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In this paper we present an experimental investigation of the nonlinear microwave properties of
coplanar resonators patterned from epitaxial Y1Ba2Cu3O7−d thin films in zero-field-cooled,
field-cooled, and field-sweep experiments in the search for the fundamental limiting mechanism.
The impact of magnetization, vortices, intrinsic limitation, grain boundaries, and thermal effects is
evaluated. We find that the fundamental limiting mechanism in the absence of thermal and
grain-boundary effects is given by the dc critical current density of the superconducting material
which masks the intrinsic limitation expected at larger rf current densities. Demagnetizing effects,
penetration barriers, vortex penetration, pinning, and relaxation of inhomogeneous vortex
distributions are experimentally observed and in agreement with theoretical expectations. The
experimental results are modeled in terms of a simple model for the power-handling capability
which is based on a superposition of all current densities in the resonator and gives a consistent
explanation of all experiments in magnetic fields and in zero field. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1929088g

I. INTRODUCTION

The application of superconductors in microwave de-
vices of large power densitiesse.g., thin-film microwave de-
vicesd is limited by the onset of nonlinear effects which de-
fines the power-handling capability of the devices. Naturally,
intrinsic and extrinsic properties of superconductors convey
limiting mechanisms compared to normal conducting mate-
rials. Thus, it is crucial to investigate and understand the
fundamentalmicrowave-power-limiting mechanisms of su-
perconductors. Although considerable efforts are ongoing
worldwide to uncover the fundamental nonlinear mecha-
nisms responsible for the observed nonlinear effects, it is not
completely understood.

The most important nonlinear effects aresid the
microwave-power-dependent losses, e.g., a nonlinear ob-
served surface resistance

Rss jd = R0 + R2
* j2 + ¯ , s1d

sii d the generation of harmonics, andsiii d the intermodu-
lation distortionssIMD d. Depending on the specific device,
one of these effects might receive the most attention. How-
ever, it is clear from this simple phenomenology that as soon
as one nonlinearity is present, all these nonlinear effects will
arise.1–5

Various physical origins are considered in the discussion
of the fundamental mechanism that will ultimately define the
power-handling capability when all extrinsic mechanisms
have been eliminated. Part of this discussion is whether this
mechanism is field driven or current driven. Field-driven
mechanisms are usually explained by a deterioration of the
microwave properties due to the penetration of vortices if the
surface magnetic rf field exceeds a certain limiting value of

the order or based onBc1.
6,7 However, by comparing mea-

surements on devices with different-magnetic field configu-
rations, it is argued that a field-driven mechanism cannot
consistently describe the onset of nonlinear effects for all
field configurations.8 Current-driven mechanisms are usually
based on the onset of nonlinear effects if the rf transport
current density exceeds a certain limiting value which is
characteristic of the nonlinear mechanism. If several current-
driven mechanisms exist, the mechanism with the lowest
limiting value then naturally defines the onset of nonlinear
effects and, thus, the power-handling capability. The limiting
value for the rf current density and its dependencies on
physical quantities, such as temperature and magnetic field,
then allows the identification of the specific current-limiting
mechanism. A strong support for the idea of a current-driven
limitation comes from power-handling capability measure-
ments of the same thin superconducting films performed in
two separate devices of highly different field configurations
which give similar results as functions of the rf current
density.8

From a dc perspective, there are three main current-
limiting mechanisms:sid grain-boundary Josephson junction
behavior,sii d pair breaking, andsii d vortex depinning and
motion.

The effect of grain-boundary Josephson junctions on the
power-handling capability has been exemplary investigated
using bicrystal grain boundaries of different misorientation
angles. It has been found that the microwave-power-handling
capability of yttrium–barium–copper oxidesYBCOd films is
reduced from the overall thin-film values for misorientation
angles ofu.5° sRef. 9d in agreement with IMD10 and dc11

experiments. Since epitaxial thin films are rated to contain
misorientation angles ofu,1°, these experiments are aadElectronic mail: p.lahl@fz-juelich.de
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strong indication that the Josephson junction model does not
represent the fundamental nonlinear mechanism for epitaxial
high-Tc microwave devices.

Various investigations show that the limiting rf current
density does not seem to agree with the pair-breaking mecha-
nism since, on the one hand, the observed values are more
than one order of magnitude below the pair-breaking critical
current densityJc,PB and, on the other hand, they do not show
the temperature dependence expected from models based on
the pair-breaking mechanism.12,13 It should be noted, how-
ever, that the pair-breaking mechanism seems to show ex-
tremely sensitive IMD measurements in the low-current limit
due to a crossover with the vortex motion mechanism.14

Comparisons of the limiting rf current density with the
dc critical current density associated to vortex motion have
often been inconclusive so farssee, e.g., Ref. 12d. On the one
hand, such discussions are restricted to order-of-magnitude
arguments since current densities are determined based on
different criteria. On the other hand, it has to be explained
how magnetic vortices can happen to appear in the supercon-
ductor. While this is clear in the case of field-cooled experi-
ments, it has been argued that so called microwave vortices
may be generated by the magnetic component of the rf field.
We further point out that vortex–antivortex pairs may be
generated by fluctuations and that these pairs may be broken
up, e.g., thermally or by current densities, producing free
vortices.

In this paper, we will present systematic investigations
of the power-handling capability of YBCO coplanar resona-
tors in magnetic fields, with the goal to investigate the im-
pact of magnetic fields and vortices on the microwave prop-
erties and to identify the fundamental limiting mechanism
for the onset of nonlinear microwave effects. The results sug-
gest thatsid the limiting mechanism is current driven andsii d
that the dc critical current density represents the limitation
for the rf power-handling capability in these experiments.

