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We report the results of a study of the nonlinear microwave surface impedanée., its dependence on
microwave currenZg(l,s), resulting from vortex motion in YB£u;0;_s thin films in a dc magnetic field
applied parallel to the film's axis. Using the technique of stripline resonators we have measured the nonlinear
Z, at frequencies of 1.23-8.45 GHz, at temperatures from 5 to 30 K, and in magnetic fields from 0to 4 T. In
the mixed state, there is a significant increasBdifirom the zero-field value, particularly at lower frequencies,
causing anR.xf1? dependence at all measured temperatures and microwave powers. We also review our
previously reported measurements and modeling of the linghecause the nonlinear results can be explained
by an extension of the model that we have previously used to describe the depend&gamndfequency,
temperature, and magnetic field in the linégrregime. This model explains the lineZg data through the
thermal activation of vortex segments between metastable vortex states separated by distances of order of the
coherence length- ¢ and by a distribution of energy barrields, whose magnitudes extend frodh,~0 K to
at least several hundred K. We further show that the behavidZ;ofit high microwave powers is fully
consistent with the same thermal activation of vortex segments, but the effective magnitudes of the energy
barriers U, have been reduced in proportion to the microwave current denkjty,t) such that
Up=Up—Jx(r 1) doél. [S0163-18207)03142-1

I. INTRODUCTION ear and nonlinear microwa&, of YBCO in the mixed state
in magnetic fields from 0 to 4 T, applied parallel to thaxis
Since the discovery of high-temperature superconductivfrom 5 to 30 K and frequencies from 1.23 to 8.5 GHz. In this
ity, it has been clear that understanding the behavior of highpaper the nonlineat, is denoted by (1) and is defined as
T. materials in a magnetic field would present a considerabléhe surface impedance that is dependent on microwave cur-
challenge. They have been probed experimentally through gnt. The linear surface impedance refers to the regime where
number of techniques such as torsional oscillatolsw-  Zg is independent of the microwave current.

frequency ac magnetic permeabilfty,and microwave mea- Our prior results in the linear regime show that the appli-
surements of the complex surface impedance at bothfow cation of an external magnetic field causRsto increase
and higH microwave power levels. significantly, particularly at low frequenci@sFurther, as

Our use of stripline resonatdrd’ allows us to measure previously reported by dsand others? we find thatZ, is
both the real parRs and the imaginary paXs of the micro-  proportional to the magnetic field, indicating that we are not
wave surface impedancg, of high-quality epitaxial thin probing collective effect$>* but rather the interactions of
films of YBa,Cu;0,_, (YBCO) at frequencies from 1.2 to individual vortices with defects in the YBCO, and that the
26 GHz. TheZ, depends critically on both the amplitude and length scales of these interactions are probably on the order
phase of the vortex motion with respect to the applied rf fieldof the coherence lengtti~20 A3 |n the low-current
Hi. linear-response data, the changeRgp due to the external
We present here the results of an investigation of the linmagnetic field AR, is proportional tol' at low temperatures
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TABLE I. Parameters of the films determined from both (flmur-point measurementand microwave
measurements. The penetration deptfiatd K and in zero applied dc magnetic field0) is the parameter
of a two-fluid model fit to our experimental points.

dc Properties rf Properties

d Tc ARSO ARS]_ ap(O)a fl rp| U(go RS (T: 5 K) )\(O)
Fim um (R=0) Q/(T GHz) Q/(TKGHz) N/m? (GHz nn? K Q A
1 024 91 1.2x10°% 3.3x10 % 3.6x10° 1.23 19 2.5%107° 2650

2 058 89 47x1077  7.6x10°7 9.7xX10° 1.47 12 ~2U, 1.2x10°° 2340
3 0.37 90.2 80x107 42107 2 x10° 1.69 26 2J,+40K 1.8<10°° 1600

dExtrapolated tol =0 K.

