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Abstract
We presenta short overview ofthe mechanism®f microwawe lossesin high-T¢
superconductors with special attention to high-power losses. An impedance plane analysis is used
as a tool fo quantitative comparisoaof the experimentadata to thenodels.We discussseveral
modelsof nonlinear microwave performana# high-T¢ superconductorsincluding coupled-
grain and rf-critical state models, and estimate their characteristic time scales.
1. Introduction
The use of superconductors in microwave technology has considerably idaxisthe
advent & high-T¢ materialswhich aregoing to be used mostly thin film applicatiors such as

transmission linesresonatorsfilters, and specia elemens based on Josephsgunctions.
Several overviewsfeatue microwave properties andgossibé applications of high-Tg
superconductors',F,%], their nonlinear microwave performancg®[’], ard ther microwave
properties in a dc magnetic field.[These works point on several key problems:
(1) The surface resistaec of high-T¢ superconductors is not low endugomparedto
conventional superconductors.
(2) Nonuniform current distribution in planar microwavcircuits, namely strorg current
concentration at the edges of a superconducting strip.
(3) Sensitivity of microwave properties to temperature even at low temperatures.
(4) Nonlinearity which appears &@-degradation at high microwayower, intermodulation, and
harmonic generation.

While the achievemenof low surface resistande an important goal buatt present not a
bottleneck; current concentratiat the edgesmay be avoidediy the choiceof microwave

componerg that have moreuniform current distributionsuch as disk resonator§;[ - the
nonlineariy turns out to be bottleneck in applicationsf high-T¢ superconductorsn passive

microwa\e devices. Thereforehe study ofnonlinear performance dfigh-T¢ superconducting
films draws considerable theoreticaind experimental attention. The impottaask whichthe
researchexare presently faced with eschoiceof a prope model to accounfor their particular
experimenthresults rather than developmafitnew modelsin this study Iwill concentrateon
theimpedance plane analyss a tod for comparison othe experimental datan the nonlinear
performance of superconductors e models. Il also discus several mechanismsf
nonlinearity with an emphasis on their characteristic time scales.
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2. Phenomenology of nonlinear microwave performance of superconductors

General description. Typical dependencd dhe surface resistance afsuperconducting
film on microwave current may be separated fiour regimes: linear (at smatiurrents),weakly
nonlinear, strongly nonlinear, and breakaofat highestcurrents).Most researchers agréhat
the surface resistance of high- superconducting filsiin the linear regimas extrinsic ands
determined by the defects such as weak links. Ther Inegame is convenienty describe by the
coupled-grain model. Ithe weakly nonlinear regime tisairface resistance gradyaihcreases,
and this increase is usually quadrati current The weakly nonlinear regims also believedo
arise fran the presencef defectssuch as weak linkgt grain boundaries. Thigegimeis
described by the extended coupled-grain rhadech takes into account nonlinear inductancé
the weaklinks. In best films this regio is absent Above some thresholdurrent,the surface
resistance increases more rapidly. This regime of strong nonlinearity i/ wesa@lbel to vortex
generation (eithedosephsonroAbrikosoy) by intense microwave magnefield. At very high
microwave current thbreakdown occurs.e., ata certain valueof the microwave currenthe
surface resistance increassruptly. This breakdown ibelieved to arise from heating and
formation of normal-state domains.

Correlation to material properte  There wee mary attempts to find empirical
correlation between microwave performance superconducting films ah ther material
properties.On the onehand clear correlationwas demonstrated between thisear surface
resistance and: (i) penetration lengdfh (i) mosaic spredin the a-b-plane []; (iii) sensitivity of
the surface resistance the dc magnetic field'{,*']. On the otherhand correlation between
nonlinea performance and material propestigas not established unambiguously. In particular,
Ma et al. [?] demonstrate that while theis a clea correlation betwea high powerperformance
and material properties (such as penetration depth and normal-state conjifictiM&CO films
fabricated by th sane depositim technique thereis no sud correlationfor the films fabricated
by different deposition techniqueEven more puzzling is the absencef clear correlation
between linear and nonlineperformane of high-T¢ superconducting thifilms. Thos fiims
that have the lowest surface resistance in the nonliegare do nat necessanl hawe the lowest
surface resistanca the linear regime [6,*°]. In otha words, the films that a& not optimal with
respect to their low power performance, may demonstrate the begtdwgr performanceThis
feature prevents screening the films on the basis of their linear surface resistance.

