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Microwave resonators with high quality factors have enabled many recent breakthroughs with
superconducting qubits and photon detectors, typically operated in shielded environments to reduce
the ambient magnetic field. Insufficient shielding or pulsed control fields can introduce vortices,
leading to reduced quality factors, although increased pinning can mitigate this effect. A narrow slot
etched into the resonator surface provides a straightforward method for pinning enhancement
without otherwise affecting the resonator. Resonators patterned with such a slot exhibited over an
order of magnitude reduction in the excess loss due to vortices compared with identical resonators
from the same film with no slot. © 2009 American Institute of Physics. �doi:10.1063/1.3271523�

Low-loss microwave resonators fabricated from
superconducting thin films are playing key roles in many
recent low-temperature experiments. Such resonators can be
coupled to quantum coherent superconducting devices, or
qubits,1 for explorations of quantum electrodynamics with
circuits.2,3 Furthermore, high-quality factor resonators have
enabled the development of microwave kinetic inductance
detectors �MKIDs�, highly sensitive photon detectors for as-
trophysical measurements.4

A variety of factors determine the quality factor of these
resonators, including dielectric loss in the substrates and
thin-film surfaces.5 If the resonators are not cooled in a suf-
ficiently small ambient magnetic field, or if large pulsed
fields are present for operating circuits in the vicinity of the
resonators, vortices can become trapped in the resonator
traces, thus providing another loss channel. The presence of
even a few vortices can substantially reduce the resonator
quality factor.6

Vortex dynamics at microwave frequencies has been
studied for some time both theoretically7,8 and experimen-
tally in a variety of superconductors.6,9–12 The response of
vortices to an oscillatory Lorentz force is determined prima-
rily by two forces: the viscous force, due to the motion of the
vortex core and characterized by a vortex viscosity �; and
the pinning forces in the material that impede the vortex
motion and, in the simplest case, can be described by a linear
spring constant kp. The ratio of the pinning strength to the
vortex viscosity, fd=kp /2��, determines the crossover
frequency separating elastic and viscous response of the
vortices.

In this letter, we demonstrate a technique for patterned
pinning on the resonator surface to reduce the excess micro-
wave loss due to trapped vortices. We compare field-cooled
measurements for a series of coplanar waveguide �CPW�
resonators patterned from the same thin film of Al, a com-
mon material used for qubits and MKIDs. Some of the reso-
nators had a single longitudinal slot partially etched into the
surface along the center conductor, while others had no slot.
A surface step in a superconductor can pin a vortex because
of the line energy variation associated with the change in
thickness.13,14 Orienting the slot, with its surface steps on

either side, along the length of the center conductor of a
CPW resonator, aligns the pinning forces from the slot to
oppose the Lorentz force due to the microwave current that
flows in the resonator. Intuitively, one would expect such a
slot to be most effective with a width comparable to the
vortex core size, determined by the coherence length, which
is of the order of a few hundred nanometers in these films.6

The resonator layout is identical to that in our previous
work,6 with four quarter-wave CPW resonators of lengths
corresponding to fundamental resonances near 1.8, 3.3, 6.9,
and 11.0 GHz, as calculated with the SONNET MICROWAVE

CIRCUIT simulation software.15 These resonators are coupled
capacitively to a common CPW feedline, thus allowing for
frequency multiplexing �Fig. 1�a��,4,16 although we will focus
on the resonators near 1.8 GHz in this work. We design for
the resonators to be somewhat overcoupled at B=0, where
the intrinsic loss at the measurement temperature �310 mK�
is dominated by thermal quasiparticles. This gives us the
ability to continue to resolve the resonances with the antici-
pated enhanced levels of loss once vortices are introduced.

A 150 nm thick Al film was electron-beam evaporated
onto on a 2 in. sapphire wafer for patterning into multiple
resonator chips with the layout of Figs. 1�a� and 1�b�. On
three of the dies, slots with a width of 200 nm, along with
alignment marks, were patterned using electron-beam lithog-
raphy and reactive ion etching �RIE� in a combination of
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FIG. 1. �Color online� �a� Chip layout showing common feedline and four
resonators. �b� Darkfield optical micrograph near shorted end of resonator.
�c� Atomic force microscope �AFM� image showing configuration of slot on
center conductor. �d� AFM line trace across slot.