and proportional tdf* at all fields and temperaturés. We introduce some notation conventions which we use
We explained thelT and f dependence oARg with a  throughout the paper in order to clarify the differences be-
random vortex pinning potential. While the majority of the tween dependences on dc magnetic fidldand on micro-
vortices is strongly pinned, withR.<f2 (Ref. 18 some are wave currentl ;. The change to théinear Z; due to the
pinned in metastable states separated by energy barriensagnetic field is defined aAZ;=7(H)—-2,(H=0). The
Uy, .® Moreover, the dominant energy dissipation resultscorresponding convention is used fARg and AXs. The
from the transitions of vortex segments of lengthetween nonlinear Z(l;) at constant magnetic field is defined as
these metastable states that are formed by the pinning of the,Z,=Z(1,:,H) —Z4(0,H). The corresponding convention
vortex cores by a random distribution of defects of volumeis used forA R and A X;.
<& in the YBCO sampled!®~" Because these pinning
centers are small in volume, the range of the pinning inter-
actionsrp is roughly equal to the vortex core siZeso that
displacements of- £ can move a segment of a vortex core to  The microwave surface-impedance data were obtained in
a new pinning energy minimum. The random distribution ofa liquid-He cryostat fitted with a 9-T superconducting mag-
these defects results in a large number of closely spacetet operating in a persistent current mode to ensure field
energy minima, separated by a random distribution of energgtability. The samples were zero-field cooled to eliminate the
barriers with magnitudes extending down 460 K. This  possibility of trapped flux. The data presented were obtained
gives rise to a broad distribution of characteristic frequenciesit fields much greater than the lower critical field
for the hopping of vortex segments between metastablél ;~0.01 T to assure uniform penetration of our microwave
states and explains the frequency, temperature, and deesonators by the external field, as was verified through the
magnetic-field dependences®R, and of the corresponding use of a Hall-effect sensér.
AX, that are exhibited in our low-power linear-response data The samples were mounted in gold-plated copper or alu-
published earlie?. We show here that the same model alsominum packages which were fixed to a carbon-glass ther-
explains the high-power nonlinear response. Earliemometer, and mounted in a copper enclosure, which had a
measuremenfshave shown that the onset of nonlinearity, heater attached to its base. The temperature was monitored
which is generally attributed to the current-induced depin-and controlled to obtain temperature stabilities of a few parts
ning of vortices, occurs in these samples at current densitiga 10°.
where typical vortex displacements are much less than the The surface-resistance and -reactance data were obtained
pinning range~ ¢&. While this apparent contradiction cannot from YBCO samples grown on 0.5-mm-thick LaAJGub-
be explained by the theories of vortex dynamics that assumstrates. The samples were grown by different techniques.
relatively deep and uniform vortex pinning potenti#fls?>  Samples 1 and 3 were 2500-A and 3690-A thick, respec-
we will show that the broad distribution of energy barrierstively, and were produced through off-axis magnetron
between metastable vortex states, that can explain the freputtering®>?* Sample 2 was 5800-A thick, and was pro-
quency and temperature dependenc&in the linear re- duced through cylindrical magnetron sputterfig® The
gime, can also explain the high-power nonlin&ar In this  properties of these films are listed in Table I. The three
work we concentrate on the temperature rafigeT./2, samples are high-quality epitaxial single-phase films with the
where the temperature dependences of materials parametetsaxis perpendicular to the substrate.

Il. EXPERIMENTAL METHODS

such as the mean distance between metastable st4{Es The microwave properties were studied through the use of
the mean length of the metastable vortex segmigiits and  stripline resonator$;® which are especially useful for mea-
the magnitudes of the energy barrigig(T), are weak. surements of the frequency and rf-current dependence of the

In the following, we present a description of our experi- surface impedance. These devices support standing waves
mental technigues, specifically the manner in which we meawhose microwave current has the forlg=1Iqsin(nmz/s)
sure the surface impedanze of our YBCO films. We then wheren is the mode number ardis the position along the
describe the details of the theory that we propose for fittindength s of the resonator. The resonant frequency for the
both the linear and nonlinear measurements that we hawmodes isf,=nf;, wheref, is the lowest frequency mode,
made. Finally, we discuss the results of those fits in the conwhich ranges from 1.2 to 1.7 GHz. The measurements were
text of other work on vortex dynamics. performed using a vector network analyzer and a series of
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DATTERNED low-temperatureQ of about 18.
CAPACITIVE _ The microwave losses in the LaAg(Bubstra_tes, defined
COUPLING in terms of a loss tangent, produce a change in the resonator