Classification Hein et al. [1, 6] proposedo classify nonlinea performane of high-Tg
superconducting films accordin@ the functional dependencef the surface resistance on
microwave currenti.e., linear, power-law breakdown)and according to thvalue of the
crossove field that marks the onset of nonlinearityWhile this classification is very useful for

comparison of different samples, it is not the optimal fon the purpose of modelingSincethe
microwave current is known with the accuracy of 20-50% and the fit to the depend®atkfdf
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requires several fitting parameters, the fiitte experimentadependene Rg(Jrf) to the models

often successful but not persuasive enough.

A classification base@n impedance plan@nalysis turns out to bmore useful for
comparison to the models. While the impedance plane analysis is not verytefificieomparing
different samplesijt has several advantagder the quantitative comparison toetmodet since

the fitting to the model requires only few (if any!) fitting parameters.
3. Impedance plane analysi§RgVs Xs)

Definition.  This analysis consistsf oplotting variation of surface resistancéRs
versus variation of surface reactadg at varying microwave power and analyzing the resulting
plots ['*,*°]. Very often dependenaaf 6Rs on 8Xs is close toa straigh line which is may be
characterized by the dimensionless slofDifferent mechanisms of nonlinearity are characterized
by different values of. A very useful feature @Rg vs dXg plot is that it allows the comparison
of the Rs vs Xg dependerein the nonlinear regime (at varying microwave current) to similar

plots in the linear regime (at varying temperature, rdagnett field, etc). This provides a
guantitatie basis fo compariso of linear and nonlinear microwave propertiefs the same
sample.

The impedance plane analysis is closely related to the Cole-Cole plot which is widely used
in studies oflinear dielectricresponse of materialsThe Cole-Cole plotis a parametric
representation of the lossy, resistive part of the dielectric susceptinilits real reactive paret
varying frequency (typical formf sud plot in the impedance plaris a semicircle). Another
closel related plot is a Smith chart (parametric representatminthe complex impedancef a
rf/microwave network in the complex plane with the frequencyhasglicit parameterwhich is
a very important tool in microwayv engineering.An impedance plananalysis (with either
frequency or probe-sample separation magnaplicit parameter)is also widely used in eddy
current nondestructive testing for identification of various defects.

Justification Why the dependence B on Xg upan variation of almost anyparameter
(excluding frequencyis so close toa linear one? A possibé explanationis as follows. If the
surface impedance is an analytical function of some parametex Z=Z(x), we can use Taylor
expansion o¥(x+dx). For the real and imaginary partfszowe find

sim(z) = M@ 5, 2IM@) 502, (1a)
16)4 , X2

5Re(z) = LRZ) 5, , O°REZ) 5002, (1b)
oX ox?

Since tle surfa@ impedane Z is a generalizk susceptibility, itsred and imaginary partare
linearly related through the Kramers-Kronig relations:

Im(Z):— I Re(z) 5 dy (2)
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This linear relationholds also forthe derivativesof Im(Z) and ReZ) with respet to any

paramete x (excludirg frequency sinceit appears irEq. 2 in explicit form). Hence if the
leading term in the Taylor expansiohRs=Re() is of the orden, the leading ternmithe Taylor

expansion of th&s=-Im(2) is of thesameordern. Leaving only leading terms in Eq.1 we find

[P"Z [o"Z
OR(X) = [Re ox)"n OX¢(X) = —rim ox)n 3
L9 @Q%—Xn%) L) an—xr]%) @3)
Therefore, small variations of surface resistance and surface reactance upon small variation of any

parameter (such dgc, Hdc, T, but notw) arelinearly related and thdimensionless ratio of the
two variations is:

ReED”ZD
r:6RS:_ %X”E @)
OX "z

Im%x—ng

Strictly speaking the aboveanalysis is notapplicable to the dependencé surface
impedance odyf because #derivation of the Kramers-Kronig relationgassumedinear relation
between the force and thesponse 'f]. Neverthelessthe experimental dataery often
demonstrate linear dependence between variatibtie red and imaginary partef the surface
impedanceof superconductors upon varyinlyf. This linear dependences not specificfor
nonlinear electrodynamic properties, it is well kmoker nonlinear elasti properties ofmaterials
[*"]. May be, the linear or quasilinear dependenceefehl partof the generalized susceptibility
on its imaginary parupon varyingforce can be justifiedhrough the generalizatiorof the
Kramers-Kronig analysis for nonlinear and hysteretic phenomena.

