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Superconducting nanowire single photon detectors (SNSPDs) offer high-quantum-efficiency and
low-dark-count-rate single photon detection. In a growing number of cases, large magnetic fields are
being incorporated into quantum microscopes, nanophotonic devices, and sensors for nuclear and
high-energy physics that rely on SNSPDs, but superconducting devices generally perform poorly in
large magnetic fields. Here, we demonstrate robust performance of amorphous SNSPDs in magnetic
fields of up to £6 T with a negligible dark count rate and unchanged quantum efficiency at typical
bias currents. Critically, we also show that the SNSPD can be used as a magnetometer with
sensitivity of better than 100 xT/v/Hz and as a thermometer with sensitivity of 20 uK/+v/Hz at 1 K.
Thus, a single photon detector integrated into a quantum device can be used as a multifunctional
quantum sensor capable of describing the temperature and magnetic field on-chip simply by varying
the bias current to change the operating modality from single photon detection to thermometry or

magnetometry.

Superconducting nanowire single photon detectors
(SNSPDs) offer high speed, high quantum-efficiency, and
low dark-count-rate single photon detection [1]. There
is an emerging need for SNSPDs capable of operating in
large magnetic fields for potential integration with quan-
tum nanophotonic circuits [2—4] and for quantum sensors
relevant to nuclear physics [5] and dark matter detec-
tion [6-8]. For example, SNSPDs have been integrated
with quantum dots in nanophotonic circuits [9], but the
development of quantum repeaters or quantum sensors
based on coherent interactions with electronic spins in
such nanophotonic devices requires high performance op-
eration in magnetic fields [10]. Given the sensitivity of
such quantum nanophotonic devices to temperature and
field, the ability to locally measure the magnetic field
and temperature at the device would also be very ap-
pealing, as current experiments generally rely on distinct
sensors that may be located centimeters from the lo-
cation of interest. Further, it has been proposed that
axion-like dark matter could be detected with a multi-
stack SNSPD placed in a magnetic field via axion-photon
coupling [6]. SNSPDs may also enable improved mea-
surements of proton spin polarizability held at low tem-
peratures in large magnetic fields[11, 12]. The ability
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to detect photons, magnetic field, and temperature with
a single high-sensitivity device in a milliKelvin environ-
ment is thus critical to a growing number of quantum
technologies spanning nuclear, nanoscale and cosmolog-
ical physics that rely on photon detection in high field,
low temperature environments. In general, SNSPDs do
not perform well in large magnetic fields, but some re-
search has demonstrated that small magnetic fields can
improve SNSPD performance as described below.

SNSPDs can detect photons when (a) the photon pro-
vides enough energy to break an ensemble of Cooper pairs
and generate a bath of quasiparticles that form a belt
across the width of the nanowire, (b) the photon pro-
vides enough energy to unpin a vortex, enabling it to
sweep across the nanowire under a Lorentz force, and (c)
the photon provides enough energy to form and unbind
a vortex-antivortex pair that are swept in opposite direc-
tions across the nanowire under a Lorentz force. Field-
dependent studies of bright count rates have suggested
that vortex motion is the primary detection mechanism
in typical NbN SNSPDs [13, 14]. Similar measurements
of MoySi;_x SNSPDs with varying wire width have con-
cluded that vortex-antivortex interactions are responsi-
ble for bright counts in wide devices made from micron-
scale wires while direct quasiparticle belt formation is
responsible for bright counts in nanowires of order 100
nm in width [15]. A growing body of literature has made
it clear that SNSPDs constructed of different materials
with different designs can rely on any of the bright-count
mechanisms described above [16].

Dark counts are observed as a result of thermally- or
bias-current-induced vortex motion in the absence of any
photons, and are generally present even in well shielded
detectors operated at 0 T [17, 18]. For T" << T, the
dark counts could also arise from quantum mechanical
vortex tunneling events [19]. Because the local vortex



pinning potential can be a spatially heterogeneous func-
tion of the superconducting film growth conditions and
the device geometry, dark counts may arise preferen-
tially from weak spots within the device. Early mod-
els suggested that the energy barrier for single vortex
crossing is lower than that for phase slips and vortex-
antivortex nucleation and annihilation [17] and that
vortex-antivortex interactions and phase slips may be ig-
nored, but competing models and measurements have
suggested that vortex-antivortex interactions resulting
from a Berezinskii-Kosterlitz-Thouless transition are re-
sponsible for SNSPD dark counts [20-22].