Q given by 1Q,=1/Q+tans, where Q,, is the measured
quality factor and taf~2x10 ° at low temperatures. This
correction is small enough so that it is not significant in this
work.”® The shifts in resonant frequencies due to the changes
in the Q of the resonator are of orderQ? and are always
@ negligible in comparison to the shifts we measure due to the
changes in the sample’s reactance.
As we discuss belowZs is determined by the complex
(a) microwave penetration depthin these films. The real part
of the zero-field microwave penetration depth(H=0) is
essentially equal to the London penetration detfat these
frequencies. The imaginary pax{(H=0) is proportional to
Rs(H=0). We extract\g from measurements of the mode
frequencies, determined by the stripline inductabhdhbat is
the sum of a geometrical componedry and a kinetic com-
ponentL, that depends ong and on film thicknessl. To
obtainL (\g) and the current density as a function of position
in the resonatol)(), we have used the results of Sheen
et all9 Shifts in the surface reactané&4(H,f,T,J,) due to
any external variable such &k, f, T, or J are determined
from the measured shifts in mode frequenciés by

GROUND _
PLANES SX(H,f,T,Ji5) =27 uof ONg
Al | = )1/2 d L(\g) 7151‘
= —4a1T — —_ ,
Mo Lo dhg R n
EXTERNALLY APPLIED dc MAGNETIC FIELD (1)
(®) where f,, and L,q are, respectively, the zero-temperature,

FIG. 1. View of the structure of a stripline resonat(a) Pat- Zero-fleldjrequency, and inductance of a resonant Lm)de

terned resonator line. The rf current flows in the plane parallel tdB€CaUses\g is proportional tosf,, and oXs=2m uof \g,

the resonator line(b) View of the resonator plus ground planes We Will generally quote the results for the shiftsXg in the

which form the top and bottom of the resonator cavity. The dcpresentation of the data.

magnetic field is perpendicular to the plane of the film and parallel We obtain\g(T=0,H=0) and the zero-field transition

to thec axis of the YBCO. temperatureTl . by incorporating the expression for the pen-
etration depth taken from the two-fluid motiéf

broadband power amplifiers. This allowed measurements of -
mode frequencies from 1 to 26 GHz. To prevent radiation ~ Ar(0)

losses, the resonators were sandwiched between two super- AR(T)= —F[l_(T/TC)4]12 (2
conducting ground planes which formed the top and bottom _

of a microwave cavitystripline geometry The sides of the into L(\g) in Eq. (1) to obtain the frequency shiff, for a
cavity were formed by a gold-plated copper package irgiven mode as a function af. The parametersg(0) andT,

which the resonator and ground planes were mounted. Thgre determined by fitting the mode frequency versus tem-
resonator, ground planes, and orientation of the applied fielderature data for the first mode.

are shgwn in Fig. 1. At most measurement frequencies, the 1ha surface resistand@,, which is proportional tc;\],
dynamlcs_, of the_ stripline completely dominate those of theWas extracted from th® andf, using the relationship
surrounding cavity. However, some of the modes of the reso-

nator are at frequencies very close to the modes of the cavity, (X 1)t
and the resulting strong coupling makes them unsuitable for Rs:w, 3
these experiments. Any residual cavity interactions with the Q
remaining modes were minimized by considering ofi;, ~ ) . . ) )
which is obtained by subtracting the zero-dc-figg from whereg(\r/d) is a numerically determined function which
the in-field Z; at each frequency. accounts for the finite ratio of the film thicknedgo rg.**°

The striplines were weakly coupled so the measuged The functiong(\g/d) also takes into account the stripline
was equal to the unloadeg. Stripline widths were selected geometry, the characteristic impedance of the stripline, and
so that at the frequencf, each resonator had a zero-field the current distributiod(r) within the resonator.
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By using g(XR/d) and L(XR) in Egs. (1) and (3),%°the  the losses associated with the motion of vortices. Further-
R, and\g determined from our data yield, for ac currents More, normal-fluid losses will contribute AR f? fre-

flowing in a semi-infinite half-plane: quency dependence which is very different from the
5 ARy(H)~f1? dependence we have measured in all samples
Z=Rg+iX=2mugif\, (4)  and at all temperaturé$

in which Ry is taken to have a positive value. In the present
work there are changes ¥ which result from the current-
driven depinning of vortices, but, as we will show, the over- In order to determine the contribution of the motion of
all changes in the penetration depth, as determined by theortices toZ,, it is necessary to determine the electric field
changes in the mode frequencies, are less than 20% of the they generate as a result of their displacementsThe
in-field penetration depth. Further, for the samples discusseelectric field is proportional to their velocity and is given

in detail, the condition\g<<d/2 prevails, so that th€ for by Ex3(¢ou) Where g, is the flux quantum and the sum is
these Samp|es iS Only Weak'y dependent)\@nlo In a" Of over all vortex Segments. We have Sh@What atTSTC/Z
these measurements, the magnetic fields generated by theafd f <25 GHz there are two principal types of vortex dy-
currents in the resonator are less than 1% of the applied d@amics that contribute to the overdl in high-T, materials.
magnetic f|e|d’ and’ as shown previouéMe zero-field sur- The first is due to the majority of vortices which are pinnEd
face resistance at all measured resonator currents is less thiinparabolic wells and whose viscosity is sufficiently small