II. EXPERIMENTAL SETUP AND TECHNIQUE

All measurements presented in this paper were per-
formed on coplanar thin-filml /2 resonatorssresonant fre-
quencyf0=1.4 GHzd which were patterned photolithographi-
cally from epitaxial YBCO filmssthicknesst<300 nmd. The
YBCO films were deposited by magnetron sputtering on
CeO2-buffered r-cut sapphire substrates. For details on the
sputter deposition process, please see Ref. 15 and references

therein. The width of the resonator center conductor isw
=100mm and the distance of the ground planes isa
=182mm, yielding a transmission line impedanceZL

=50 V fsee Figs. 1sad and 1sbd.
One important aspect for the analysis of the rf power-

handling capability is the rf current-density distribution in
the device. For our geometrysw.lL ,t,lLd, the theoretical
description of the inhomogeneous electromagnetic-field dis-
tribution across the superconductor cross section is based on
the solution of the integral equation of the rf magnetic-field
distribution in the superconductor.16–18The resulting current
distribution is obtained via a conformal mapping using the
assumption of perfect conductivity and zero thickness of the
coplanar line.19,20 This solution contains an unphysical sin-
gularity at the edge of the superconductor. On the other hand,
the magnetic screening current in the dc case at the surface is
known from Pearl’s model.21 Combining this expression for
the dc current distribution and the integral equation of the rf
magnetic field at the edge of the superconductor, the solution
for the rf current density at the edge of the superconductor of
a coplanar resonator is given by22

Jzsxd =
I rf
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whereI rf is the total rf current,Ksw/ad is the complete ellip-
tic integral which for our geometry isK<1.72, andleff is the
effective London penetration depth. The resulting current
distribution is sketched in Fig. 1sbd.

A number of aspects result from this current distribution
which are important for our experiments:sid The maximum
current density in the ground plane is at least by a factor of
sw/ad1/2 smaller than in the center conductor. Therefore, the
device properties are considered to be dominated by the cen-
ter conductor.sii d Due to the characteristic current distribu-

FIG. 1. sad Top view of a supercon-
ducting thin-film coplanar resonator
on a 12312-mm substrate.sbd Cross
section: schematic sketch of the design
and microwave current distribution.
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tion the power-handling capability is relatively small so that
thermal effects can be neglectedssee discussion belowd. siii d
Since the rf current is strongly peaked at the edge of the
central conductor, these devices turn out to be highly sensi-
tive to magnetization or vortex penetration. Therefore the
microwave properties and the impact of vortices on the mi-
crowave properties can be investigated locally by establish-
ing different vortex distributions in the resonator. Thus, the
specific properties of coplanar microwave devices are ideal
for the investigation of mechanisms that limit the power-
handling capability.

The measurements were performed in a He flow cryostat
and the measurement temperature could be adjusted in the
range of 4.2 K to RT. An additional dc magnetic field of up
to 0.6 T could be applied parallel to thec axis of the sample.
The loaded quality factor of the resonatorQL and theS pa-
rameters were measured in frequency domain using a net-
work analyzersHP8720Dd. The power-handling capability
Pmax is defined by the oscillating microwave power

Posc= QLPin, s3d

at which the unloaded quality factor

Q0 = QLs1 − S11 − S21d−1 s4d

is degraded to 80% of its low-power value, i.e.,

Q0sPmaxd = 0.8Q0sP → 0d, s5d

with Q0<20.000–30.000 forP→0 and T→0. In field-
cooledsfcd and zero-field-cooledszfcd experiments the reso-
nator is cooled to the superconducting state in an applied
magnetic fieldBfc or in zero field, respectively. In field-
cooled-sweepsfcsd experiments, the sample is first cooled to
the superconducting state in an applied fieldBfc swhere the
field-cooled state is establishedd, and subsequently the field
is modified byDB.

The measurements were carried out using a standard
cryogenic system with computer control. Special measures
were taken in order to optimize the measurement accuracy of
Q and, thus, ofPmax and reproducibility. We note that this
was a prerequisite for presenting measurement curves of the
power-handling capability in the detail shown below, espe-
cially in zero-field-cooled and field-cooled experiments.

III. RESULTS AND DISCUSSION

Figure 2 represents an overview of the dc magnetic-field
dependence of the power-handling capability of a typical co-
planar resonator in fc, zfc, and fcs experiments. The power
handling capabilityPmax depends strongly upon the way the
magnetic field is established. For fc experiments, a homoge-
neous vortex distribution is frozen in and the linear increase
of the vortex density in the resonator results in a gradual
decrease of the power-handling capability. In contrast, in the
zfc case vortex penetration into the field-free superconductor
occurs primarily in regions close to the surface of the super-
conductor, where the vortices are pinned. Thus, the maxi-
mum of this extremely inhomogeneous vortex distribution
coincides with the maximum of the microwave current dis-
tribution at the edge of the central conductor, resulting in a

strong reduction ofPmax already at extremely small fields of
a few microtesla. The following quite constant power-
handling capability is consistent with other observations of
flux penetration at small fields, where an increase of the
magnetic field first leads only to a shift of the flux front into
the superconductor.23 Since the interior of the supercon-
ductor does not carry large rf currents, this shift does not
affect the power-handling capability seriously. At larger mag-
netic fields, the fc and zfc values ofPmax seem to merge. This
is expected for the field, for which the zfc flux front ap-
proaches the center of the sample so that for the edge of the
superconductor similar vortex densities for the fc and zfc
cases can be expected.