At high bias currents, hot spots periodically form
and disappear at an electrothermal oscillation fre-
quency determined by the device inductance and load
impedance [23-27]. The propagation velocity of a
normal-superconducting boundary in the nanowire due
to Joule heating depends on its critical current [24], which
itself has a strong dependence on the applied external
magnetic field. While detection events in the electrother-
mal oscillation regime are a result of a fundamentally
different physical process than dark counts detected at
lower bias currents, we describe both conventional dark
counts and electrothermal oscillations as dark counts in
this article for linguistic convenience.

Current crowding at sharp bends can result in a re-
duced potential barrier for vortex motion and an in-
creased vortex nucleation density. However, external
magnetic fields and associated Meissner currents can re-
duce the effect of current crowding [28, 29]. Early mod-
eling efforts suggested that perpendicular magnetic fields
would reduce the critical current for a conventional mean-
der line SNSPD, but small negative perpendicular mag-
netic fields could increase the critical current of devices
patterned in a spiral layout [28]. Other experimental ef-
forts found a slight asymmetry in the dark count rate
of TaN and NbN SNSPDs as a function of field [30, 31],
consistent with previous modeling [28], subject to the as-
sumption that dark counts originate largely at the sharp
corners of the device and allowing for some heterogeneity
in the device fabrication [30].

Understanding and controlling vortex motion and hot
spot formation in SNSPDs is critical to the development
of quantum sensors capable of operating in high magnetic
fields, but fully predictive models of single-photon inter-
actions with superconducting nanowires remain a chal-
lenge, despite the recent demonstration of a probabilistic
criterion for single photon detection based on single vor-
tex motion [32]. Very little work has explored the field
dependence of SNSPDs in large magnetic fields, though
one recent article did demonstrate that NbN nanowire
single photon detectors can be operated in fields as high
as 5 T [12], and many researchers have explored the re-
sponse of superconducting thin films and nanowires in
larger magnetic fields [33-39]. Further research is needed
to provide an improved understanding of vortex motion
in superconducting nanowires and to define the limits of
high-field SNSPD operation.

Here, we explore the magnetic field dependence of
dark counts and bright counts generated by a commer-
cially available amorphous transition-metal silicide near-
infrared SNSPD with a critical temperature of 5 K. Vec-
tor magnetic field control allows for a comparison be-
tween arbitrary magnetic-field orientations. The 7 nm
thick Quantum Opus SNSPD used here has a 70 nm
wide meander line with a 50 percent fill fraction that
spans an 11 x 11 pum active area. It was mounted on a
printed circuit board (PCB) and suspended in a dilution
refrigerator with free-space optical access to the mixing
chamber. The device orientation was 4° from parallel to
the z-axis of the vector magnet. For most of the data
reported here, the z-axis of the vector magnet was swept
from -6 to 6 T. Additional measurements were performed
with smaller vector fields as a function of field amplitude
and direction, with three field orientations with respect
to the SNSPD meander line defined in Fig. 3. Data was
collected between multiple zero-field cooling sweeps of
the device to confirm the repeatability of the results re-
ported here. The SNSPD was heat sunk to the mixing
chamber of the dilution refrigerator and the temperature
was held at 60 mK unless otherwise specified.

An attenuated 1062 nm CW laser source was delivered
to the SNSPD through a free-space optical interface that
is described elsewhere [40]. Dark counts were collected
with optical access to the dilution refrigerator blocked.
All signals were passed through a low frequency filter
mounted directly to the SNSPD at the mixing chamber in
order to minimize latching and enable high count rate de-
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FIG. 1: Measured count rate as a function of bias
current and magnetic field for bias currents of 0-14 pA
and magnetic fields of -6 to 6 T oriented ~ —4° from
parallel to the film and ~ —45° from the length of the
nanowires. Dark counts (dashed) begin to contaminate
the bright count (straight) measurements at bias
currents above 10.0 pA. Inset of the bias current at
which the dark counts are equal to 10x the plateau
bright counts, emphasizing the asymmetry of the field
dependence of dark counts at high bias currents.



tection [41]. The bias current and the SNSPD waveforms
were delivered along the same semirigid coaxial channel
with a room temperature bias tee and low noise amplifiers
integrated before time tagging all detection events with
a 62 mV threshold. Data was collected (1) continuously
for counts as a function of magnetic field for a constant
bias current and (2) in 1 T increments for counts as a
function of bias current.

