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It is demonstrated that the combination of vortex matter and rf measurements yields new insight into
the microwave properties of superconducting thin-film devices, both in small magnetic fields and
zero field. The comparison of field-cooled and different types of field-sweep experiments on
coplanar high-T thin-film resonators shows that the microwave properties strongly depend on
magnetization and vortex distribution in the superconducting film as well. Thus, using vortices as a
kind of local probe for the microwave properties leads to a consistent explanation of the microwave
power handling in nonzero and zero magnetic fields. In a model that is derived from the
experiments, the nonlinear microwave behavior is explained by the limitation of the total current
density in the device considering contributions of the rf field and the screening of the magnetic field
and vortices to the current. The limiting current value seems to be related to the dc critical current
of the superconductor. @002 American Institute of Physic§DOI: 10.1063/1.1487902

The use of superconducting thin films in microwave de-  The current distribution across the width of the coplanar
vices allows a dramatic reduction of the device dimension aline shows pronounced maxima at the outer edges of the the
comparable or higher performance with respect to conveneenter conductdr.Due to this characteristic current distribu-
tional nonsuperconducting devicesAs a consequence, tion, first the power handling capability is relatively small
larger power densities are encountered in these deviceand, thus, thermal effects can be negleétéﬁnce the rf
However, in contrast to their normal-conducting competitorscurrent is strongly peaked at the edge of the central conduc-
the power handling capability of superconducting microwavetor, these devices turn out to be highly sensitive to field or
devices is limited by the onset of nonlinear effects in form ofvortex penetration. Furthermore, by establishing different
a strong increase of the dissipation or intermodulation prodvortex distributions in the resonator, the impact of vortices
ucts at large rf power. Although various physical origins areon the microwave properties can be analyzed locally.
discussede.g. weak links and thermal or magnetic effects Figure 1 represents an overview of the field dependence
the physical mechanism, that is responsible for the nonlineagf the power handling capability of a typical copland®-
surface resistance is not fully understood. In this letter, weesonator. The power handling is characterized by the osci-
demonstrate that the combination of vortex matter and mitating rf powerP,,,, at which the unloaded quality fact@y,
crowave properties leads to insight into the nature of th@s degraded to 80% of its low-power value, i.€Qg(Pmay)
nonlinear microwave properties of superconducting material=0.8 Q,(P—0) andQ,~20000—-30000 foP—0 andT

Coplanar thin film resonatorl.4 GH2 are patterned 0. In FC and zero-field coole@ZFC) experiments the
from YBCO films (thicknessd=300 nm on sapphire. The resonator is cooled to the superconducting state in an applied
width of the central conductor iw=100um and the dis- magnetic field or in zero-field, respectively. In FC sweep
tance of the groundplane &= 182um. The current densi- (FCS experiments, the sample is first cooled to the super-
ties of coplanar microwave devices can be approximatéd byconducting state in an applied fielic and subsequently the

| field is modified byAB.
j,(x)= (1a) The power handling capability,,,x depends strongly
wK(w") \/(1—(2x/w)2)(1—(2x/a)2) upon the way the magnetic field is established. Whereas FC
measurements show a gradual decread®,gf, in ZFC ex-
and periments, a strong decrease of the power handling capability
within a few uT is followed by an almost constaRt;,,,. The
different behavior seems to be a consequence of the vortex
N distribution in the resonator. A homogeneous vortex distribu-
wK(w’) \/ (1—(w/a)?)— (1b)  tion in the superconductor is expected for FC experiments.
W The linear increase of the vortex density with increasing field
, seems to lead to the gradual decreasP gf,. In contrast to
for [x|<w/2—\ and w/2—\<|x|<w/2, respectively. Eq. o ¢ experiments, an inhomogeneous vortex distribution is
(1) describes the 1D current density of the cross section ofynected for the ZFC case. Due to the flux penetration into
the central conducton. andK are the London penetration q fie|d-free superconductor in the ZFC case, the position of
depth and complete elliptic integral, respectively, aml ¢ |argest vortex density coincides with the maximum of the

jz(X):

=wla. rf current at the edge of the central conductor. This explains
the strong reduction d?,,,,, already at extremely small fields