In fcs experiments, the resulting field dependence of the
power-handling capability represents a fingerprint of the pro-
cesses of magnetization and vortex penetrationssee inset of
Fig. 2d. This behavior can be understood by considering the
effective magnetic fieldBeff at the superconductor surface,
which has contributions from the frozen-in magnetic fieldBfc

and the subsequent field changeDB in the cold state

Beff = Bfc + sDB, s6d

where,

s= s1 − Dd−1 s7d

is a dimensionless factor based on the demagnetizing factor
D ands@1 for our geometry. Since the frozen-in magnetic
field does not cause a magnetization, the factors has to be
applied to the field changeDB only. The effective surface
magnetic fieldBeff decays on the scale of the penetration
depth l into the superconductor. Since this coincides with
the peaks of the rf current density at the superconductor sur-
face, it is clear that the effective surface magnetic fieldBeff

and/or screening currents associated with it strongly affect
the power-handling capability.

For small field changessuDBu,20 mTd the supercon-
ductor is magnetized as demonstrated by reversible field-
cycling experimentsssee Fig. 4d. For DB.0 the effective
magnetic field at the superconductor surfaceBeff is increased,

FIG. 2. Field dependence of the power-handling capability of a coplanar
YBCO resonator for field-cooledsfc, solid circlesd, zero-field-cooledszfc,
open trianglesd, and field-cooled-sweepsfcs, solid linesd experiments. The
inset shows the fcs measurement starting at different fieldsBfc on a normal-
ized scale as a function of field sweepDB.
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and, therefore, a decrease of the power-handling capability is
observed. ForDB,0 the frozen-in magnetic fieldBfc is com-
pensated bysDB. As a result,Beff is decreased so that the
power-handling capability increases. The maximum power-
handling capability is reached upon total field compensation
at the edge of the superconductorBeff=0.

Only for larger field changessuDBu.20 mTd could irre-
versible behavior be observed, indicating the onset of pen-
etration and pinning of vortices inside the superconductor.
Vortices for DB.20 mT and antivorticessopposing theBfc

field directiond for DB,−20 mT nucleate in the supercon-
ductor, contributing to the asymmetry ofPmax as a function
of DB. The small side peaks observed left and right of the
maximum in the inset of Fig. 2 can be explained by a relax-
ation of the magnetization upon vortex and antivortex pen-
etration, respectively.

We can state that the power-handling capability in dc
magnetic fields is strongly affected bysid the magnetization
of the superconductor,sii d the vortex penetration and pin-
ning, andsiii d the vortex density distribution. In the follow-
ing, this behavior will be analyzed and discussed in detail
and the impact of magnetization, penetrated vortices, thermal
effects, and quasiparticle scattering will be investigated and
discussed.

A. Impact of magnetic fields

In the discussion of Fig. 2, we interpret the impact of dc
magnetic fields on the power-handling capability of YBCO
coplanar resonators. In general, small magnetic fields cause a
magnetization of a superconductor. This gives rise to demag-
netizing effects which can alter the value of the surface mag-
netic field. If the surface magnetic field exceeds the penetra-
tion field, vortices start to penetrate into type-II
superconductors.

In the following, we will demonstrate the impact of mag-
netic fields on the microwave properties by a set of experi-
ments qualified to investigate the individual mechanisms,
i.e., sid magnetization of the superconductor,sii d penetration
of vortices,siii d vortex pinning, andsivd relaxation of vortex
distributions.

1. Magnetization

In the Meissner state, the interior of a superconductor is
field-free. An externally applied magnetic fieldH0 is ex-
pelled from its interior due to screening currents which give
rise to the magnetizationM of the superconductor. The mag-
netization distorts the magnetic field outside of the supercon-
ductor. At the superconductor surface, the effective surface
magnetic fieldHeff can be calculated according to24

m0Heff = m0H0 − DM , s8d

whereD is the demagnetizing factor, which takes the geom-
etry of the superconductor into account. Since in the Meiss-
ner state at the surfaceM =−m0·Heff it follows that

Heff = H0/s1 − Dd = sH0, s9d

wheres is a field-enhancement factor. Since 0,D,1, the
effective magnetic field is generally larger than the applied

field. For thin superconducting films with an external mag-
netic field perpendicular to the surface as in our experiments,
D is generally close to 1, what results in large field-
enhancement factorss@1.

For the center conductor of our coplanar resonator ge-
ometry, the field-enhancement factor can be approximated
using an elliptic approximation for the superconductor cross-
section giving a value ofs<280 for our geometry.25 How-
ever, since the field enhancement is determined by the cur-
vature of the cross section at the sides of the superconductor
and since this curvature is overestimated by an elliptic ap-
proximation of a rectangular cross section, a somewhat lower
value for the field enhancement than 280 can be expected.26

We note here that such demagnetizing effects only affect
field changes in the superconducting state. Since a frozen-in
magnetic fieldBfc penetrates the superconductor in the form
of a homogeneous vortex lattice, no magnetization results
from Bfc and, thus, no demagnetizing effects are expected.
The value of the surface magnetic field therefore does not
differ from Bfc. However, demagnetizing effects do occur for
a subsequent field changeDB. Assuming that the frozen-in
vortices remain pinned during the field change, the effective
surface magnetic fieldBeff can be approximated by

Beff = Bfc + sDB. s10d

Based on these considerations, the fcs experiments allow the
experimental determination of the demagnetizing factor. In
Fig. 2 the maximum power-handling capability is given for
total field compensation, i.e.,Beff=0. According to Eq.s5d, in
this case

Bfc = − sDB. s11d

Figure 3 shows a plot ofDBsP=Pmaxd as a function of
Bfc for a series of experiments with different frozen-in mag-
netic fields. The data can be nicely fitted to linear behavior
which goes through 0 and gives a field enhancement ofs
=185 corresponding to a demagnetizing factor ofD
=0.9946. This result is in excellent agreement with the the-
oretical expectations. For comparison, the expected demag-
netizing factor for the outer electrodes isD=0.999 76 ss
=4208d which is clearly not observed. Therefore this result
also proves that the power-handling capability is determined
by the center conductor.