The magnetic field dependence of the measured counts
is shown as a function of bias current in Fig. 1. At each
point on the curve, the bright count rate was averaged for
20 seconds and the dark count rate was averaged for 10
seconds. The relative quantum efficiency of the device re-
mains unchanged, independent of magnetic field, at bias
currents within the quantum efficiency plateau of 7.5-9.5
#A. Additionally, the dark count rate was measured to
be < 0.1 counts per second within the same 7.5-9.5 pA
range for all measured fields. However, as emphasized in
the inset of Fig. 1, the maximum operating bias current
is suppressed in an asymmetric manner with increasing
field, with the maximum operational bias current reduced
to ~ 10.0 pA at 6 T, while the maximum operational bias
current at -6 T is only reduced to ~ 11.5 pA. A similar,
if less pronounced asymmetry is present in the onset of
bright count detection events at bias currents of 4-5.5 pA
as seen in Fig. 1.

This asymmetric response to changes in magnetic field
leads to a decrease in the dark count rate of the device be-
tween 0 T and -2.5 T, as shown in Fig. 2. This asymmetry
was repeatable for multiple zero-field recooling measure-
ments. The transport properties of the high-count-rate
board were also tested separately as a function of paral-
lel field, resulting in no evidence of asymmetry. Thus the
asymmetric response shown in Fig. 2 appears to be due
to the SNSPD itself.

The data reported in Fig. 2 were acquired in a uni-
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FIG. 2: Dark count rate as a function of field for bias
currents of 11.10-13.30 A at 60 mK. The maximum
vector field components of the applied field are 5.980 T
(parallel) and 0.420 T (perpendicular).

directional magnetic field where the maximum parallel
field was 5.980 T and the maximum perpendicular field
was 0.420 T. Experimental constraints did not allow for
the device to be mounted in a 6 T parallel field with
0 perpendicular component, but the dark count rate was
characterized in smaller fields for different field directions
as shown in Fig. 3. The orientations of the applied field
with respect to the SNSPD meander line are listed in
the caption and inset of Fig. 3 for each of three vec-
tor field orientations. For the data represented by blue
circles, the field is mostly parallel to the device, with a
small perpendicular component; the maximum perpen-
dicular field component is 0.016 T and the maximum
parallel field component is 0.222 T. Conversely the red
triangles represent data acquired with the field mostly
perpendicular to the device, with a small parallel com-
ponent; the maximum perpendicular field component is
0.238 T and the maximum parallel field component is
0.023 T. The green squares represent a measurement per-
formed in a parallel field. The blue circles are a subset
of the 12.60uA data from Fig 2. Notably, when perpen-
dicular and parallel field components are both present,
the dark count rate appears to scale similarly with the
amplitude of the magnetic field. However, in the paral-
lel field represented by the green squares, the dark count
rate exhibits a markedly different field dependence. This
suggests that the asymmetry of the dark count rate exists
only when both perpendicular and parallel field compo-
nents are present. Experimental constraints limited a full
vector field analysis, but simple models consistent with
these measurements are presented in the appendices.

Slight asymmetries in the field-dependent SNSPD re-
sponse have been reported before for mT-scale perpen-
dicular fields and ascribed to magnetic-field induced cur-
rents that oppose current crowding effects at the cor-
ners of the meander line [28, 30, 31], but the asymme-
tries reported here rely on similar bias currents but mag-
netic fields three orders of magnitude larger that have
a combination of parallel and perpendicular vector field
components. Thus, the previous models for asymmetric
SNSPD responses to magnetic fields do not appear to
explain this result. Notably, while the onset of bright
counts and dark counts is a function of magnetic field,
and while the SNSPD waveform can be a function of
the photon-nanowire interaction parameters [27, 42], the
SNSPD waveforms recorded here were independent of
field.