Survey o experimental data. Very often experimental dependerfeRs vs Xs upon

varying microwave currens a straigh line which is characterizedy dimensionless slope=
dRg/dXs. (Note, that in some woskthe inversevalue, namelydXs/dRs is defined as r). If the
measurements ardone for severalorders of magnitudeof current variation, the different
mechanisms may beesponsible fo nonlinearity at low and at high currents. Since each

mechanism has its owrvalue, the switching of the mechanisms of nonlinearity is cleartyisee
the impedance plane as a change in slofi u6 Xs dependencet].

The Table 1llists experimental valueof r for superconductigp films. Here rf
characterizes dependenam microwave currentdif (nonlinear regime), whiler, and r;

characterize dependence on the static magnetic field and tamtperatug (in the linear regime).
In what follows we use the data fevalue fa identification of the mechanisnof nonlinearityin

each particular case. We observe that the tiypalaes for r-parameter are:t~0.01,r4~0.2-0.3,
rrf~1 (at tke onsetof nonlinearity ref is usually smaller). Irthe strongly nonlinearegimerf

depends to soenextent on frequency temperature and domagnetic field, although these
dependences are very weak. The paranmgteloes not vary considerably frosampé to sample
and is almost the same for higg-and lowT¢ superconductors.
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The model of developed nonlinearity should account for all these features. As we will see,

only afew mode$ are able tado it. In what follows webriefly describe different modelsf
nonlinearity in superconductors paying special attentioreto-tlalue that they predict.

Table 1. Nonlinear properties of superconductors

Material I My rr T, K f,GHz Reference
@4.2K

Nb 0.3 0.01 4.2 34 Andreone et al.1f]

Nb 0.8-1.5% 0.01 4.2-8 ]1.6-5.4 |Golosovsky et al. [14]
Nb3Sn 0.4 0.2 0.01 4.2 14 Andreone et al 2f]
BSCCO 0.8 0.1 4.2 2.2 Andreone et al 2f]
TBCCO 1 4.2 18 Portis et al. 4]
GdBCO 1 0.1 21 5.5 Gallop et al. [10]
YBCO 0.6 0.05 4.2 2.2 Andreone et al. [19]
YBCO 1 4.2-76 10 Findikoglu et al. [9]
YBCO 0.8-2# 0.2 23-60 55 Tsindlekht et al. ]
YBCO 0.5" 20-80 |1.5-16 Herd et al. {4]

1**
YBCO 0.7-0.8 15 8 Porch et al. [13]
YBCO 0.25° 77 1.5-7.7 Nguyen et al. [18]
0.5 * Halbritter [15]

YBCO! 2 0.7 77 Hein et al. {5]
YBCO 0.7+ 4-15 1.7 Belk et al. f¢]

# each sample has a definite valdie but this value varies from sample to sample
* low currents
** high currents
* in magnetic field of 2T
I granular sample
4. Intrinsic nonlinearity of superconductors

Intrinsic electrodynamics of superconductors in terms of the two-fluid model is given by

@a- K)noezr _ Knye?
T = O 5)
m mw
wherecois the complex conductivity, is the scattering timeyis the microwave frequencyyg is
the normal-state carrigtensity,K is the fractionof condensate, anl-K) is the fractio of
quasiparticles. The surface impedance is
32

_ix_= |Ho 0y gD _ g
S IXS_VOJG' RSDZGZ%E E_B ©)

The densityof the superconductip condensate decreasesg high velocities (pair-
breaking). Since the microwave current is directly related to velocity, the surface ingetianc
ided superconductor depends on current. Tdependenceés cast in paramateK=K(J). For

0=0,-i0, 0=

.

Z.=R
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isotropics-wave superconductors $hilependenewas treatedby Parmenter] in termsof the
Ginzburg-Landau model. He finds that:
3R 0 J?,0X ¢ 0 2 7)

The microwave nonlinearity im-wave superconductors watudied theoretically by
Dahm and Scalapind®] who find:

ORs 0 J,0X  0J low-temperatures  (Vskp>>T) (8a)
SR¢ 0 J2,8X ¢ 0 J2 high temperatures  (vske<<T) (8b)
HereVs s the velocity of the condensake is the Fermi-vector.

