lett., 9:146, 1969]

T̂S

=
u2
s

ĝ ′

+

u2
s

ĝĝ ′
T̂S

• impurity concentration

Γs =
cs

2πNf

Γs
Tc0

≈ Ns
Nat

Tf
Tc0

• coupling strength

ū2
s = (πNf J)

2S(S+1)
1

2τs
= Γs

ū2
s

(1+ū2
s )

2−4f (ε)2

0 0.5 1

0

1

2

3
·10−2

set by Γs

ε

∆ = 1−u2
s

1+u2
s

ε/∆
N
(ε
)/
N
f
Contribution to Drude σn:

δ ( 1
τn
) = Γs

2ū4
s

(1+ū2
s )

2−4f 2
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Impurity states inside the gap
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The Current Linear Response Function

Σ̂EM(r, t) =−e

c
vf ·A(r, t)τ̂3

JR(q,ω) =− c

4π
K (ω)A(q,ω) .

K (ω,T ) =
1

λ 2(ω,T )
− i

4πω

c2 σ1(ω,T )

=
4πe2

mc2 ns − i
4πω

c2 σ1(ω,T )

Vacuum Nb

q

λ (ω,T ) : penetration depth

ns superfluid fraction h̄ω/∆≪ 1

σ1: the dissipation of the EM field −→ σn
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Superfluid fraction

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

T/Tc0

n
s
/n

log(αn) log(αs)

-8.29 -4.45
-8.29 -2.45
-0.29 -4.45
-0.29 -2.05

ω = 0.005Tc0

(f ≈ 1GHz)

αn = Γn/πTc0 αs = Γs/2πTc0 ūS = 1.
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Superfluid fraction near zero temperature
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both the internal losses and the coupling to the feedline.
We fit the line shape to extract the internal quality factor
Qint [Fig. 1(c)] [43] (Appendix Sec. A 5).
A common observation in superconducting circuits is

that losses decrease with increasing microwave power,
indicating that the losses are from saturable TLSs [12].
We observe similar power-dependent loss in our devices
[Fig. 1(d)], with low power Qint ranging from 1 × 105

to 1 × 107 and high power Qint ranging from 1 × 107 to
2 × 108 across different devices.
Different sources of loss can be distinguished by their

power and temperature dependence. In order to further
disentangle different physical mechanisms for loss, we

characterize resonator losses over a wide range of temper-
atures and microwave powers [Fig. 2(a)]. The full power
and temperature dependence is well described by a model
that incorporates three sources of loss: TLSs (QTLS),
equilibrium quasiparticles (QQP), and a separate power-
and temperature-independent loss channel that limitsQint at
the highest microwave powers (Qother). We fit the full
dataset using the following model:

1

Qint
¼ 1

QTLSðn̄; TÞ
þ 1

QQPðTÞ
þ 1

Qother
: ð1Þ

The TLS and quasiparticle losses are parametrized by [20]

QTLSðn̄; TÞ ¼ QTLS;0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð n̄β2

DTβ1
Þ tanhð ℏω

2kBT
Þ

q
tanhð ℏω

2kBT
Þ ð2Þ

and

QQPðTÞ ¼ AQP
eΔ0=kBT

sinhð ℏω
2kBT

ÞK0ð ℏω
2kBT

Þ ; ð3Þ

where ω is the center angular frequency of the resonator; T
is the temperature; n̄ is the intracavity photon number;
QTLS;0 is the inverse linear absorption from TLSs; D, β1
[44], and β2 [45] are parameters characterizing TLS
saturation; AQP is an overall amplitude proportional to
the kinetic inductance ratio; Δ0 is the superconducting gap
(Δ0 ¼ 1.764kBTc); Tc is the superconducting critical
temperature of the film; K0 is the zeroth-order modified
Bessel function of the second kind; kB is the Boltzmann
constant; and ℏ is the reduced Planck constant. There are
seven free fit parameters: QTLS;0, D, β1, β2, AQP, Tc,
and Qother.
This model gives rise to three separate regimes in the

data. At high temperatures above 500 mK, Qint exhibits a
weak power dependence and decreases exponentially with
temperature. This behavior is consistent with equilibrium
quasiparticle loss, as the temperature becomes an appreci-
able fraction of the superconducting critical temperature for
α-Ta [20]. Although prior studies in other materials have
observed power-dependent quasiparticle loss [46], we do
not observe such behavior in tantalum. We note that our
measurements are optimized to capture the low-power, low-
temperature losses and, therefore, may not disambiguate
the Tc and AQP fitting parameters accurately. We also note
that we observe a large range in Tc that is not observable by
direct film characterization, indicating that the resonators
are much more sensitive probes for minority phases. At
intermediate temperatures 100–500 mK, Qint increases
with temperature by around a factor of 2 for the lowest
microwave powers, with little variation with temperature at
the highest microwave powers, consistent with thermal
saturation of TLSs, where the characteristic temperature
is given by the resonator frequency [20]. At the lowest