While a detailed model of this field-reversal asymme-
try is beyond the scope of this article, we can understand
why the asymmetry is much larger than in previous works
in the context of the vector magnetic field and symmetry
constraints of the meander line. If the top and bottom
interfaces of the SNSPD are not identical, as is the case
here, a field with a finite component along the long line
segments is expected to have a field-reversal asymmetry,
and must change sign under current reversal. Indeed,
based on the model in Ref. [28], such a field should, de-
pending on its sign, induce current crowding close to the



top or the bottom interface, thus giving different rates
for positive and negative fields. Moreover, even if the
two interfaces are identical, a field-reversal asymmetry
is expected if all three components of the field (parallel
to the long line segments, the short line segments, and
the perpendicular direction) are finite, as is the case in
this work. In contrast, such a field-reversal asymmetry
is forbidden for a purely perpendicular field, regardless
of whether the top and bottom interfaces are identical or
distinct. For a perpendicular field, the asymmetry can
then only appear due to imperfections of the meander
line [30] or a sufficiently small number of line segments,
and it is expected to be much smaller.

The magnetic-field dependence of the dark counts in
the high-bias-current regime is intriguing because it sug-
gests that the SNSPD can be utilized as an on-chip mag-
netometer. For a well characterized SNSPD, monitoring
changes in the dark count rate after initially setting the
bias current to achieve dark counts of ~ 102 —10%¢ps pro-
vides magnetic field sensitivity determined by the slope
of the curves shown in Figs 2 and 4 and limited by the un-
certainty in counting statistics and bias current. Here, we
assume that the field sensitivity can be calculated based
on exponential fits to the measured dark counts and that
the measured dark counts exhibit Poissonian counting
statistics with uncertainty in count rate scaling as v/N.
Uncertainty in the bias current source is neglected as a
small component relative to the uncertainty in count rate
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FIG. 3: Field dependence of the dark count rate at a
12.60 pA bias current and 60 mK temperature for three
vector magnetic field orientations. The inset shows the
coordinate system for the magnetic field with respect to

the nanowire device. The red triangles represent a
largely perpendicular field measurement with small

parallel field components, the blue circles represent a

largely parallel field measurement with small
perpendicular field components, and the green squares
represent a parallel field measurement. The blue circles
are a subset of the 12.60pA data from Fig 2.

due to a measured rms current-noise level of 40 pA. Fur-
ther, uncertainty in photon counting is a fundamental
limit that cannot be improved upon for this type of mea-
surement, whereas the uncertainty in bias current can be
improved beyond current limits with further engineering.

The maximum sensitivity of the curves shown in Fig. 2
ranges from 1.8 mT'/+/Hz for a bias current of 13.3 uA at
-1 T to 600 uT/+/Hz for a bias current of 11.10 pA at 6T,
with the best sensitivity at smaller bias currents closer to
the onset of the electrothermal oscillation regime. The
best sensitivity measured here was 75 uT'/+/Hz for a bias
current of 11.60 pA at 4.8 T. Thus, the SNSPD can be
used as a magnetometer by sweeping the bias current
while monitoring the dark count rate to coarsely deter-
mine the magnetic field and by monitoring changes in
the dark count rate at a constant bias current to track
smaller changes in the magnetic field.

Extrapolating the results shown in Fig. 1 to larger
fields suggests that a plateau with optimized quantum
efficiency and minimized dark counts should still exist for
fields as large as 18 T and -68 T. It is likely that this ex-
trapolation overestimates the robustness of the SNSPD,
as the SNSPD operation relies in part on the descrip-
tion of the SNSPD as a 2D superconductor. For fields
above 6.5 T, the characteristic length scale \/hi/2eB is
smaller than the 7 nm film thickness, and that descrip-
tion fails [34]. Nonetheless, it is clear from the results in
Fig. 1 that the SNSPD is capable of robust operation for
fields much larger than 6 T.

