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ABSTRACT

Trapped magnetic vortices in niobium introduce microwave losses that degrade the performance of superconducting resonators. While such
losses have been extensively studied above 1K, we report here their direct quantification in the millikelvin and low-photon regime relevant to
quantum devices. Using a high-quality factor 3D niobium cavity cooled through its superconducting transition in controlled magnetic fields,
we isolate vortex-induced losses and find the resistive component of the sensitivity to trapped flux S to be approximately 2 n X/mG at 10 mK
and 6GHz. The decay rate is initially dominated by two-level system (TLS) losses from the native niobium pentoxide, with vortex-induced
degradation of T1 occurring above Btrap � 50 mG. In the absence of the oxide, even 10 mG of trapped flux limits performance, Q0 � 1010, or
T1 � 350ms, underscoring the need for stringent magnetic shielding. The resistive sensitivity, S, decreases with temperature and remains
largely field-independent, whereas the reactive component, S0, exhibits a maximum near 0.8 K. These behaviors are well modeled within the
Coffey–Clem framework in the zero-creep limit, under the assumption that vortex pinning is enhanced by thermally activated processes. Our
results suggest that niobium-based transmon qubits can tolerate vortex-induced dissipation at trapped field levels up to several hundred mG,
but achieving long coherence times still requires careful magnetic shielding to suppress lower-field losses from other mechanisms.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0282159

The widespread adoption of niobium for quantum computing
applications has enabled three-dimensional (3D) superconducting
radio frequency (SRF) resonators with lifetimes T1 up to 2 s of coher-
ence1,2 and two-dimensional qubits with T1 � 600l s.3 However, fur-
ther improvements are necessary to realize a quantum computer
capable of practical computation. This requires identifying and miti-
gating every loss channel present in complex multilayer, nonlinear,
qubit elements, including quasiparticles,4,5 radiation,6 and two-level
systems (TLSs).7 Recent efforts have identified several such sources of
decoherence in these integrated systems, including highly lossy silicon
substrates8 and oxygen vacancies in the niobium pentoxide as a source
of TLS.1,9,10 On the other hand, high Q0 performance in niobium-
based resonators has been demonstrated to be relatively insensitive to
material purity at low fields and millikelvin temperatures,11 highlight-
ing the robustness and practical advantages of niobium in quantum
computing applications. These findings have aided in the development
of mitigation strategies that yield substantially improved two-
dimensional (2D) transmon qubit metrics.3 However, there remains a
phenomenon of superconducting niobium that has not yet been

characterized at the fields and temperatures relevant for 2D and 3D
quantum computing architectures: trapped magnetic flux.

The effect of trapped magnetic flux under the influence of radio
frequency (RF) fields in niobium has been widely studied in the con-
text of particle accelerator applications.12 Under ideal conditions, cool-
ing a niobium cavity through the transition temperature Tc is expected
to expel incident static magnetic field via the Meissner effect. However,
lattice defects and other inhomogeneities may pin flux lines and trap
vortices. The vortices then interact with incident RF fields and intro-
duce additional surface resistance via Rs � RT þ R0 þ RFl, where RT,
R0, and RFl are the surface resistance due to quasiparticles, material
properties, and trapped magnetic flux, respectively. We note that this
decomposition is approximate, as loss mechanisms may not be strictly
additive. Moreover, it has been shown that large thermal gradients
supply a thermal depinning force that drives the vortices either to
regions of lower RF magnetic field or removes them altogether from
the cavity.13 This finding has led to the development of cooldown pro-
tocols that enable ultra-high Q0 > 2� 1011 post cooling in ambient
magnetic fields of 190 mG.14 We note, however, that such cooldown
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protocols are not achievable in the slow and nearly homogeneous cool-
ing provided by dilution refrigerators (DR), indicating that any inci-
dent magnetic field is trapped in devices. To quantify these losses,
previous studies have introduced the sensitivity to trapped magnetic
flux S ¼ RFl=Btrap, where Btrap is the amount of trapped magnetic field
in the cavity walls.15 Varying the electronic mean free path (MFP)
within the penetration depth in niobium cavities results in a bell-
shaped dependence of S, ranging from 0.4–1.5 n X/mG at 5MV/m at
a temperature of 1.5K and resonant frequency (f0) of 1.3GHz.