FIG. 2. Parametrizing losses. (a) Internal quality factorQint as a
function of applied microwave power and temperature for a
characteristic resonator. The traces are well separated at low
temperatures and then collapse together and fall exponentially at
high temperatures. The characteristic shape of the curves is fit to a
model incorporating TLS loss and equilibrium quasiparticles.
Solid lines show the best fit to the dataset. (b) Shift in the resonant
frequency with temperature relative to the base temperature
center frequency for a representative device. The solid line
represents a fit to the data. (c) Comparison between estimates
of QTLS;0 extracted from two independent measurements: the
power and temperature dependence of Qint and the temperature
dependence of the frequency. The dashed line is a guide to the eye
showing the case where QTLS;0 is equal for both measurements.
Only 26 devices are shown in this plot, because we optimize our
measurements to measure Qint across temperature and power,
with a sparser temperature sampling than is required to extract
QTLS;0 from the fractional frequency shift with high confidence.
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Dissipative conductivity - near Tc
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Comparing theory with experiment
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5

Treatment Xs,0 [Ω] ℓ [nm] λ0,exp [nm] λeff [nm]

EP 3.70 × 10 -4 550 ± 51 36 ± 4 40 ± 0.1
N-Doped 5.88 × 10 -4 71 ± 3 57 ± 6 48 ± 0.4

TABLE II. Comparison of experimentally and theoretically
obtained values for the penetration depth at T = 0 K.

doped and EP cavities are presented in Fig. 5(c). The
error bars indicate measurement uncertainty. For the
N-doped cavity, this uncertainty is primarily due to the
measurement process itself, whereas for the EP cavity,
the dominant uncertainty comes from the fitted value of
ℓ. We note that as the technique used to measure the
surface impedance sums over the inner RF surface, these
curves represent the average cavity response.

The non-monotonic dependence in the real part of the
complex conductivity in BCS superconductors, called the
coherence peak, arises due to the singularity in the su-
perconducting density of states at the gap edge [16, 34].
According to Dynes et al. [35], inelastic scattering
smears the singularity and introduces subgap quasipar-
ticle states. By incorporating the Dynes smearing pa-
rameter Γ into a modified version of the Mattis-Bardeen
conductivity, it is possible to obtain a phenolomenolog-
ical measure of the pair-breaking processes present in a
system by fitting the coherence peak using

σ1

σn
=

2

ℏω

∫ ∞

∆

[f(E)− f(E + ℏω)]g(E,Γ)√
(E + iΓ)2 −∆2

dE

+
1

ℏω

∫ −∆

∆−ℏω

[1− 2f(E + ℏω)]g(E,Γ)√
(E + iΓ)2 −∆2

dE,

(2)

σ2

σn
=

2

ℏω

∫ ∆

∆−ℏω,−∆

[1− 2f(E + ℏω)]g(E,Γ)√
(∆2 − (E + iΓ)2

dE, (3)

g(E,Γ) =
(E + iΓ)((E + iΓ) + ℏω) + ∆2√

((E + iΓ) + ℏω)2 −∆2
. (4)

From Fig. 5(c), we observe that both the EP and N-
doped cavities exhibit the so-called coherence peak, with
the maxima at ∼0.9 T/Tc differing in amplitude. This
suggests a variation in the quasiparticle behavior within
the RF layer due to distinct impurity distributions. The
stark difference observed in σ2/σn between the two cavi-
ties highlights a variance in the superconducting conden-
sate behavior.