FIG. 3. Field changeDB at Pmax as a function of frozen-in magnetic field
Bfc. A linear fit to the measured data gives a slope ofs−1=185−1.
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2. Vortex penetration and pinning

For infinitely extended type-II superconductors the lower
critical magnetic fieldHc1 marks the transition from the
Meissner phase to the mixed state, i.e., the penetration field
above which vortices penetrate into the superconductor. For
an infinitely extended superconducting surface, screening
currents at the superconducting surface give rise to the
Bean–Livingston barrier. For real devices, the penetration
field depends on the geometry of the superconductor and it
can be significantly lower thanHc1. Furthermore, the pen-
etration barrier can be lowered or removed by Lorentz’s
forces due to inhomogeneous transport current densities,
which might be especially efficient in stripline structures due
to their peaked nature at the superconductor surface.

For a rectangular cross section of the superconductor,
like the center conductor of the coplanar structure, the pen-
etration fields have been calculated by Zeldovet al.27 Ac-
cording to their calculation, vortices are energetically stable
inside the superconductor and can therefore tunnel through a
surface barrier into the superconductor for applied fields
H0.Ht with

Ht = Hc1t/2w, s12d

while the surface barrier vanishes and collective penetration
can occur forH0.Hp with

Hp = Hc1st/wd0.5. s13d

For the center conductor of our geometry, the values for
Ht andHp are 0.003Hc1 and 0.055Hc1, i.e., vortex penetration
can already occur at valuesH0!Hc1. In this calculation, de-
magnetizing effects as discussed above are already taken into
account.26

Experimentally, the underlying mechanism can be iden-
tified by cycling the external magnetic field since a magne-
tization gives a reversible behavior while the pinning of pen-
etrated vortices inside the superconductor gives rise to
irreversible behavior. In the fcs experiments shown in Fig.
4sad the magnetic field ofBfc=2 mT has been frozen in. Af-
ter the measurement temperatureT=40 K was stabilized, the
applied magnetic field was changed forDB, cycling it up to

sad small andsbd larger amplitudesDBmax, and the power-
handling capability was measuredfsolid lines in Figs. 4sad
and 4sbd, respectivelyg. In each plot, the noncycled behavior
is plotted as an underlying dotted line.

For small amplitudes in Fig. 4sad, the power-handling
capability shows a reversible behavior which can be ex-
plained by a reversible magnetization of the superconductor.
Only for larger amplitudesuDBmaxu.20 mT irreversible be-
havior, resulting from penetration and pinning of vortices
inside the superconductor, is observed. Considering typical
values for28

Bc1 = 30 mTs1 − T/Tcd, s14d

Equationss7d and s8d give for the penetration fieldsBt

=25 mT andBp=900mT for the sample from Fig. 4 at 40 K.
Thus, the experimentally observed penetration field is con-
siderably lower thanBp and is in very good agreement with
the theoretical prediction for the tunneling barrierBt. We
note here that the tunneling of vortices into the supercon-
ductor might be efficiently facilitated by the rf current den-
sity, which might reduce the penetration barrier on both sides
of the superconductor due to its oscillating nature. Vortices
for DB.0 and antivorticessopposing theBfc field directiond
for DB,0 nucleate in the superconductor contributing to the
asymmetry ofPmax as a function ofDB. The penetration of
vortices and antivortices results in a slight relaxation of the
effective magnetic field at the superconductor surface. Thus,
it is accompanied with small ancillary peakssor relaxationsd
of the power-handling capabilityssee Fig. 5d.

The impact of magnetization and vortex penetration on
the power-handling capability is summarized schematically
in Fig. 5. We conclude that the power-handling capability in
magnetic fields is governed bysid a magnetization of the
superconductor at low external fields andsii d vortex penetra-
tion and pinning at larger external magnetic fields.

FIG. 4. Magnetic-field cycles with different amplitudes in fcs experiments
reveal the underlying mechanisms of magnetizationfreversible behavior in
sadg and vortex or antivortex penetrationfirreversible behavior insbdg. The
gray line represents the single scan starting atBfc=2 mT ssee inset of Fig.
2d.

FIG. 5. Schematical fcs experiments: For smallDB the superconductor is
magnetized and the associated screening currents decreasesDB.0d or in-
creasesDB,0d the power-handling capability reversibly. The maximum of
Pmax as a function ofDB is characterized by total compensation of the
frozen-in magnetic field. At field changesDB larger than a certain penetra-
tion field, vortices start to penetrate and nucleate in the superconductor
accompanied by a small ancillary peaks thePmax. Increasing the field fur-
ther, more vortices penetrate the superconductor, resulting in a monotonical
decrease ofPmax as a function of field changeDB.
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3. Vortex relaxation

At zero temperature, an inhomogeneous vortex distribu-
tion in the superconductor is sustained due to pinning. How-
ever, at nonzero temperatures, inhomogeneous vortex distri-
butions will relax as functions of time due to thermally
activated flux motion. Since the rf properties depend on the
vortex distribution in the coplanar resonator as we have dem-
onstrated above, vortex relaxation effects can be investigated
by rf measurements.

Figure 6 shows typical relaxation measurements of the
loaded quality factorQL of a coplanar resonator as a function
of time. In experimentsad the sample was field cooled in a
magnetic field of 2.6 mT, and after reaching the measure-
ment temperature of 60 K the magnetic field was suddenly
switched off. In experimentsbd the sample was zero field
cooled to 60 K, and att=0 s a magnetic field of 2.6 mT was
suddenly switched on. In both cases, a rising resonatorQ
value as a function of time is observed with the same relax-
ation parameters. The fact that in both cases a relaxation to
larger Q values occurs can be explained considering the
peaked rf current-density distribution and the effective sur-
face magnetic fieldBeff according to Eq.s5d. Since the region
of the peaked rf current density at the edges of the center
conductor determines the resonatorQ value, clearly the vor-
tex density and screening currents at this position govern the
time dependence ofQL in these relaxation experiments.