15 This
behavior arises from the interplay between the flux-pinning regime,
where magnetic vortices are strongly pinned and contribute minimally
to dissipation, and the flux-flow regime, where vortices move freely
under radio frequency (RF) currents and dissipate energy more
steadily.16 This sensitivity to trapped magnetic flux has not been
explored in niobium at the low electric fields and millikelvin tempera-
tures relevant for quantum computing and may potentially introduce
substantial degradation in complex, multi-layer qubit systems.

In this study, we directly quantify the dissipation introduced by
trapped magnetic flux in niobium at millikelvin temperatures and low
photon counts using a single interface, high-quality factor niobium
SRF cavity. By cooling this cavity in a dilution refrigerator under con-
trolled applied magnetic fields, we deliberately trap various amounts of
magnetic vortices in the cavity walls. We determine that the sensitivity
to trapped magnetic flux is S ¼ 2 nX/mG at T ¼ 10 mK and
f0 ¼ 6GHz, with sensitivity decreasing with temperature. The vortex-
induced frequency shift is used to extract the reactive component of
the sensitivity S0, which peaks near 0.8K. These behaviors are well
described by assuming the thermal activation of pinning centers within
the Coffey–Clem framework, which models the complex resistivity
arising from vortex motion under oscillatory driving currents.17 Our
results demonstrate that in fully oxidized 6GHz niobium cavities,
non-vortex losses limit T1 to approximately 25ms, while vortex driven
losses begin to significantly impact T1 above Btrap � 50 mG. In con-
trast, in the absence of niobium pentoxide, even modest fields of
Btrap � 10 mG will limit 3D niobium cavities to T1 � 350ms.

Figure 1(a) illustrates the experimental setup. We employed a
6GHz niobium TESLA-shaped SRF cavity18 that underwent a stan-
dard treatment process, removing 160lm from the inner surface via
buffer chemical polishing, followed by annealing at 800 �C for 3h in
ultra-high vacuum and subsequent high pressure rinsing.12

As shown in Fig. 1(b), the cavity was thermally anchored to the
mixing chamber (MXC) plate of a DR and equipped with two single-
axis flux gates at the equator, along with a RuOx temperature sensor at
the bottom flange. Helmholtz coils were mounted on either side of the
cavity cell, facilitating cooling down through the transition tempera-
ture of 9.2K in distinct magnetic field environments, thus varying the
level of magnetic vortices trapped in the cavity walls. Table I presents
data on the measured magnetic field just above (BNC) and below (BSC)
the niobium superconducting transition temperature for each of the
four cooldowns discussed here. Between each cooldown, we warmed
the refrigerator to at least 15K and adjusted the applied magnetic field.
The near-unity ratio of BSC=BNC indicates that nearly all incident flux
is trapped within the cavity walls, reflecting inefficient flux expulsion
consistent with spatially uniform thermal gradients during cool-
down.19 This suggests that Btrap � BNC . Moreover, the consistent ratio
of 1.02 across cooldowns indicates reproducible thermal conditions
from run to run. Once the cavity was well below Tc, the Helmholtz

coils and flux gates were powered off to minimize heat deposition. The
ambient magnetic field near the cavity with the Helmholtz coils off
was�106 6.1 mG.

We measured the cavity quality factor using methods similar to
those described in Ref. 1. With a vector network analyzer, we first mea-
sured the resonance frequency. We then performed time-domain zero
span decay measurements of the transmitted power PTðtÞ at this fre-
quency after shutting off the incident signal. The first derivative of the
resulting curve was used to obtain field-resolved measurements of the

FIG. 1. (a) Cartoon schematic of the setup used for our study. The measurement
chain includes 46 dB of attenuation, low pass filters (LPFs), infrared radiation filters
(IRFs), a circulator, isolators (Iso), and a þ35 dB HEMT amplifier. A double layer of
mu-metal magnetic shielding was used to minimize the ambient magnetic field
within the DR. The Helmholtz coils (HC) are shown in blue. Flux gate (FG) and
RuOX temperature (RuOx) sensor positions are also presented. (b) A depiction of
the 6 GHz cavity with thermal anchoring and the precise location of the Helmholtz
coils and diagnostic equipment.