APPLIED PHYSICS LETTERS 95, 232501 �2009�

0003-6951/2009/95�23�/232501/3/$25.00 © 2009 American Institute of Physics95, 232501-1

Downloaded 07 Dec 2009 to 128.230.72.245. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.3271523
http://dx.doi.org/10.1063/1.3271523
http://dx.doi.org/10.1063/1.3271523


BCl3, Cl2, and CH4, with the etch timed to stop at a depth of
90 nm �Figs. 1�c� and 1�d��. Three other dies had no slots
written on them. The resonators were then patterned photo-
lithographically and aligned to the previously etched slot pat-
terns, followed by a second RIE step that transferred the
resonator pattern into the Al film. For the dies with slots,
these follow the entire length of each resonator up to the
feedline coupling elbow. A slight misalignment during the
photolithography step caused all of the resonators to be
shifted by 1.5 �m so that the slots are offset from the cen-
terline of each resonator by this amount.

We cool the resonators on a 3He refrigerator and we
measure the complex transmission S21 through the feedline
using a vector network analyzer �Agilent N5230A�. We em-
ploy a series of cold attenuators on the input side of the
feedline and a cryogenic HEMT amplifier �gain �38 dB be-
tween 0.5 and 11 GHz; TN�5 K� on the output side. A
power of about �90 dBm delivered to the feedline keeps the
resonators comfortably in the linear regime. We use a super-
conducting Helmholtz coil to generate a magnetic field and a
�-metal cylinder attenuates stray fields in the laboratory. For
each value of B, we heat the sample above Tc to 1.4 K, adjust
the current through our Helmholtz coil to the desired value,
then cool down to 310�0.2 mK.

In general, the addition of vortices through field-cooling
results in a downward shift in the resonance frequency and a
reduction in the quality factor. In Fig. 2 we plot �S21��f� for
the resonators near 1.8 GHz, from a chip with no slot �Fig.
2�a�� and from a chip with a slot �Fig. 2�b��, where both
resonators were measured at B=0 and B=86 �T. For B=0,
thus, with no vortices present, both resonators have compa-
rable quality factors, determined primarily by the coupling to
the feedline. However, the resonators behave quite differ-
ently when cooled in the same magnetic field. For the chip
with no slot, this results in a substantial broadening and
downward frequency shift. In contrast, the resonator with the
slot has only a minimal reduction in its resonance linewidth
and a small frequency shift.

We can make a quantitative comparison between the
resonators with and without slots by fitting the resonance
trajectories in the complex plane to extract the quality factor
Q and resonance frequency f0 for each resonator at the vari-
ous cooling fields. The fit process was the same as in Ref. 6,
which followed a similar ten parameter fitting procedure to
what has been done for MKID measurements.16 We define
the excess loss in each resonator due to the presence of vor-
tices, 1 /Qv�B�=1 /Q�B�−1 /Q�B=0�, thus removing the loss
due to thermal quasiparticles, coupling to the feedline, and
any other field-independent loss mechanisms. In a similar
manner, we compute the fractional frequency shift of each
resonance, �f / f0�B�= �f0�B=0�− f0�B�� / f0�B=0�.

In Fig. 3 we plot 1 /Qv�B� and �f / f0�B� for the resona-
tors near 1.8 GHz with and without a slot. Error bars from
the fitting process are included, but in most cases are too
small to be seen. Above a certain onset cooling field of
�25 �T, both 1 /Qv and �f / f0 increase with B for both reso-
nators, however, for the resonator with a slot, these quantities
are much lower than in the resonator without a slot. Viewing
the data on a logarithmic scale emphasizes the effect of the
slot: a reduction in 1 /Qv by a factor between 10 and 20 over
almost the entire measured field range relative to the resona-
tor without a slot �Fig. 3�c��. The slot also reduces �f / f0�B�,
although by a smaller factor �Fig. 3�d��.