In experimentsad a homogeneous distribution of vortices
according to an average field of 2.6 mT is frozen in. Upon
switching the magnetic field off a field gradient at the super-
conductor surface is established, caused by pinning which
can be approximated by a Bean profile.29 This is accompa-
nied by a sudden increase of the quality factor compared to
the frozen-in state as observed in the experiment. The posi-
tion of the field gradient coincides with the maximum of the
microwave current distributionssee Fig. 1d. The field gradi-
ent in the Bean profile can then relax due to thermally acti-
vated flux motion out of the superconductor, reducing the
magnetic field in the maximum of the microwave current

distribution and thereby resulting in an increase of the qual-
ity factor as a function of time as observed in Fig. 6.

In experimentsbd upon switching the magnetic field on,
suddenly a large vortex density at the surface of the super-
conductor is introduced, reducing theQ value from its zero-
field-cooled value of<8250 to values of<1600. The fact
that QL is reduced to values lower than those observed for
the field-cooled state is clearly a consequence of the larger
vortex density at the edge of the superconductor, where the rf
current distribution has its maximum. This inhomogeneous
vortex distribution can again be approximated by a Bean
profile which in this case relaxes by vortex motion into the
superconductor. For this experiment the demagnetizing fac-
tor ssee aboved has to be taken into account, so thatsid the
maximum vortex density at the edge of the superconductor
will be larger than the average vortex density associated with
the applied dc magnetic field andsii d a relaxation of the Bean
profile into the superconductor will reduce demagnetizing
effects. This, in turn, leads to a decrease of the vortex density
and screening currents at the superconductor surface. As a
consequence, the resonatorQ value rises as a function of
time in this case, toosFig. 6d.

The time dependency of both relaxation experiments can
be fitted to the Kohlrauschbehaviorsline in Fig. 6d

QL = Q1 − Q2e
−st/tdb

, s15d

with the same parameterst<5764 s andb<0.45. These
values are in good agreement with values found for ther-
mally activated vortex motion using torsion magnetometry30

In conclusion of this paragraph, we have confirmed that
vortex relaxation is visible in microwave experiments. The
characteristics of the relaxation experiments confirm our in-
terpretation of the interaction mechanism between external
dc magnetic fields and the rf properties via associated dc
screening and rf transport current densities. The experimental
data indicate that relaxation effects have to be taken into
account for sweep rates of the applied magnetic field
dB/dt.2.6 mT/t<450 nT/s. This has been taken into ac-
count in our zfc and fcs experiments. Magnetic-field sweep
rates of typically 1 nT/s have been applied; i.e., our sweep
measurements are quasistatic measurements.

B. Thermal effects

At microwave frequencies, losses in superconductors oc-
cur even at arbitrary low microwave powers due to quasipar-
ticle scattering as described by the linear surface resistance
Rs, e.g., in the two-fluid model. These losses result in dissi-
pation, and a temperature rises in the rf current carrying su-
perconducting material. The impact of such thermal effects
are determined bysid the value of the dissipated microwave
power andsii d the thermal layout of the device. Thus, ther-
mal effects represent a secondary device-dependent mecha-
nism for possible nonlinear behavior in contrast to funda-
mental nonlinear mechanisms.

The dissipated powerPdiss in a microwave resonator
with the unloaded quality factorQ0 and oscillating power
Posc is given by

Pdiss= PoscQ0
−1. s16d

FIG. 6. Relaxation of the loaded quality factor as a function of time:sad In
the field-cooled state at 2.6 mT andt=0 s, QL is <2220. Upon suddenly
switching the magnetic field offQL relaxes to larger values.sbd In the
zero-field-cooled state att=0 s,QL<8250 snot shown due to scaled. Upon
suddenly switching the magnetic field of 2.6 mT on,QL is suddenly de-
creased to values of<1600, i.e., to lower values than in the field-cooled
state, and subsequently also relaxes to larger values.

113911-6 P. Lahl and R. Wördenweber J. Appl. Phys. 97, 113911 ~2005!

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Therefore, this behavior is especially important in de-
vices which have large oscillating microwave powers, i.e.,
which have a large power-handling capability. One specific
property of coplanar devices is their low power-handling ca-
pability due to the strongly peaked current distribution. Ac-
cordingly, thermal effects are very small. However, for the
investigation of possible physical nonlinear mechanisms,
thermal effects have to be considered.

The coplanar resonator measured in this paper consists
of a YBCO thin film deposited onto a CeO2 buffered sap-
phire substrate. During measurement, the sapphire substrate
is mounted to a copper shielding which serves as heat reser-
voir. The dissipated power heats the YBCO film and estab-
lishes a temperature gradient¹Tsrd in the device. Since no
measurement showed a time evolution on a scale of the order
of the duration of the measurement, it is justified to assume
stationary behavior with a constant temperature gradient.