Ther-parameter for intrinsic nonlinearity mag bstimate as follows. If we assumehat
the only current-dependérierm in Egs. 56 is K=K(J), the r-parameter may be estimatbg
excludirg K from Eq.5. The expressionrfof becomes especiglsimple in the low-temperature
limit at whichK~1, namely,
r=wt<<l (9)
Sine Egs. 67 may beused ford-wave superconductors as welle expect thaEq. 9 is also
valid for d-wave superconductors in the low-temperature lifiithe abowe analyss assume that
the dependencen microwave currenarises from pair-breaking dns accountd for by the
parameteK. It is not clear to which extent this is true for higgisuperconductors. Indeed, since
the scatteringime in these materialss strongly temperature-dependeitmay bealso current-
dependen{for example, ifthereis strorg quasiparticle-quasiparticle scattering). This requires
further theoretical analysis].

We conclude that if the nonlinearity is domirthl®y intrinsic mechanismthe r-parameter
should be small and strongly frequency-dependent. This differs from sumaially observe in
microwave experiments (Tabll). It means that other mechansmmask the intrinsic
nonlinearity However there is a better chance tobserve intrinsic nonlinearityt higher
frequencies. In the following we will show that the most probable mechanism af stsolinear
behavior n high-T¢ superconducting films ithe vortexpenetration. Since thisrocess requires
finite time (for example, tucleate th vortex), the vortex penetratioshould be negligible a
sufficiently high frequencies. Therefore, high frequesiai® more favorabléor the observation
of intrinsic nonlinearity Indeed Orensteinet al. [*°] hasrecenty observed intrinsiquadratic
dependence given by Eg.8 the THztransmission experiments on BSC@fs. To the best
of my knowledge, intrinsi linear dependencef the surfae impedanceon current predictedby
Eqg. 8a, has not been observed yet for fliglsuperconductors.

5. Coupled-grain model

This model treatsa superconducting samplas a network of Josephso junctions
extending along grain boundasig®,3!]. Although there are many modificationsthe coupled-
grain modelwhich differ in representation dhe equivalent circuibf the sample containing

Josephso junctions (parallelseries, transmisaioline, etc.) in all of these modificationshe
nonlinearity arises froma nonlinea inductanceof a Josephson junctiomhe Rg vs Xg plot as
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predicted by trs mode hasa very special formwhich hasbee observed fothe granular films
[25, *9] and fora single Josephso junction [1]. In particular,at low currentsthe coupled-grain
model yields a very smaillparameter with strong dependence on temperatureraticirmagnetic
field [14]. However, in good films the experimenyatibserve r-parameteis close to unity and
almog does not depend ortemperature and dmagneticfield. Therefore,while the simple
coupled-grain modedlescribes fairly welthe microwawe nonlinearity in granular films anthe
onset of nonlinearity in some epitaxial films, it fails to describe strong nonlinearity in good films.
Inability of the coupled-grain model to yield1 hasbeen recently overcomay taking
into account distribution of junction properties. The first step in this directisrda@ by Bonin
and Safa¥] who assumed an ensemble of Josepljsoctiors with wide distribution of critical
currents. Independently, Herd, Oates and Halbritter {8dk into account distributiorof critical
currentslc of the junctions and the distributiaf their IcRn products as wellMore thanthis,
while the Hylton-Beasle coupled-grai modé [30, 31 deals with junction behavior only for
I<l¢c, the model of Herd, Oates and Halbritter accounts for junction behavidgaswell. As a
result, the model [24] yields the Rs vs Xg plot which at small currerd (at the onset of

nonlinearity) is close to that predicted by a simple coupled-grain madebkfogle junction [30],
while at higher currents$ approachg a straigh line with the slope r~1. Th modé [24] accounts
quite well for experimentalresults. Howeverit makes an important assumptidghat the
distribution of IcRn products $ very wide, in othe words the junctionswith high critical
currents (ad smal Josephso penetration length) are requir¢dl]. Although this requirement
seems very stringenthe experiments ihigh magnetic field indeed indicatan the presence of
such junctions®f] in YBCO.

Of course, the model of Herd, Oates and Halbritter is limited by a thdesinoért above
which the vortices (Josephson or Abrikosov) should appear.