The dashed and solid curves in Fig. 5(c) are calculated
using Eq. 2-4. We find that both σ1/σn and σ2/σn of
the EP cavity are best modelled with an average super-
conducting gap ∆0 = 1.5 meV and an inelastic scatter-
ing parameter Γ/∆0 = 0.025. The N-doped cavity is
instead better fitted with a larger average superconduct-
ing gap ∆0 = 1.6 meV and a lower level of pair-breaking
(Γ/∆0 = 0.0066). Note that a larger coherence peak oc-
curs for the cavity with greater elastic scattering (shorter
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FIG. 5. (a) Quality factor vs peak magnetic field of two
1.3 GHz cavities subjected to EP or N-doping. Inset shows the
temperature dependent surface resistance at 2 K as a function
of peak magnetic field. (b) Surface reactance of the EP and
N-doped cavities as a function of temperature; inset depicts
the surface resistance as a function of temperature. (c) Real
(σ1) and imaginary (σ2) components of the AC conductivity
normalized to the normal conducting value σn. Error bars
show the uncertainty in the calculated values (see text for de-
tails). Dashed and solid lines show fits.

ℓ) due to the presence of N interstitial. According to An-
derson’s theorem [36], elastic scattering off nonmagnetic
impurities has no effect on superconductivity. As a re-
sult, while N impurities increase scattering, they likely
mitigate depairing processes which results in a larger co-

[Bafia et al, Phys. Rev. Appl., 23:054052, 2025]
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Conductivity at low temperatures
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extracted from the measured transmitted signal Pt at the
pickup coupler with the external quality factor Qt.

III. RESULTS

A. Cavity measurements

Typical decay curves for 5-GHz cavities before (blue
and black curves) and after (magenta and dark yellow
curves) 450◦C vacuum heat treatment for different start-
ing cavity photon populations are shown in Fig. 3. For
each case, decays from two different starting power lev-
els are shown, corresponding to two different resolution
bandwidths of the spectrum analyzer as well. As the expo-
nential decay fits (red lines) indicate, the time constant
at different stored energy levels and therefore the qual-
ity factor Q remains constant down to the noise floor of
about 10 photons and approximately 2 photons, respec-
tively. We also observe no rf field-amplitude dependence
of the Q factor for all the cavities in the dilution refrigera-
tor setup. This is consistent with our previous studies and
higher-temperature and higher-field measurements in the
current study, which showed that the “critical” TLS satu-
ration field Ec for niobium oxide is much higher—of the
order of Ec ∼ 0.1 MV/m—and therefore TLS are not satu-
rated by the microwave fields from about n ∼ 1020 all the
way down to n ∼ 2.

Q(T) measurements, which represent the main findings
of our paper, are shown in Fig. 4. A characteristic ∝

FIG. 3. Average photon population decay upon switching the
rf power off measured in the 5-GHz cavities before and after
heat treatment at 450◦C. Blue and black curves correspond to
the decays from different starting fields and with different filter-
ing bandwidths (100 Hz and 10 Hz, respectively). The red lines
show linear fits for both. The magenta and dark yellow lines show
stored energy decays of the 450◦C treated cavity with the much
longer photon lifetime.

340 °C
450 °C

FIG. 4. Intrinsic cavity quality factor Q of the 1.3-, 2.6-, and
5-GHz cavities as a function of temperature. Previously, SRF
cavities have been studied at temperatures above about 1.3 K.
Below about 1 K a significant decrease in Q is observed consis-
tent with the TLS dissipation; the red lines show TLS model fits.
A dramatic increase in Q associated with the oxide-modifying
heat treatment is apparent on the 1.3-GHz and 5-GHz cavities.

1/ tanh[α(�ω/2kT)] temperature dependence of the qual-
ity factors Q(T) for all the cavities is clearly observed
with the Q decreasing towards lower temperatures. The
amount of Q degradation is drastically suppressed by the
heat treatments— 340◦C for the 1.3-GHz cavity and 450◦C
for the 5-GHz cavity, respectively. This is consistent with
the removal of the significant number of TLS, which are
hosted by the pentoxide layer of SRF cavities, as shown in
our previous work [8].

Below about 1 K the contribution to the surface resis-
tance caused by thermally excited quasiparticles becomes
negligible and the Q(T) curves appear to be dominated
by dissipation caused by the TLS. The TLS dissipation
increases as the temperature is further lowered due to
decreased thermal saturation and therefore an increased
number of TLS systems participating in the resonant
absorption of the microwave power.