We note that a comparison of the data in Fig. 3 for the
resonator with no slot with our earlier measurements in Al
films from Ref. 6 indicates a smaller 1 /Qv in the more recent
resonators without slots by a factor of � 0.5. While both
resonators had the same layout with a similar fabrication
process, the Al film from Ref. 6 had a residual resistivity
ratio �RRR� of 10, while the Al film in the resonators de-
scribed in this work had a RRR of 19. This turns out to be
the two extremes of RRR that we have observed from a
series of deposited Al films on sapphire in our evaporator. It
appears that the resulting variation in the mean free path
affects the loss contributed by a vortex. We are currently
investigating this effect in more detail. Nonetheless, we em-
phasize that all of the resonators presented in this work, both
with and without slots, were fabricated simultaneously from
a single Al film. Furthermore, in separate cooldowns we have
measured two more chips from this wafer, one with a slot
and one without, and obtained quite similar results to Figs. 2
and 3. Thus, the differences in vortex response that we ob-
serve here are due solely to the presence of the slot in the
resonator.

Vortex distributions in superconducting strips cooled
in perpendicular magnetic fields have been studied
theoretically17–20 using energetic considerations of the inter-
action between the vortices and screening currents in the
strip. This leads to a prediction of a threshold cooling field,
below which the strip remains flux free. Beyond the thresh-
old field, the vortex density in the strip increases with B, with
vortices initially trapped in a single row along the strip cen-
terline. For larger B, the vortex distribution evolves into pro-
gressively more parallel rows.20 These predictions have been
confirmed experimentally through vortex imaging,21,22 and
are also consistent with microwave resonator measurements.6

f (GHz)
1.7918 1.7922 1.7926

|S
21
|(d
B
)

-30

-35

-40

-45
-50

f (GHz)
1.7872 1.7876 1.7880

|S
21
|(d
B
)

-30

-35

-40

-45

-50

Q(B=0) =
14700

Q(B=0) =
16500(a) (b)

FIG. 2. �Color online� �S21��f� at B=0 �blue, open circles� and B=86 �T
�black, closed circles� for resonator with �a� no slot; �b� 200 nm wide slot.
Lines correspond to fits.
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FIG. 3. �Color online� Comparison of resonators without �blue, open circles�
and with a slot �red, closed circles�: �a� 1 /Qv�B�; �b� �f / f0�B�. ��c� and �d��
Data from ��a� and �b�� plotted on a log scale. Insets show predicted vortex
arrangements with a slot for small B �upper� and B�80 �T �lower�.
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Thus, for our resonators, both with and without a slot, we
expect the initial trapped vortices to be located near the cen-
terline of the resonator. On the resonators with a slot, these
initial vortices are almost certainly located in the slot �Fig.
3�a� inset�, where the vortex line energy is reduced, despite
the slight misalignment of the slot. At some threshold field,
when the vortex density in the slot becomes too large, vorti-
ces will begin to get trapped outside of the slot �Fig. 3�b�
inset�, and thus contribute greater loss because of the weaker
pinning there. In Fig. 3�c�, we observe a kink in 1 /Qv near
80 �T for the resonator with a slot, above which the loss
increases more rapidly. This kink, which would correspond
to a vortex spacing of about 2 �m for a single row of vor-
tices in the slot, may indicate such a threshold. Further re-
duction of 1 /Qv at larger B may be possible by patterning
multiple parallel slots.

Although we have focused our comparison here on the
resonators near 1.8 GHz, we have observed reductions in
1 /Qv between the higher frequency resonators with and
without slots by factors of �8, 6, and 3 for the resonators
near 3.3, 6.9, and 11.0 GHz, respectively. For a particular
level of enhanced pinning, the loss will be larger as the fre-
quency increases toward fd. With no slot, 1 /Qv can actually
decrease with frequency,6 such that the reduction of 1 /Qv for
a resonator with a slot compared to one with no slot will be
less substantial at higher frequencies.

Based on our measurements here and in Ref. 6, the pres-
ence of even a small number of vortices has a significant
influence on the resonator quality factor. A single narrow slot
along the centerline of an Al CPW resonator provides a
straightforward method to increase the pinning and reduce
the loss from vortices by over an order of magnitude.
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