6. Nonlinearity arising from Abrikosov vortices

In the sample free of defectsthonlineariy shoutl eventually arise fronthe appearance
of vortices. Let's discuss Abrikosov vortices. There are several ways lthauich introduction
of Abrikosov vorticesmight affect the nonlinear microwa\properties. Thisnay be analyzed
using an equation of motion of a single vortex:
NV +a[fi x V] +kyx = ®g[ x J] + Fr (V) (10)
Here V is the vortexvelocity, n is the directionof the vortex, n is viscosity, a is the Hall
coefficient kp is the pinning constan,is a current densitfst is a stochastitherma force, ard
U is the pinning potentiaf{]. Any of these terms may be a source of nonlinearity.

Viscosityn may be nonlinear due to Larkin-Ovchinnikov instabilfj [
n=—10 (11)
1+ DLDZ
Eygu
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Equation (11) states that above some ctitiedocity V* the viscosity decreases. Sumstability
was observechidc experimerg with YBCO films [36, *'] at vortex velocitiesof the order of 1
km/sec. Howeverthe maximumvortex velocity in microwave experimentwith high-Tg
superconductors is far smalléf-10m/sec, @ this instability was not observedyet at high
frequencies.

Hall coefficienta may depend on vortex displacemdntieed,sincea depends on the
interaction with impurities(Kopnin-Kravtsov force[35]) it might ke differert for vortex
displacements much smaller and much higher than the distance between impurities. One can argue
tha the Hall coefficientis usually very small and iteffect on vortex dynamicss negligible.
Although thisis true with respect to conventiorsglperconductorst is not sowith respectto
high-T¢ superconductors since these matsi@a in the superclea limit at low temperature§?,

35, *¥ (superclean limit indicates on appreciable Hall coefficient).

Pinning constant k may dependon rf-magnett lead through nonparabolicity othe
pinning potential. However, since the typical vortex displacénmemicrowawe experimers is ~
1A which is smaller than the effective rangé the pinningpotential~2@& [26], this type of
nonlinearity seems to be negligible.

Stochast thermd force F1(U) is the source ofthe flux creep.The activatioo energy of
the flux creepis strongly current-dependefi35, *°, *°9 and this is a dominant source of
nonlinearity at lower frequencies, i.ebelow 100 MHz Since characterigtitime for each
individual act of flx hoppirg is rathe big, Thop~108 sec [7], the flux creepis noteffective in
the microwave range (the microwave petisdess than10-9 sec). h high magnet fields, the
effects of flux hopping still can be observed at microwave frequencies [26]. It oceurswlide
distribution of the pinning energiesghich allows toa small partof vortex segmentsotbe very
loosely pinned.

Nonlinearity due to proximity to theortex phase transitiof85, 40] also seesto be less
pronouncedat microwave frequenciedndeed D.H. Wu et al. [*'] observethat the phase
transition in the vortex state in YBCO is barely visible above 1 GHz. Thip gleushows that
the vortexresponseat microwave frequenciebBasa mean-field behavior ants almostlinear.
Observations o differentgroup, H.Wuet al. [*?] indicate that thevortex melting (as detected
through disappearance of the shear modulus of the vortex lattice) is barely seen above 50 MHz.

Vortex generationby the microwave magnetic field one of the dominantsource of
nonlinearity in superconductors in the microwave range as we will advocate below.

7. Rf-critical state model

This modelquantitatively account®r the vortex generatiohy the microwavemagnetic
field. It was developed by Sridhdrf[and then by McDonald, Clem and Oat¥} Wwho extended
the Bean model to account for microwave nonlinganithigh-T¢ superconducting filmsThe rf-
critical state model assumes a superconductor carrgingcurrert ard the vortex generatio by

the magnetic field of this current. McDonaldlem ard Oates calculated the inductive paftthe
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impedane and extended the Bean modelaadhin strip geometry.The surface resistance and
surface reactaeavere found to depend on dimensionlgsamete Jrf/Jc where Jc=Jc(H,T) is

the critical current, while the dependent&gon Xg is almost lineawith the slope r=0Rg/dXs
depending only on the sample geometry. In partictid).42 for an ellipse and=0.67 fora thin

strip. Experimenthr-values (Tablel) are rather closentthose predici by the model The rf-

critical state model predicts that wethe Rs ard Xs dependon temperature anon dc magnetic

field (through the critical current), their ratios almost field- and temperature-independent. This
prediction § in also goad agreemenwith experimentaresults.A weg temperature dependence

of the r-paramete observed in some experimemtgy be attributed to the changg effective
geometry with temperature (since the ratio between the penetration depth and film thickness varies
with temperature, then the thin strip geometry may effectively change to ellipse geometry).