The geometrical and thermal properties are given in
Table I. As an approximation, we assume one-dimensional
heat transfer from the YBCO film through the substrate to
the heat reservoir, which can be described by the thermal
resistance

Rth = t/sald, s17d

wherea is the area covered by the YBCO central conductor
of the coplanar structure of 100-mm width and <44-mm
length. In the stationary case, the conducted thermal energy
Pth is then

Pdiss= Pth = DT/Rth, s18d

whereDT is the temperature rise of the dissipating YBCO
film above the temperature of the heat reservoir andRth

=SRth,i is the total thermal resistance; the values forRth,i for
the individual layers are given in Table I. Thus, clearly, the
total thermal resistance ofRth<161 mK/W is dominated by
the YBCO layer and the sapphire substrate. The heat resis-
tance for epitaxial interfaces is typically of the orderkepi

,1 mK/W for our geometry and can therefore be
neglected.33

Using typical values for the case of the power-handling
capability of Poscø1 W andQ0sPoscdù5000 gives a maxi-
mum value for the dissipated power ofPdissø0.2 mW. Ac-
cording to Eq.s11d, this gives a temperature rise for the
YBCO film of DTø32 mK above the temperature of the
heat reservoir. This temperature difference is negligible in
microwave experiments. The values taken in the calculation
represent maximum values and the heat conductance is as-
sumed one dimensional. However, since the width of the
center conductor is only 100mm, the cooling is quasi-two-

dimensional and therefore considerably more efficient than
assumed. Therefore, the presented evaluation of thermal ef-
fects represents an upper limit of the temperature effects in
the YBCO layer.

We conclude that thermal effects do not play a role in
any measurement presented in this paper. We note that this is
a direct consequence of the strongly peaked microwave cur-
rent density and the resulting low absolute power-handling
capability of coplanar structures. Thus, these properties make
coplanar structures ideal in investigating nonlinear effects in
the absence of thermal effects.

C. Quasiparticle scattering

At rf frequencies, microwave losses of superconductors
can be described by the two fluid models, which give the
surface impedance

Zs = Rs + iXS with Rs = 1
2m0

2v2snl3 andXs = m0vl, s19d

where v is the rf frequency,sn is the conductivity of the
quasiparticles, andl is the penetration depth. In the linear
case,sn and l are constant. However, a nonlinear behavior
may arise whensn and/orl depend/s on microwave power.
Since bothsn andl depend on the quasiparticle densitynQP,
any modification of it might result in a nonlinear behavior.
Thus, nonlinear behavior might be caused, e.g., by rf current
densities of the order of the pair-breaking critical current
densityJc,PB sRef. 34d or by magnetic fields via an increase
of the average quasiparticle density due to normal vortex
cores.

As we will see below in the modeling of the presented
experiments and as confirmed by other authorsse.g., Willem-
senet al.12d, in measurements of the rf power-handling capa-
bility, the rf current density in thin-film superconducting mi-
crowave devices does not reach values of the pair-breaking
critical current density. Thus, a pair-breaking-induced non-
linearity of the quasiparticle density does not seem to play a
role for the observed nonlinear effects.

In order to evaluate the effect of the normal vortex cores
associated with applied magnetic fields in our experiments,
we consider the amount of quasiparticles which a magnetic
field B introduces additionally to the intrinsic quasiparticle
density nQPstd, where t is the reduced temperature. Every
normal vortex core with diameter 2j containspj2n0 quasi-
particles per unit length, wheren0 is the total quasiparticle
density in the normal state. A quadratic vortex lattice, for
simplicity, contains one vortex per elementary cell of size
a0=sf /Bd0.5 so that the average density of quasiparticles ad-
ditionally introduced by the magnetic field is

nB < pj2sn0 − nQPd/a0
2. s20d

This value has to be compared to the intrinsic quasipar-
ticle densitynQPstd. Using

nQPstd = n0t, jstd = j0s1 − td−a. s21d

With g=2 anda=0.5 sRefs. 35 and 36d, we can estimate the
ratio of the quasiparticle density additionally introduced by
the magnetic field to the intrinsic quasiparticle density to

TABLE I. Geometrical and thermal properties of the coplanar resonator
materials at 77 Kssee Refs. 31 and 32d. l is the specific heat conductivity in
c axis direction,t is the thickness, andRth is the one-dimensionals1Dd
thermal resistance of the layer/substrate.

YBCO CeO2 Sapphire

l fW/mKg <2 <100 <900
t fmg 300310−9 100310−9 0.5310−3

Rth fmK/Wg 34.5 0.23 126.6
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nF

nQP
<

pBj0
2

F0
S1 −

T

Tc
D−2aSS T

Tc
D−g

− 1D . s22d

In Fig. 7, the rationB/nQP is plotted as a function of
reduced temperature for typical magnetic field values used in
our experiments. Here, we assumed a rather large value of
j0<300 nm in order to give an upper limit of the effect. For
the values of magnetic field and temperature used in our
experiments the average quasiparticle density introduced by
the magnetic field is less than<10−3 of the intrinsic quasi-
particle density and therefore should not have a significant
impact on the microwave properties. Therefore, we conclude
that the increase of the average quasiparticle density caused
by the normal vortex cores associated with applied magnetic
fields is unlikely to be responsible for the significant de-
crease of the power-handling capability observed in the ex-
perimentsssee Fig. 2d.

IV. MODELING OF THE RESULTS

After consideration and discussion of various possible
origins for the nonlinear behavior, we will finally analyze the
experiments in a model that is motivated by the result that
externally applied magnetic fields seem to affect the micro-
wave properties via a current-mediated interaction. There-
fore, the model considerssid a superposition of all dc and rf
current densities present in the superconductor andsii d a
limitation of the total current density.

Ambient magnetic fields lead to screening currents in the
superconductor. The resulting screening current densitiessjM

due to a magnetization andjV due to vorticesd superimpose
the rf current densityj rf, yielding a total current density

j totsr ,t,Bd = j rfsr ,t,Bd + jMsr ,Bd + jvsr ,Bd s23d

in the coplanar resonator, whereB denotes the dc magnetic
field applied, e.g., in a fc, zfc, or fcs approach, andr and t
indicate spatial and time dependencies. The nonlinearity im-
plies that the total current density is limited by a maximum
value jmax and the linear behavior is restricted to the regime
j tot, jmax.