At higher temperatures, the maximum functional bias
current is reduced as thermally induced vortex motion
begins to increase, but the same robust high quantum-
efficiency, low dark-count-rate operation is observed at all
measured fields for bias currents of 6-12.1 pA. As seen in
Fig. 4 for dark counts measured at ~ 600 mK, a similar
asymmetry is present in the dark count rate, with the
minimum dark counts measured for fields between -1 T
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FIG. 4: Dark count rate as a function of field for bias
currents of 12.10-12.75 pA at a mixing chamber
temperature of 840 mK.
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FIG. 5: a) Temperature dependent dark counts for
12.60 pA and 12.75 pA bias currents at 0 T. The inset
illustrates the temperature sensitivity at lower
temperatures for a 12.95 uA bias current at 0T. b) The
mixing chamber thermometer temperature and dark
count of the SNSPD at 12.60 pA versus time, with inset
of the dark count rate tracking with temperature at 1 K.

and -2 T.

Because this SNSPD was mounted to a PCB at a dis-
tance of several inches from the nearest thermometer,
there is some uncertainty in the SNSPD temperature that
would normally be challenging to quantify. However, the
dark counts can be used for thermometry just as they
can be used for magnetometry. Figure 5 illustrates the
measured dark counts for 12.60 pA and 12.75 uA bias
currents at 0 T. As above, the sensitivity of this super-
conducting nanowire thermometer can be calculated by
curve fitting the dark count rate and assuming that the
uncertainty in the count rate is limited by the photon
counting statistics. The data shown in Fig. 5a illustrate
temperature sensitivity of 20 K/ VHz at a temperature
of 1 K and a bias of 12.75 pA, and a temperature sen-
sitivity of 45 uK/vHz for a 12.60 pA current. At 800
mK, the sensitivity is reduced to 0.1 mK/\/E and 1.5
mK/ VHz, and at 400 mK, the sensitivity is reduced to
6 mK /v Hz and 40 mK /v/H z, respectively at the larger
and smaller bias currents. However, further increasing
the bias current does continue to increase the sensitiv-
ity, and the SNSPD thermometer is most sensitive when
the device is operating in the electrothermal oscillation
regime with greater than 106 dark counts per second.
With the device operating at a higher bias current, this
regime can be reached at lower temperatures, and the
onset of the electrothermal oscillations near 100 mK will
improve the temperature sensitivity. For example, on the
cusp of the electrothermal oscillating regime at 60 mK,
the sensitivity is improved to better than 0.5 mK/\/E,
as shown with a bias current of 12.95 pA in the inset of

Fig. 5. This improved sensitivity comes at the expense
of increasing the device temperature ~ 5 mK at a bias
current of 14 pA.

The ability to use the SNSPD in large magnetic fields
for thermometry or magnetometry in addition to single
photon detection is of interest, not just to better quan-
tify the SNSPD operating conditions, but to provide a
multifunctional sensor in integrated quantum nanopho-
tonic devices, as described in the introduction. The
magnetic field sensitivity recorded here is coarse com-
pared to that of long-established SQUID magnetometer
designs[43, 44], but the ability to operate a magnetome-
ter in a large magnetic fields and in an integrated sensing
platform offers substantial advantages over SQUID mag-
netometry. Further, the temperature sensitivity recorded
here is competitive with dedicated transition-edge-sensor
calorimeters[45]. While the results described in this ar-
ticle provide a device-level understanding of the limita-
tions of thermometry and magnetometry with SNSPDs
in large fields, a microscopic understanding of the quasi-
particle and vortex interactions that drive this function-
ality is still needed. Confocal optical microscopies ca-
pable of monitoring the SNSPD response as a function
of the position and wavelength of incident photons at
milliKelvin temperatures and in variable magnetic fields
would provide an improved understanding of these in-
teractions at the mesoscale. Additionally, a quantitative
model of the magnetic field dependent and temperature
dependent electrothermal oscillation frequencies will be
pursued as a future work. MilliKelvin scanning probe mi-
croscopies including scanning SQUID microscopies [46]
and scanning single photon microscopies [40] could help
to provide further understanding of these interactions.
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APPENDIX

1. DPossible origin of magnetic field dependent dark
count rate

To understand the impact of vortex crossing (VC)
dynamics on our measured dark counts we follow the
current-dependent phenomenological model proposed in
Ref. [47]:

I
Ryc ~ Roexp (Ib) (A1)

where Ry is a proportionality factor and I scales with
the experimental critical current, I.. The fit of our data
to Eq. (A1) in Fig. 6(a) shows that this is a satisfactory
description of the current dependence of Ry ¢. Here we
treat Ry and I as fitting parameters.
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FIG. 6: (a) Measured dark counts as a function of bias
currents at zero field (circles). The solid line is a least
squares fit to the phenomenological model given by
Eq. (Al). (b) Extracted I as a function of the applied
magnetic field at various bias currents.

The measured dark count rate as a function of the
applied magnetic field H given in Fig. 2 of the main
text clearly showed a magnetic-field dependence with an
asymmetry with respect to the field direction. References
[47] and [48] discussed the effect of an applied magnetic
field on the rate of vortex crossings (without photons)
and determined that the imperfections from the meander
line structure might cause the asymmetric dependence of
dark counts on the applied field. To identify the critical
current for which the barrier for vortex entry vanishes

while keeping the model as simple as possible, we assume
the current scale, I, in Eq. (A1) is the only magnetic-field
dependent parameter in the model. Such an assumption
allows us to extract the dependence of critical current on
the magnetic field from the measured dark count data
given in Fig. 2 of the main text. In Fig. 6(b) we plot
the extracted I as a function of the applied field magni-
tude at a given bias current. Surprisingly, I(H) at dif-
ferent bias currents collapses on top of each other, which
suggests that the asymmetric dependence on the applied
field might be solely caused by the critical current. In
Appendix 2, we propose an argument based on symme-
try constraints to explain the asymmetric dependence of
the critical current on the applied field.

Besides vortex crossing, we also explore the possibility
of VAP unbinding contributing to dark counts. Accord-
ing to Ref. [49] and [50], the dark count rate due to VAP
unbinding is expressed as Ryap = Roexp(—Uvap/kgT)
with a proportionality factor Ry and the Boltzmann con-
stant kp. Uyap is the potential at the saddle point ex-
pressed as[50],

AT (26L\ I
Uvapr = 2(7A*k3T1HN0)+z |:1n < I, ) + 561, _ 1:| ,

(A2)
where « is a temperature and magnetic field indepen-
dent constant, Ny is a measure of the number of inde-
pendent configurations[51], and € is the dielectric con-
stant depending on the density of the VAP. Here, A =
®Z/(muoA), where ® is the flux quantum, g the perme-
ability, and A = 2)\?/d the effective penetration depth.
Note that A only depends on temperature and is inde-
pendent of the applied magnetic field. Assuming A ~ 100
nm, € ~ 1, and T ~ 100 mK, A/e ~ 3x10% when normal-
ized by kgT. In contrast, a least squares fit of Eq. (A2)
to the measured dark count rate as a function of bias
current at zero field gives A/e ~ 100 times smaller than
this calculated value. Therefore, we conclude that VAP
unbinding is not the dominant source of dark counts in
our device.

2. Symmetry constraints on the magnetic-field
asymmetry

We consider a SNSPD meander line carrying an electri-
cal current I (see Fig. 7). The three coordinate axes are
parallel to the short line segments (a), the long line seg-
ments (b), and the out-of-plane direction (c¢), respectively.
If the meander line is infinitely long and has no imper-
fections, its symmetry group is generated by three sym-
metry operations: the mirror reflection across the plane
of the meander line (M. ), the mirror reflection across the
center of a short line segment (M, ), as well as the combi-
nation of the mirror reflection across the center of a long
line segment and the translation in the a direction by
the length of a short line segment (M, = M, o T,). Un-
der these three symmetry operations, the magnetic field
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H = (H,, Hy, H..) and the electrical current I carried by
the meander line transform according to

MC . (HaaHvaC) — (_Ha7_Hb7HC)7 I — Ia
Ma : (Ha»Hbch) — (Ha; _Hb) _HC)7 I — _Ia
My : (H,, Hy,H.) = (=H,, Hy,—H,), I —1.(A3)