TABLE I. Flux gate readings for each cooldown (CD) above (BNC � Btrap) and
below (BSC ) the niobium transition temperature along with the current applied to the
Helmholtz coils. Error values capture the difference in magnetic field readings
between the two flux gates due to the presence of magnetic contamination, such as
the right-angle valve of the cavity.

CD# Current (mA) BNC ðmGÞ BSC ðmGÞ BSC=BNC

1 3.45 0.06 5.2 �0.16 6.4 � � �
2 20.25 50.46 7.5 51.36 7.7 1.026 0.22
3 37.20 100.96 9.0 102.56 9.3 1.026 0.13
4 87.46 250.56 13.3 254.86 13.7 1.026 0.08
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cavity loaded quality factor QL. We extracted the intrinsic quality fac-
tor via Q0 ¼ ð1=QL � 1=Q1Þ�1, where Q1 ¼ 1.4� 109 is the antenna
quality factor obtained by circle fitting reflection scattering parameter
data. We swept the DR temperature from 10 mK to 1.3K by applying
current to a heater located on the MXC plate. At each intermediate
temperature, we allowed the DR to thermalize for at least 2 h while
acquiring decay data, verified by the RuOx temperature sensor.
Thermalized data were averaged and used for our analysis. We used
the amplified Johnson–Nyquist thermal noise from the HEMT ampli-
fier to estimate the actual PT emitted from the cavity and obtained the
on-axis electric field via E / ffiffiffiffiffiffiffiffiffiffiffi

PTQ1
p

. The intracavity photon number
was determined using n ¼ U=�hx, where U andx are the cavity stored
energy and angular frequency.

Figure 2 presents a subset of the data acquired from the four cool-
downs. For cooldown #1, in the absence of trapped magnetic flux, we
observe the expected behaviors as a function of both temperature and
field due to the gradual saturation of TLS localized in the niobium
oxide.9 At low temperatures and fields, TLSs contribute strongly to
microwave loss, leading to a reduced quality factor; as temperature or
field increases, the TLSs saturate, resulting in an increase in Q0. As the
level of trapped magnetic field in the cavity walls increases, we find an
overall reduction inQ0 as a function of temperature and field.

We now extract the resistive (real) and reactive (imaginary) com-
ponents of the sensitivity to trapped magnetic flux, denoted as S and
S0, respectively. Vortex-induced losses are isolated in CD #2–4 by sub-
tracting off the contribution from material origins obtained in CD #1
and normalizing by the level of trapped field, such that

S ¼ RFl

Btrap
¼ G

Btrap

1
Q0;n

� 1
Q0;1

� �
; (1)

S0 ¼ DXFl

Btrap
¼ � 2G

B trap

f0;n � f0;1
f0;1ð0Þ

� �
; (2)

where DXFl is the vortex-induced shift in surface reactance, G ¼ 275X
is a geometric constant, Q0;n, Q0;1, f0;n, and f0;1 are the intrinsic quality
factors and resonant frequencies measured from CD #n¼ 2–4 and CD
#1, respectively, and f0;1ð0Þ is the resonant frequency from CD #1 at
near-zero temperature. The results are presented in Fig. 3. The resistive

FIG. 2. Quality factor vs on-axis electric field of a 6 GHz cavity measured at temper-
atures ranging from 0.010 to 1.289 K after cooling in various applied magnetic fields.
Inset shows the quality factor measured at an on-axis field of 50 V/m vs tempera-
ture. Blue, green, black, and red-hued points correspond to data acquired post cool-
ing in 0, 50, 100, and 250 mG, as described in Table I.

FIG. 3. Real part of the sensitivity to trapped magnetic flux as a function of (a) field
at temperatures of approximately 0.014 and 1.289 K and (b) temperature at 50 V/m
post cooling in various magnetic fields. Upper inset plots the imaginary component
of the sensitivity to trapped magnetic flux as a function of temperature. Error bars
represent the propagated uncertainty arising from data scatter and the applied mag-
netic field uncertainty. Solid lines in (b) represent simultaneous fits to both S and S0
for all three datasets using Eq. (3). Lower inset compares the cavity angular fre-
quency x with the fitted depinning frequency xd. Fitting parameters are presented
in Table II.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 127, 152601 (2025); doi: 10.1063/5.0282159 127, 152601-3