This model is depicted schematically in Fig. 8. Assum-
ing that screening current densities effectively reduce the
maximum transportable rf current from the zero-field value,
we can approximate

jmaxsB,xd = jmax,B=0sxd − jMsB,xd − jVsB,xd. s24d

Thus, this model automatically yields a power-handling
capability that strongly depends on magnetic field. In the
following, we will analyze the fc, zfc, and fcs experiments in
terms of this model.

A. Field-cooled experiments: Impact of vortices

In fc experiments a homogeneous distribution of vortices
in the superconductor can be assumed and magnetization ef-
fects can be neglected for not too small fields, i.e.,

j tot < j rf + jv. s25d

Assuming an ideal vortex lattice, the positions of the
vortices in the central conductor of the resonator is given in
coordinates of Fig. 1 by

uxnu = fw − s2gn + 1da0g/2, s26d

with n=0,1,2. . .,a0=sfo/gBd1/2, and g=1 or 0.866 for a
quadratic or hexagonal vortex lattices, respectively. Since the
screening current of individual vortices drops exponentially
on the scale ofl, we assume that the total current density in
the regionxn±al of the cross section is given by the contri-
bution of the vortex screening current wherea is of order
unity. The best results are obtained fora=1.55. Thus, the
maximum total currentI tot,max can be calculated from the
experimentally determined maximum rf currentI rf,maxsBd and
a summation of the individual screening currents of the vor-
tices at positionsxn within the cross section of the center
conductor

FIG. 7. Ratio of the average quasiparticle density introduced by the mag-
netic field to the intrinsic quasiparticle density as a function of reduced
temperature for three values of the magnetic field.

FIG. 8. Schematic of the current density distribution as a function of posi-
tion on the resonator center conductor width. The zero-field current density
j rf sdotted lined is effectively reduced by screening current densities due to
magnetizationjm sdashed lined and vorticesjv sdash-dotted lined to smaller
values j tot ssolid lined representing a decrease of the power-handling capa-
bility in applied magnetic fields.
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I tot,max= I rf,max+ o
Vorticesn

jzsxnd2leffa. s27d

The maximum rf current can be derived from the mea-
surement of the power-handling capabilityPmaxsBd accord-
ing to

I rf,max=Î2Pmax

ZL
, s28d

with the transmission line impedanceZL=50 V. Using Eq.
s1d yields the maximum total current which should then be
constant,

I tot,max= I rf,max11 +
2leffa

wKSw

a
D o

Vorticesn
HF1 −S2xn

w
D2G

3F1 −S2xn

a
D2GJ−1/2

2 . s29d

Figure 9 shows the field dependence of the maximum
total current for a set of fc experiments on a typical resona-
tor. The appropriate treatment of the impact of vortices on
the power-handling capability is demonstrated by the field
independence ofI tot,max in the range of 0.5–3 mT. Devia-
tions occur at large and at small values for the frozen-in
magnetic field. At large magnetic fieldsBfc.3 mT, a0

,2leff so that the frozen-in vortices start to overlap. In this
case,I tot,max is overestimated by Eq.s20d, as can be seen in
Fig. 9. The deviation from the field independence at small
values for the frozen-in magnetic fieldB,0.5 mT can be
explained by the rf field itself, which can be approximated
using Ampère’s law

Brf <
m0I rf

2w
. s30d

Using the experimental valueI rf,max<0.14 A, the rf field
calculates toBrf <0.88 mT, which is of the order of the field
up to which the deviation fromI tot,max=constant is experi-
mentally observed in the small field regime.

B. Field-sweep experiments: Impact of the
magnetization

In contrast to fc experiments, in zfc and fcs experiments
the superconductor is magnetized and only for field changes
larger than some penetration field, vortices penetrate the su-
perconductor introducing gradients in the vortex density.
However, restricting our consideration to small field changes,
penetration of vortices additional to those that are frozen in
during cooling in the fieldBfc can be neglected. The impact
of the frozen-in vortices is then approximately constant and
the change in the total current density is determined by the
contributions of the rf transport and the magnetization
screening current densities

D j tot < D j rf + D jM = 0. s31d

Let us consider the case of zfc and fcs experiments for
increasing field. The effective fieldfEq. s5dg drops exponen-
tially at the superconductor surface, i.e.,

Bsx8d = Beffe
−x8/l with x8 = ux ± w/2u. s32d

The resulting screening current density is given approxi-
mately by

jMsx8d =
Beff

lm0
e−x8/l. s33d

The total screening current can be approximated in analogy
to the description of the skin effect by

jMs0dlt ~ Beff, s34d

wheret represents the film thickness. Thus, the change of the
power-handling capability can be approximated by

DPmax= PmaxsBeffd − PmaxsBfcd ~ s jMs0dlefftd2 ~ Beff
2 .

s35d

Figure 10 shows a double logarithmic plot ofDPmax as a
function of effective magnetic fieldBeff for a typical set of
zfc and fcs experiments demonstrating the excellent agree-
ment of the data with the prediction in Eq.s26d. DPmax in-

FIG. 9. Field dependence of the calculated total currentfEq. s20dg in fc
experiments. The values for the rf self-field and the onset of overlap and
compensation of vortex screening currents are marked and restrict the va-
lidity of Eq. s20d and, thus, the regime of constant total current.

FIG. 10. Decrease of the power-handling capabilityDPmax as a function of
effective magnetic fieldBeff for field-sweep experimentsszfc and fcsd for
different values of the frozen-in magnetic fieldBfc. The slope of 2 indicates
good agreement with our model up to magnetic-field values for which vor-
tex penetration occurs.
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creases quadratically withBeff and, even more, all dataszfc
and fcs for different fieldsBfcd fall in one line.