B. TLS model fitting

In the TLS-dominated regime, an excellent fit is
obtained using the “standard” TLS model [9,10] dissi-
pation, with δ0 as the loss tangent of the TLS at T = 0
K, an additional coefficient α to account for temperature
measurement efficiency, and a fixed residual (Rres) surface
resistance:

1
Q(T)

= Fδ0 tanh
(

α
�ω

2kT

)
+ Rres

G
, (1)

034032-3

[A. Romanenko et al, Phys.Rev.Applied,

13:034032, 2020]

[J. He et al,Prog.Theor.Exp.Phys, 2025:063I01,

2025]• dissipation by sub-gap quasi-particles,

• provides mechanism for residual resistivity,

1
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=
2
R
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Quality factor, inferring sub-gap position
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both the internal losses and the coupling to the feedline.
We fit the line shape to extract the internal quality factor
Qint [Fig. 1(c)] [43] (Appendix Sec. A 5).
A common observation in superconducting circuits is

that losses decrease with increasing microwave power,
indicating that the losses are from saturable TLSs [12].
We observe similar power-dependent loss in our devices
[Fig. 1(d)], with low power Qint ranging from 1 × 105

to 1 × 107 and high power Qint ranging from 1 × 107 to
2 × 108 across different devices.
Different sources of loss can be distinguished by their

power and temperature dependence. In order to further
disentangle different physical mechanisms for loss, we

characterize resonator losses over a wide range of temper-
atures and microwave powers [Fig. 2(a)]. The full power
and temperature dependence is well described by a model
that incorporates three sources of loss: TLSs (QTLS),
equilibrium quasiparticles (QQP), and a separate power-
and temperature-independent loss channel that limitsQint at
the highest microwave powers (Qother). We fit the full
dataset using the following model:

1

Qint
¼ 1

QTLSðn̄; TÞ
þ 1

QQPðTÞ
þ 1

Qother
: ð1Þ

The TLS and quasiparticle losses are parametrized by [20]

QTLSðn̄; TÞ ¼ QTLS;0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð n̄β2

DTβ1
Þ tanhð ℏω

2kBT
Þ

q
tanhð ℏω

2kBT
Þ ð2Þ

and

QQPðTÞ ¼ AQP
eΔ0=kBT

sinhð ℏω
2kBT

ÞK0ð ℏω
2kBT

Þ ; ð3Þ

where ω is the center angular frequency of the resonator; T
is the temperature; n̄ is the intracavity photon number;
QTLS;0 is the inverse linear absorption from TLSs; D, β1
[44], and β2 [45] are parameters characterizing TLS
saturation; AQP is an overall amplitude proportional to
the kinetic inductance ratio; Δ0 is the superconducting gap
(Δ0 ¼ 1.764kBTc); Tc is the superconducting critical
temperature of the film; K0 is the zeroth-order modified
Bessel function of the second kind; kB is the Boltzmann
constant; and ℏ is the reduced Planck constant. There are
seven free fit parameters: QTLS;0, D, β1, β2, AQP, Tc,
and Qother.
This model gives rise to three separate regimes in the

data. At high temperatures above 500 mK, Qint exhibits a
weak power dependence and decreases exponentially with
temperature. This behavior is consistent with equilibrium
quasiparticle loss, as the temperature becomes an appreci-
able fraction of the superconducting critical temperature for
α-Ta [20]. Although prior studies in other materials have
observed power-dependent quasiparticle loss [46], we do
not observe such behavior in tantalum. We note that our
measurements are optimized to capture the low-power, low-
temperature losses and, therefore, may not disambiguate
the Tc and AQP fitting parameters accurately. We also note
that we observe a large range in Tc that is not observable by
direct film characterization, indicating that the resonators
are much more sensitive probes for minority phases. At
intermediate temperatures 100–500 mK, Qint increases
with temperature by around a factor of 2 for the lowest
microwave powers, with little variation with temperature at
the highest microwave powers, consistent with thermal
saturation of TLSs, where the characteristic temperature
is given by the resonator frequency [20]. At the lowest

FIG. 2. Parametrizing losses. (a) Internal quality factorQint as a
function of applied microwave power and temperature for a
characteristic resonator. The traces are well separated at low
temperatures and then collapse together and fall exponentially at
high temperatures. The characteristic shape of the curves is fit to a
model incorporating TLS loss and equilibrium quasiparticles.
Solid lines show the best fit to the dataset. (b) Shift in the resonant
frequency with temperature relative to the base temperature
center frequency for a representative device. The solid line
represents a fit to the data. (c) Comparison between estimates
of QTLS;0 extracted from two independent measurements: the
power and temperature dependence of Qint and the temperature
dependence of the frequency. The dashed line is a guide to the eye
showing the case where QTLS;0 is equal for both measurements.
Only 26 devices are shown in this plot, because we optimize our
measurements to measure Qint across temperature and power,
with a sparser temperature sampling than is required to extract
QTLS;0 from the fractional frequency shift with high confidence.
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extracted from the measured transmitted signal Pt at the
pickup coupler with the external quality factor Qt.