¥Electronic mail: rwoerdenweber@fz-juelich.de of a few uT. A further increase of the field in the ZFC case
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ductor. The screening current densitigg due to a magne-
tization andj, due to vorticessuperimpose to the rf current
density j ¢+, thus, yield a total current densitfyy=j;+jm
+jy in the coplanar resonator. The nonlinearity implies that
the total current density is limited by a critical value, i.e.,
J1r<lmax: @nd the linear behavior is restricted jte<<j max-
Assuming a field dependence of the limiting current,
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I o i mao BX) = [ maxg =000~ jm(B,X) — ju(B,X), @
‘é L é this model automatically yields a power-handling capability
JA P VR N V) NS /W * V" - that strongly depends on the kind of experiment.
20r In FC experiments, a homogeneous distribution of vor-
0 2 tices in the superconductor can be assumed and magnetiza-
B [mT] tion effects can be neglected for not too small fields, i.e.,
FIG. 1. Field dependence of the power handling capability of a coplana# tOt%Jrf+JV.' Ass_umlng an ideal vortex lattice, the posmons_
YBCO resonator for(solid circleg, ZFC (open trianglesand FCS(solid of the vortices in the central conductor of the resonator is
lines experiments. The inset shows the FCS measurement starting at diffegiven by |X,|=[w—(2-y-n+1)-a,]/2 with n=0,1,2...,a9
ent fieldsBc on an enlarged and normalized scale. =(do/yB) 12 and v=1 or 0.866 for a quadratic or hexago-
nal vortex lattice, respectively. Since the screening current
does not affect the power-handling capability seriously. ThlsdrOpS exponentially with the cha_rac_terlstlc Iepgl;hwe as-
ume, that the total current density in the regixqe- e\ of

is consistent with other observations of flux penetration aj h tion is dominated by th tributi f1h
small fields, where an increase of the magnetic field firs € cross-section Is dominated by the contribution ot the vor-
ex screening current witle=0.5—1. Thus, the maximum

leads only to a shift of the flux front into the . .
: C total currently . Can be obtained by summation of the
superconductdt. Since the interior of the superconductor
maximum rf current and the redistributed current due to the

does not carry large rf currents, this shift does not affect thescreemng current of vortices at positias
power-handling capability seriously. Furthermore, the FC )
and ZFC values oP,,,,Sseem to merge at large fields. This is i
expected for the field, for which the ZFC flux front ap-  ltotmac I, max+\br%3n J2(Xn) - 2N @ E)
proaches the center of the sample. For these fields, similar

H — 1/2
vortex densities are expected at the edge of the supercon- The fmaxm;um rf current i max r(12 EmﬁiX/ZL) can be
ductor for the EC and ZEC case. derived from the measurement with the line impeda#Agce

=50(). Using Eq.(1) yields the maximum total current

The most interesting features are observed for FCS mea-
surementginset of Fig. 1 that show a characteristic varia-
tion of P,a with increasing and decreasing field, which pro-| ..
vides an ideal fingerprint of flux and vortex penetration. For
finite starting fieldBrc;, a nonsymmetricah B dependence
of Pax IS Obtained. FoBg>0, first P, increases for de-

5 it max| 1

creasing field and decreases for increasing field, then for 2Ne- - W LK™ H (W)
larger field changes? .« decreases for decreasing field and
shows a characteristic small peak for increasing field. The ” \/ 2Xn 2%, 2
position of the maximum oP,,,(AB) for AB<<0 decreases wK(wW’) 1- a
with increasing fieldB¢.

Field cycles with different amplitudes prove the different 4
underlying mechanisms. For small field amplitudeB, a  with K(w/a)~1.72 for our geometry.
reversible field penetration of fluxAB>0) is observed. The Figure Za) shows the field dependence of the maximum
flux penetration leads to a decreasdgf,,, whereas the flux total current calculated using E(f) for a set of FC experi-
compensationfB<0) causes an increase Bf,,x. Amodi-  ments on a typical resonator. The transformation of the RF

fication of P, by up to 50% takes place within a fewT. current via Eq.(4) to the total current demonstrates the ex-
Only for larger amplitude§AB|>10uT vortices for AB  pected field independence Igf; ax[EQ. (2)] for a large mag-
>0 or antivortices foAB<0 start to nucleate and penetrate netic field range, i.e., between 0.5 and 3 mT. The deviation
the resonator structure. This leads to an irreversible modififrom the field independence at small and large fields can be
cation of P, The penetration of the first vortices is accom- explained by the effect of magnetization due to the rf field
panied by a small increase of the,,, for the positive and the overlap of vortices, respectively. Both effects are not
branch, that can be interpreted by a relaxation of the field aaccounted for in Eq(4). The rf magnetic fieldB,; can be
the edge of the superconducting central conductor. Obviapproximated by Ampere’s law yielding, ; ~ wul ,//2w. |
ously, this effect is not possible for the negative branch, herserting the experimental valug~0.14 A yields a magnet|c
Pmax decreases when the first antivortices penetrate. field B;;~0.88 mT which is of the order of the field up to
In the following, the field dependence &%, Will be  which the deviation is observed. For fielBs>3 mT, vorti-
discussed in terms of a model that consid@rs superposi- ces start to overlapay<2\¢;) and, thus, the screening cur-

tion and(ii) the limitation of current density in the supercon- rents of adjacent vortices start to partially cancel each other.
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ZFC and FCS experiments demonstrates the excellent agree-
ment of the data with the prediction in E(p). AP, iN-