The rf-critical model as described in [43,44] totalkeglecs surfa® barries and assumes
that thethreshold fieldfor vortex penetrationis zero(Hc1=0). Nguyen et al. [18] took into

account the finitédc1, They find that the finite penetration fielohodifies dependences Bk on

current. Introduction foa finite penetration fieldalso providesa basis formodeling nonlinear
microwave performanceof superconductip films in a dc magnett field. Experiments
demonstrates that the application of tbewhgnett field shifts the onsetof nonlinearitytowards
lower currentd23, *°, %9, although the plobf Rs vs Xs almog does not change. Thtan be
accountedy the rf-critical-state modesince the surface barrierare strongly decreased ithe

presence of a static magnetic field.

The rf-critical state modeteems to describal major featuresof the microwave
nonlinearity in high¥c superconductors. It is important to note that this model is very general and
does not assume aspecific vortexpropertiesIt may applyfor Abrikosov and fo Josephson
vortices as well. However, the rf-critical state model as presented,ia3184 is statig i.e., it
assume that the critical state adiabaticaflyilows the field[9, 43]. This assumption requisea
special analysis.

8. Time scales involved in the critical-state model

In order to build a critical state, the vortices should be nucleated at the edge of the film and
they should propagate inside the film.

Vortex nucleation time.This time is not understod well. A generally accepted estimate
for bulk Nb is 166 sec [7]. Samoilova [4] showfrom theoretich consideratios that the vortex
nucleation time scadawith the inelastic scatteringme. Sheestimates vortex nucleatidime for
NbN at 4.2 K as 3 xt80sec and fo YBCO at77K & 10-12 sec. Usig numericé solution of
the time-dependerGinzburg-Landau equations, Aransehal. [*®] have studied dynamics of
normal-superconducting transition in superconducting strips under the dcsiarg dc current
and estimated vortex nucleation time. However, the results phf48cast irso dimensionless a
form that comparison to experiments requires a very considerable effort.
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Dynamics of the normal-superconducting transition in current-carrying superconducting
strips turns out evemore complicated since different mechanisma campete, namely, vortex
formation vs phase-slip center formation. While it is generally believédinphase-slip centers
are formed in narrow films (film width is smaller theoherene length) while the vortices form
in wider films (film width exceeds coherendength) numerical simulations ahexperiments
with current pulses demonstrate that the phase-slip centers may form in wide films &%.well [

To the best of my knowledge the experimental measurements of the vortex nucleation time
in high-T¢ superconductors are almost absent. The nucleation time may be measured gypassin
narrow current pulse through a superconducting film and observing correspuoaliage pulse.

The delay betweendttwo allowsto estimate the nucleatidime. In this manneManeval etal.
[49] find for YBCO films at 4.2 K the delay tiewarying from 10 to 400 nsec dependig on the
value of the current.

Vortex propagation time.  Critical staé develops onthe length scalewhich we
roughly estimate as

H
L pinning [ p—og

(12)
Cc
Here Hyf is the microwave magnetfield. To cover this distance vortex needs some time.

Neglecting all forces in Eq. 10 except the viscous and the Lorentz,faredimd vortex velocity
V=@gJrf/n. Using relationHyf=LigJrfA we find

Tor state 2 %{\]C (13)
Assumiry Jc=10’A/cm2, n=10-6 MKS units andA\=150 nm(realistic parameterfor YBCO at
4.2K) we find Ter.statel09 sec It means thaat microwavefrequencies (microwave period is
less than 10-9 sec) andat 4.2 K thereis nd enoudn time to build a critical-sta¢ based on

Abrikosov vortices.At highe temperatures the situation may chamsgece n, A and Jc are
temperature-dependent (althbugqg. 13 shows that these temperatudependences eupartially
canceled). Itis tempting to compare theyr.stateto the viscoelastic vortex relaxatiotime
tye=n/kp (which is inverse of depinning frequency [7]). Sirbglc=kprp whee rp is the radius
of the pinning potentiat20A, we find Tcr.state=TveA/rp. While for high-T¢ superconductors
Tye~1011 se¢ the ratioA/rp~100. Thereforethe time ittakes to build a critical-state modeis

considerably longer than the viscoelastic vortex relaxation time.