VC Author(s) 2025

 21 O
ctober 2025 15:33:31

pubs.aip.org/aip/apl


component of the sensitivity data obtained from different cooldown
cycles agrees within the error bars, reinforcing confidence in the
trapped field levels in the cavity walls and demonstrating repeatability
of our measurements. In Fig. 3(a), S remains largely independent of E
below fields of 1000V/m. To maintain plot clarity, only results
obtained near 0.014 and 1.289K are presented, as data collected at
intermediate temperatures exhibit similar behaviors. In contrast,
Fig. 3(b) reveals that S saturates below approximately 100 mK to a
value of 2 n X/mG; as temperature increases, sensitivity decreases.
Moreover, the reactive component of the trapped magnetic flux exhib-
its a pronounced maximum near 0.8K, with lower levels of trapped
magnetic field producing larger peak magnitudes.

A modified Coffey–Clem (CC) model of vortex-driven dissipa-
tion under RF excitation is employed to describe the observed temper-
ature dependence of the resistive and reactive responses presented in
Fig. 3.17 In the zero-vortex-creep limit, which is relevant at the millikel-
vin temperatures explored here, the CC resistivity due to vortex
motion reduces to the Gittleman–Rosenblum formalism. This is
expressed as qGR ¼ qff =ð1� ixp=xÞ, where qff is the flux-flow resis-
tivity, x is the angular frequency of the applied RF field, and xd is the
depinning frequency, proportional to the vortex pinning constant
k.20,21 According to Bardeen and Stephen, qff ¼ qnBtrap=Bc2ðTÞ,22
where qn is the normal-state resistivity and Bc2ðTÞ ¼ Bc2ð0Þ
ð1� ðT=TcÞ2Þ is the temperature-dependent upper critical field. At
low temperatures, the complex surface impedance can be approxi-
mated as ZðTÞ � ixl0ðk2s ðTÞ þ k2vðTÞÞ1=2, where ksðTÞ and kvðTÞ
are the condensate and vortex penetration depths.23 Using the relation
kv ¼ ðiqff =l0xÞ1=2 (Ref. 23) and expanding ZðTÞ in the small-field
limit and normalizing by the trapped magnetic field yields

ZFlðTÞ
Btrap

¼ Sþ iS0 ¼ qn
2ksðTÞBc2ðTÞ

x2 þ iFxxdðTÞ
x2 þ x2

dðTÞ
; (3)

where xdðTÞ ¼ x0eaT is the thermally activated depinning frequency.
The dimensionless scaling parameter F is introduced empirically to
account for systematic effects in the reactive response beyond those
included in our model. We take kL ¼ 39 nm,24 Bc2ð0Þ ¼ 0:2 T, and
qn ¼ 4� 10�10 X m; when assuming a material constant of ql
¼ 6� 10�16 X m,25 this latter parameter corresponds to an electronic
mean free path l of 1500nm, in agreement with reported values of sim-
ilarly treated cavities.15,26 Model parameters were extracted by simulta-
neously fitting both the resistive and reactive responses across all three
cooldown datasets. In these fits, the parameters x0 and a were shared
globally across datasets for both S and S0, as the position of the maxi-
mum in S0 does not vary with applied magnetic field, indicating that
the depinning frequency is effectively field-independent within the
probed range. Meanwhile, the scaling factor F was allowed to vary
independently for each cooldown. Fitted parameters are summarized
in Table II. The corresponding model fits are shown as solid lines in

Fig. 3(b). The lower inset of Fig. 3(b) compares the cavity angular fre-
quency with the fitted thermally activated depinning frequency, which
increases with temperature, suggesting an increase in the vortex pin-
ning strength. Notably, for T > 0.8K, the condition x < xd is satis-
fied, indicating a crossover from the flux-flow to the pinning regimes.
This crossover temperature coincides with the maximum observed in
S0 in Fig. 3(b).

The observed increase in depinning frequency with temperature
may arise from several mechanisms. One possibility is the formation
of normal-conducting hydride phases NbHx > 0.7, which have been
recently identified in niobium SRF cavity cutouts27 and are known to
exhibit Tc < 1.3K.28 As the temperature increases past this threshold,
the hydrides become only weakly superconducting via the proximity
effect,29 potentially serving as strong pinning centers and thereby
enhancing the overall pinning strength. This interpretation is further
supported by the fitting results given in Table II, where the parameter
1=a ¼ 1:42 K closely matches the upper Tc limit of NbHx>0.7.
Alternatively, thermal suppression of vortex tunneling between pin-
ning centers may contribute. As discussed by Ao and Thouless, the
tunneling rate at zero temperature decreases exponentially with tem-
perature, leading to reduced vortex mobility.30 This exponential sup-
pression of tunneling would effectively increase the pinning strength
and result in an exponentially increasing depinning frequency.