III. RESULTS

A. Cavity measurements

Typical decay curves for 5-GHz cavities before (blue
and black curves) and after (magenta and dark yellow
curves) 450◦C vacuum heat treatment for different start-
ing cavity photon populations are shown in Fig. 3. For
each case, decays from two different starting power lev-
els are shown, corresponding to two different resolution
bandwidths of the spectrum analyzer as well. As the expo-
nential decay fits (red lines) indicate, the time constant
at different stored energy levels and therefore the qual-
ity factor Q remains constant down to the noise floor of
about 10 photons and approximately 2 photons, respec-
tively. We also observe no rf field-amplitude dependence
of the Q factor for all the cavities in the dilution refrigera-
tor setup. This is consistent with our previous studies and
higher-temperature and higher-field measurements in the
current study, which showed that the “critical” TLS satu-
ration field Ec for niobium oxide is much higher—of the
order of Ec ∼ 0.1 MV/m—and therefore TLS are not satu-
rated by the microwave fields from about n ∼ 1020 all the
way down to n ∼ 2.

Q(T) measurements, which represent the main findings
of our paper, are shown in Fig. 4. A characteristic ∝

FIG. 3. Average photon population decay upon switching the
rf power off measured in the 5-GHz cavities before and after
heat treatment at 450◦C. Blue and black curves correspond to
the decays from different starting fields and with different filter-
ing bandwidths (100 Hz and 10 Hz, respectively). The red lines
show linear fits for both. The magenta and dark yellow lines show
stored energy decays of the 450◦C treated cavity with the much
longer photon lifetime.

340 °C
450 °C

FIG. 4. Intrinsic cavity quality factor Q of the 1.3-, 2.6-, and
5-GHz cavities as a function of temperature. Previously, SRF
cavities have been studied at temperatures above about 1.3 K.
Below about 1 K a significant decrease in Q is observed consis-
tent with the TLS dissipation; the red lines show TLS model fits.
A dramatic increase in Q associated with the oxide-modifying
heat treatment is apparent on the 1.3-GHz and 5-GHz cavities.

1/ tanh[α(�ω/2kT)] temperature dependence of the qual-
ity factors Q(T) for all the cavities is clearly observed
with the Q decreasing towards lower temperatures. The
amount of Q degradation is drastically suppressed by the
heat treatments— 340◦C for the 1.3-GHz cavity and 450◦C
for the 5-GHz cavity, respectively. This is consistent with
the removal of the significant number of TLS, which are
hosted by the pentoxide layer of SRF cavities, as shown in
our previous work [8].

Below about 1 K the contribution to the surface resis-
tance caused by thermally excited quasiparticles becomes
negligible and the Q(T) curves appear to be dominated
by dissipation caused by the TLS. The TLS dissipation
increases as the temperature is further lowered due to
decreased thermal saturation and therefore an increased
number of TLS systems participating in the resonant
absorption of the microwave power.

B. TLS model fitting

In the TLS-dominated regime, an excellent fit is
obtained using the “standard” TLS model [9,10] dissi-
pation, with δ0 as the loss tangent of the TLS at T = 0
K, an additional coefficient α to account for temperature
measurement efficiency, and a fixed residual (Rres) surface
resistance:

1
Q(T)

= Fδ0 tanh
(

α
�ω

2kT

)
+ Rres

G
, (1)

034032-3
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The anomaly in resonance frequency shift
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Frequency shift and Conductivity

Frequency shift and Conductivity near Tc are sensitive to pair-breaking

Same pair-breaking rate 1/τs

Same normal state scattering rate

Density and strength of magnetic impurities varies
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Conclusion

The sub-gap spectrum of quasiparticles, generated by dilute concentrations

of paramagnetic impurities,

limits Q(T ) of SRF cavities operating at microwave frequencies at low

temperatures.

provides a theory for the zero-temperature residual resistance

create anomalies in the resonant frequency

Thank you!
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