In conclusionthe rf-critical state accounts quite whdr nonlinear microwa® lossesin
high-T¢ superconducting filmsThe main difficulty is that therds not enoughtime to build a

critical state using Abrikosov vortis@t microwa\e frequenciesHowever thereis enoudn time
to build a critical stagé at microwave frequenciesising Josephso vortices or so-called
Abrikosov-Josephson vortices, since they have much lower viscosity.
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9. Abrikosov-Josephson vortices
Abrikosov-Josephson (AJ) vortex hhédee discussd theoretically in theworks of

Halbritter P°] and Gurevich T]. Accordirg to Gurevid [51], this vortex appearst grain
boundaries with high critical curredy which satisfis the following inequality Jc<Jp<Jd. Here

Jp is a critical current through this grain bounddgyis a depairing current andc is the critical
current in the bulk. Gurevich names these grain boundaries "hidden weak links". The viscosity of
AJ vortices which moves along such "hidden weak firiies an intermediate value betwedinat
for Abrikosov ard Josephso vortices (forYBCO at4.2 K na=106 MKS units andnx10-10
MKS units [7]). Hence, AJ vorticrequirk less time to organize themselves intocritical-state,
hence they ara very probablecandidate to accoumbr high-powermicrowave performancef
YBCO.

The idea of "hidden weak links" wh high criticad current and smallJosephson
penetration lengths very appealig for the explanatiorof microwave nonlinearity irigh-Tg

superconductordndeed Hein et al. [6] point out tha postulating such grain boundaries is
mandatory for explanation of the microwave nonlingarithigh-T¢ superconductors in terms of
intrinsic granularity. The presence 'thidden week links" explairs (i) the absencef correlation
between linear and nonlinear performaradesuperconducting films; (i) dependenof the
microwave surface impedance on the orientation of a dc magneti¢fje(di] reduced threshold

rf field for the onset of nonlinearity (in comparison kg1 for Abrikosov vortices); (iv) the
absence of nonlinearity until breakdown in best films.

The notion of "hidden weak links" allows mergintpe modelof microwave nonlinearity
proposed by HerdOates and Halbritte [24] (ensemble of junctions with wide distribution of
critical currents) with the rf-critical state model [44hdeed, at the lowesnicrowa\e currert the
nonlinearity is determirteby the nonlinea inductane of grain-boundary junctions, wherete
contribution fromthe junctionswith the smallest criticaturrentis the most important Upon
increasing microwave current the juncBomwith higher criticad current come it play.
Simultaneously, Josephsand Abrikosov-Josephson vorticstart to enter the junctions with
smaller critical current.

10. Breakdown

At very high microwae powe the surface resistance amelactane abruptly increasen
other words, breakdown occurs. The breakdown is due to the fact that the whole filtnobiitpar
undergoes transition into the normal state. Heating and heat transtestd$trag¢ are shownto
play an important role here®[ **, 5. In distinction to nonlinearity at lower currents which seems
to be distributed acreghe film, there are several indications that treakdown is triggered by
local defects [14°] and usually occurs locally, in one poirfj] This indicates the importaeof
studyirg locd rf/mw properties of superconducting samples and devices. # lieen donedy
mapping physical properties of higfic- superconducting filis using scannig probes ard

methods includinghermal imaging56], Raman microscopy®j], criticd current mapping®f,
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%9, local penetration depth (through mutual inductante¥], scanning SQUID microscopy?[

%4, laser microscopy’f], e-beam microscopyq. Sud studies reveal noticeable inhomogeneity
in materid properties of highlc superconducting filmsThe most relevant to microwave

applicationsis microwave near-field imaginusing scanning prob€[°,°°,7°,7Y], that are being
intensively developednowadays These probes directly map surface resistance othe
superconducting films. Hopefully, the development of the micrevmaar-fietl probes will very
soon have considerable impact on the study of nonlinearity in superconductors.

11. Conclusions

. Nonlinear performance of highg superconductors i@ major problemfor their microwave

applications. Impedance plane analysisaisaluable tool to uncover the mechanish
nonlinearity in each particular case.

. Two complementary models accouot nonlinearity at intermediatpowe levels in highTc

superconducting films:

() Extended coupled-grain model which assumes intrinsic granularity and grain boundaries
acting as weak links having wide distributianl gRn products.

(it) rf-critical state model based on Abrikosov-Josephson vortices.

Both models postulate weak links with high critical currents.

. Itis necessary to go beyond static rf-criticalestabde and to take into account relevatime

scales such as vorteucleatian time and propagation timédn experimental measuremeuft
the vortex nucleation time is required.
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