We compare our experimental results with those of Martinello
et al.,15 who studied similarly processed 1.3GHz cavities at 1.5K and
in the MV/m field range. To account for differences in experimental
conditions, we consider variations in frequency, field amplitude, and
temperature. Trapped-flux-induced surface resistance is expected to
follow the frequency dependence given by Eq. (3), and we assume a
linear response of fluxoids to the RF field, such that S remains field-
independent up to MV/m-level gradients. From Fig. 3(b), we extract
S � 0.7 n X/mG at 1.5K; applying frequency scaling using the fitted
value of xd from Table II yields a value of approximately 0.11 n
X/mG. This result is consistent with the values reported by Martinello
et al. for cavities treated with similar baking and buffer chemical pol-
ishing procedures.

Our results highlight that minimizing trapped magnetic flux is crit-
ical for achieving high Q0 in niobium cavities that are not otherwise
dominated by other loss mechanisms, such as those associated with the

TABLE II. Fitting parameters and uncertainties extracted from simultaneous fits to
the three S and S0 datasets in Fig. 3(b) using Eq. (3).

x0 a FCD1 FCD2 FCD3
ð1010 rad=sÞ ð10�1 K�1Þ ð103Þ ð102Þ ð102Þ
2:22ð11Þ 7:01ð58Þ 1:91ð35Þ 7:43ð13Þ 4:97ð81Þ

FIG. 4. Calculated upper bounds on T1 of a niobium SRF cavity at 6 GHz at 1 V/m
considering convolved oxide and vortex contributions (solid red line) and vortex
losses in the absence of oxide (blue dashed).
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niobium pentoxide.1,9 To illustrate this, we plot T1 ¼ x�1½ð1=
QOx;0Þ þðSBtrap=GÞ��1 for a 6GHz niobium SRF cavity, where QOx;0 is
the zero temperature quality factor of a fully oxidized niobium cavity;
the result is presented in Fig. 4. For Btrap < 25 mG, the native niobium
oxide limits T1 to 25ms; trapped flux begins to significantly impact
T1 for Btrap levels of> 50 mG. In the absence of Nb2O5, we predict
that Btrap ¼ 10 mG would yield T1 � 350ms, in rough agreement
with the 5GHz cavity post in situ oxide removal shown by
Romanenko et al.1

These results further suggest that transmon qubits, which utilize
niobium capacitor pads, should be robust against trapped magnetic
vortex losses on the order of several hundreds of milligauss. This is in
agreement with previous studies, where aluminum and rhenium qubits
show little additional loss post cooling in applied fields of 500 mG.31

Instead, vortices may be used as a potential strategy for reducing the
impact of quasiparticles in qubits.32 Present studies are under way to
quantify these phenomena in niobium pad transmon qubits.
Nevertheless, we emphasize the importance of magnetic shielding and
maintaining magnetic hygiene to minimize these losses.

In conclusion, we have shown that trapped magnetic vortices can
drive a non-negligible level of RF loss in niobium at millikelvin and at
low electric fields, relevant for 3D resonators and 2D devices. We find
that the resistive and reactive components of vortex driven dissipation
are well described by a modified Coffey–Clemmodel, wherein pinning
strength increases with temperature. At 10 mK and 6GHz, trapped
flux contributes losses of 2 n X/mG. Consequently, in the absence of
niobium pentoxide, trapping 10 mG would limit 3D cavity photon life-
times to T1 � 350ms. We hypothesize that trapped magnetic flux has
a relatively small impact on the niobium capacitor pads of transmon
qubits for fields less than several hundred milligauss; we are directly
investigating these losses in a separate experimental study. Our results
underscore the crucial role of magnetic shielding andmagnetic hygiene
in minimizing flux-related losses, required to enable quantum comput-
ing and sensing architectures with ultra-long coherence lifetimes of
T1 > 1 s.
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National Quantum Information Science Research Centers,
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