] creases quadratically witB.¢ and, even more, all datZFC

and FCS for different fieldBg¢) fall on one line. A deviation
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20,13 ; T from the quadratic dependence is observed at higher fields. It
0,12 - - P P2 - has to be ascribed to the effect of the geometrical barrier for
r o rf figld T=40K ] collective vortex entry. For the geometry of the resonator,
RO S A E T R S the geometrical barrier for flux penetration By,~15uT
0 1 2 3 4 5 6 which corresponds to an effective field of 2.8 mT.
_ Finally, zero-field measurements are discussed in terms
(b) of our model. Generally, the rf current density profile shows
= 10" _ a maximum at the edges of the superconducting resonator.
=, E According to Eq.(1), the maximum current density is given
5107 by
o i V2P
“ 407 t“i i mar= e ) L2 N (1= (w/2) )] 712 (6)
m]

Figure 2c) shows the resulting temperature dependence of
i i max fOr two resonators patterned from YBCO films of dif-
T " T ; . y T ferent quality. Two interesting aspects should be noticed, i.e.,
It max iNCreases linear with temperature and the order of
magnitude is j mad77 K)=~10"° Am~2 and j; mad10 K)
~10" Am~? for the optimized YBCO quality. Both, the
SRS ] temperature dependence and the magnitude of the maximum
o<(1-T/T) \G\ rf current density agree with the behavior and magnitude of
RS o the dc critical current for typical YBCO thin filmsThis
L . ' . L . 9 suggests that the nonlinear microwave behavior is strongly
0 20 40 60 80 related to the dc critical current of the superconductor.
T [K] In conclusion, the comparison of the microwave power
FIG. 2. (a) Field dependence of the calculated total curi&. (4)] for a handling capability of coplanar high-temperature supercon-
typical resonator. The values for the rf self-field and the onset of overlap angluctor thin film resonators in FC, ZFC, and FCS experiments
compensation of vortex screening currents are marked and restrict the vahows thaii) the microwave properties depend on magneti-

lidity of Eq. (4) and, thus, regime of constant total currefit AP ., as ; ot (PR ; _
function of effective magnetic field for ZFC and FCS experiments for dif- zation and vortex distributior(ji) power hand“ng and qual

ferent values of the field cooled magnetic fi@g.. (c) Temperature depen- ity factor of the devices are strongly affected by the way the
dence of the maximum rf current density for two resonators patterned omagnetic field is approached, afiil) the microwave power
YBCO films of different quality(solid symbols: optimized film quality; hand”ng can be understood in terms of a Simp|e model, that
open symbol: oxygen depleted YBCO fiim considers all contributions to the current in the supercon-
ductor (i.e., rf and screening currentsvhich seems to be

In ZFC and FCS experiments, field changes introduce d@imited by the dc critical current. The model explains the
magnetization of the superconductor and, subsequently, graicrowave behavior in nonzero- and zero-magnetic field.
dients in the vortex density. Restricting our consideration toThus, flux and vortex penetration can be used to probe the
small field changes, penetration of vortices can be neglectedcal microwave properties, and reveal the mechanism of
and, Ajo~=Ajs+Ajy=0 is expected. The effective field nonlinear microwave properties.
drops exponentially at the superconductor surface, i.e.,
B(x')=BeseXp(—x'/\) with x’=|x+w/2|. The resulting
screening current density is given  byju(x’)
= (Bes/Aug)eXp(=x'/N), the total screening current can be
approximated in analogy to the description of the skin effect
by jm(0)-\-txBgs, wheret represents the film thickness. 'see e.g. H. J. Chaloupkalicrowave Application of High Temperature
Thus, the change of the power-handling capability can be SuperconductotsNATO ASI Series, edited by H. Weinstodiluwer,

. ted bv: Dordrecht, 1999
approximated by: 2], G. Vendik, O. G. Vendik, and D. I. KaparkoGuperconductor Micro-

. ) 2 2 wave Technology, Part Il: Superconducting Microwave Cirguli8SN
APmaxt(jm(0)- Neg-t) *Ber ) 1103-4599, ISRN CTH-MVT-R-24-SEL996, p. 39.
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