Importantly, the operations M. and M, preserve the di-
rection of the current while M, reverses the direction
of the current. Thus, the former two operations can be
used to establish the symmetry constraints on the field
asymmetry for a given current, while the latter opera-
tion can be used to determine how the field asymmetry
behaves under current reversal. If the dark-count rate
for a field H = (H,, Hy, H..) is given by N(H,, Hy, H.),
the current-preserving operations M., Mb, and M, o Mb
readily imply

N(Haa Hb7HC) = N(_Ha7 _Hb7 HC) =
N(_HavHZN_HC) :N(Haa_Hba_Hc)' (A4)

Therefore, a field asymmetry is forbidden if at least one
component of the field vanishes and only allowed if all
three components are finite. If the dark-count rate for
the same field and a reversed current is N'(H,, Hy, H.),
the current-reversing operation M, and the current-
preserving operation R, = M. o M, can be used to es-
tablish

M

NI(HIMHINHC) N(chiHb?iHC)

B N(H,, Hy H)).  (A5)

Therefore, the field asymmetry remains the same under
current reversal. Assuming that the field asymmetry is
linear in the field, its simplest dependence on the field
components that is consistent with the above symmetry

c |

FIG. 7: Illustration of an infinitely long meander line
carrying an electrical current I, along with three
coordinate axes a, b, ¢, the reflection symmetry axes M,
and M; and the translation symmetry axis T, whose
combination M, = M, o T, is another symmetry.

considerations is
ON(H,, Hy,H.) =
N(Ha7 Hb; H(') - N(*Haa 7Hb7 7H(’) =

aH,HyH,
g2 (A6)
where H = |FI |, and « is an undetermined coefficient.

While it is not clear what kind of microscopic mecha-
nism could give rise to such a field asymmetry, we can
immediately deduce that this mechanism would need to
break time-reversal symmetry. Under a time-reversal op-
eration O, the current and the field are both reversed:

©: (H,, Hy,H.) — (-H,,—Hy,—H.), I——1I.
(AT)
In the presence of time-reversal symmetry, the time-
reversal operation © and the other current-reversing op-
eration P = M, o R, (which is an inversion) can then be
used to establish
o

N(H(La Hb7 HC) = Nl(iHav 7Hb7 7HC)
L N(-H,,—H,,—H,), (A8)

which means that a field asymmetry is forbidden for any
direction of the field. In other words, any field asymme-
try for a perfect and infinitely long meander line must
result from a microscopic mechanism that breaks time-
reversal symmetry by involving some dissipative process,
for example, the viscous drag force for a superconducting
vortex.

If the meander line contains enough imperfections or a
sufficiently small number of line segments, the operations
M, and M, are no longer symmetries of the meander
line. In this case, the only remaining symmetry opera-
tion is M, and, according to Eq. (A3), a field asymmetry
is allowed if and only if the field has a finite out-of-plane
component (H.). The simplest form of the corresponding
field asymmetry is then given by 6N (H,, Hy, H.) = SH,,
where (3 is an undetermined coefficient. This case has
been discussed extensively in the literature; if the left
and right turns of the meander line have different num-
bers or are not entirely equivalent, a field asymmetry re-
sults from statistically stronger current crowding at the
inner (outer) corners for one sign (the other sign) of H..
Since this mechanism respects time-reversal symmetry,
the corresponding field asymmetry must change sign un-
der current reversal (as the time-reversal operation © si-
multaneously reverses the field and the current).

If instead the meander line has different top and bot-
tom interfaces, the operation M, is no longer a symme-
try of the meander line. In this case, the only current-
preserving symmetry operation is M and, according to
Eq. (A3), a field asymmetry is allowed if and only if
the field has a finite component parallel to the long line
segments (Hp). The simplest form of the corresponding
field asymmetry is then given by SN (H,, Hy, H.) = vH,,
where 7 is an undetermined coeflicient. This field asym-
metry may result from current crowding at the top (bot-
tom) interface for one sign (the other sign) of H,. Once



again, since this mechanism respects time-reversal sym-
metry, the corresponding field asymmetry must change
sign under current reversal. Experimental constraints

prevented tests of changes in asymmetry under cur-
rent reversal, but such measurements would provide a
straightforward test of this model.
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