A deviation from the quadratic dependence is observed
at higher fields starting atBeff<2–4 mT or, in terms of field
change, atDB<10–20mT. We ascribe this deviation to the
geometrical barrier against vortex penetration27 which corre-
sponds to the Bean–Livingston barrier for the special case of
a rectangular superconductor cross section. Using Eqs.s7d
and s8d, vortices are expected to be energetically stable for
magnetic fields larger thanBt<15 mT, whereas the surface
barrier is expected to vanish for magnetic fields larger than
Bp<500 mT for the sample shown in Fig. 10 at 60 K. Since
demagnetizing effects are included in Zeldov’s calculation,
the field changeDB has to be compared to the barrier di-
rectly. The experimental value is considerably lower thanBp

and in excellent agreement with the theoretically predicted
value forBt. Therefore, we conclude that we observe vortex
penetration into the superconductor as soon as they are en-
ergetically stable inside the superconductor. The surface bar-
rier, which is still present at magnetic fieldsBt,B,Bp,
might be overcome, e.g., due to the microwave current den-
sity, which imposes large Lorentz’s forces on vortices espe-
cially in the surface region. Penetrated vortices lead to an
additional contribution to the total current in the supercon-
ductor, and, thus, the increase ofDPmax as a function of
effective magnetic fieldBeff is reduced from the quadratic
law for largerBeff.

C. Zero-field experiments

Finally, zero-field measurements are discussed in terms
of our model. Generally, the rf current density profile shows
a maximum at the edges of the superconducting resonator.
According to Eq.s1d the maximum of the current density is
given by

j rf,max=
Î2Pmax

Ksw/ad
fZleffwt2s1 − sw/ad2dg−1/2. s36d

Thus, the maximum current density in the superconductor
can be derived from experimental values ofPmax. Figure 11
shows the resulting temperature dependence ofj rf,max for a
typical resonator patterned from epitaxial YBCO films. For
comparison, we also show typical linear temperature depen-
dencies of the dc critical current density with valuesjcs77 Kd
between 1 and 3 MA/cm2 sRef. 37d and the pair breaking
critical current density as predicted from the Ginzburg–
Landau theory according to24

jc,PB=
8Î2Bcs0d
3Î3lLs0d

S1 −
T

Tc
D1,5

. s37d

Two interesting aspects should be noticed:sid the experi-
mental values derived from our experiments forj rf,max in-
crease linearly with temperature andsii d the order of magni-
tude is j rf,maxs77 Kd<1010 Am−2 and j rf,maxs10 Kd
<1011 Am−2. Both the temperature dependence and the
magnitude of the maximum rf current density are in excellent
agreement with the dc critical current for typical YBCO thin
films. This suggests that the limiting current density for the
onset of nonlinear microwave behavior is given by the dc

critical current of the superconductor. A relation between
microwave-power-handling and pair-breaking mechanisms
could not be verified by our experiments.

V. SUMMARY AND CONCLUSIONS

We have presented a concise investigation of the power-
handling capability of coplanar resonators made from epitax-
ial YBCO thin films in small magnetic fields, employing
field-cooled, zero-field-cooled and field-sweep techniques.
We have shown that coplanar devices are especially useful in
the investigation of the fundamental mechanism that limits
the power-handling capability of high-temperature supercon-
ducting sHTSd devices. Their low absolute power-handling
capability allows to neglect thermal effects. By using epitax-
ial thin films, which do not contain large-angle grain bound-
aries, grain-boundary Josephson junctions should have no
impact on the microwave properties. Since coplanar devices
exhibit a characteristic current distribution which is peaked
at the edges of the coplanar center conductor, they allow a
local investigation of the power-handling capability via a
careful analysis of introduced magnetization and vortex
distributions.

We have found and demonstrated by field-cycling ex-
periments that magnetic fields affect the microwave proper-
ties via sid a magnetization of the superconductor andsii d
penetrated vortices. Both mechanisms result in a characteris-
tic decrease of the power-handling capability of the coplanar
resonator as a function of the applied magnetic field.

All experiments in static and swept magnetic fields as
well as in zero magnetic field could be consistently under-
stood and described in terms of a simple model for the
power-handling capability based on a superposition of all
current densities in the resonator and a limitation of the total
current density. The model is motivated by the experimental
observation that the power-handling capability in small mag-
netic fields is governed by the surface value of the magnetic
field or vortex density, since here screening currents coincide
with the maximum of the peaked rf transport current density.

FIG. 11. Comparison of the temperature dependence of the maximum rf
current density for a coplanar YBCO resonatorssolid dotsd with typical
values for the dc critical current density expected for the depinning mecha-
nism j c sdashed linesd and pair-braking critical current densityj c,PB sdotted
lined. The solid lines in the graph and inset are linear fits to the experimental
data. The inset demonstrates the linear behavior of the experimental values
which is in agreement with the temperature dependence ofj c.
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Both demagnetizing effects and penetration barriers against
the penetration of vortices are observed in the experiments,
and experimental values are in good agreement with theoret-
ical expectations.

Relaxations of inhomogeneous vortex distributions af-
fect the microwave properties. Our relaxation experiments
could be described by a Kohlrausch behavior, with param-
eters in agreement with literature values for thermal vortex
relaxation. Since these relaxation time scales are about two
orders of magnitude longer than what is typical for the de-
termination of the power-handling capability, the vortex re-
laxation does not affect our investigations of the power-
handling capability. Furthermore, we have shown that
thermal effects and changes of the quasiparticle density
caused by the applied magnetic fields should not play a role
in our measurements.

In conclusion, we have found strong experimental evi-
dence that the fundamental mechanism that limits the power-
handling capability in HTS in the absence of thermal and
grain-boundary effectssid is current driven andsii d that the
limiting scale for the onset of nonlinear microwave effects is
given by the dc critical current densityjc associated with the
depinning mechanism.
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