B. AX arising from vortex motion

the in-field Ry at comparable currents. that their displacementsp are in phase with the applied
microwave current at all measured frequenéi#s?232The
IIl. THEORY second type of vortex motion, described by the displace-

mentsu,, arises from the thermally activated hopping of
In the following subsections, we present theoretical revortex segments between pairs of metastable vortex States.
sults for\ arising from the motion of vortices resulting from In this section we outline the calculation &% arising from
a dc magnetic field normal to the plane of the film. both kinds of motion.

A. X(H) in the limit of stationary vortices 1. Pinned vortex segments

In the absence of vortex motion, the field and temperature For the first case, vortices pinned in parabolic wells, the

approximately as density J4(,t) = J4()e?™ " perpendicular tH, are deter-

mined by a force balance equation of the foftn??
A L(O,T)

= AR ©) 27 pupl + apupl = Iu(F,1) ¢yl , @)

We are not sensitive to the temperature dependence of tfjgherel is the length of the pinned vortex segmentis the
upper critical field, becausél,~100T>H and is only linear vortex viscosity per unit length, ang- is the vortex

weakly dependent off for T<T,.1228-30we exclude the restoring force perlzuzr;it length. It is customary to define the
[ PR ,

temperature and field dependenceref from our determi-  PMNNg frequency****by

nation of AXy(l,s) by considering onlyA X=[AXq(l)

—AX4(0)] at a givenT, f, andH. This allows us to separate fo= @p 101 Hz, ®)

M (H,T)=

the temperature and field dependence ofAb€, due to the 27”1~

nonlinear motion of vortices from the temperature and field . . . .
dependence arising from changes\in(H, T). which is the frequency at which the pinned vortex segments

When we exclude the effects of vortex motion, the imagi—are no longer able to move fast enough to remain in phase

nary part of\ resulting from normal-fluid losses in the two- with the applied microwave field.
1y p 1. 9 The «p is related to the vortex pinning potential energy
fluid modef! is given as

U(u) by the relation
~ A
A - ) ~NL

A TR

A\ 2

—) } (6) 1 ¢*U(u)

6nf aAp=~ I— 72— (9)
where 6, is the skin depth of the normal fluid. In this fre-

quency and temperature regim&~3 um. Since the mea- In what follows, as other authors have ddné%??*3ye take
sured 6, are relatively small at low temperatures it is nor- | as the mean length ang, as the mean vortex restoring
mally assumed that a significant density of unpairedforce constant per unit length. Since our measurements indi-
electrons is present in extrinsic defects such as grain boundate thatAZ is proportional to the magnetic field we
aries and weak link&: Because\ | /5,<1 and becausk, is  conclude thaip is dominated by interactions between indi-
a weak function of magnetic field, the effect of the normalvidual vortex cores and pinning centers in the YBCO
fluid losses is almost completely contained in the zero-fieldsamples rather than by vortex-vortex interactions. Inverting
surface resistancgg(0). Thus, by subtracting the zero-field Eq. (7) and taking a time derivative afp gives the velocity
R,(0) data from the in-fieldRs(H) data at each temperature of an individual pinned vortex segment in response to the
and by focusing oA Ry(H)=R,(H) —R(0), we canisolate = microwave current density(r,t):



11970 BELK, OATES, FELD, DRESSELHAUS, AND DRESSELHAUS 56

VORTEX CORE rated by an energy barrier whose average height seen from
the two minima isU, and having an energy differenté;.

The number of these segments -atp is proportional to
(u,—rp), and the number of segmentsratis proportional

to (u,+rp). The mean velocity of the ensemble of vortex
segments moving from an initial site at mean positiony,

with respect to the barrier, to a final site at mean position
+rp is determined by the probability of the vortex segment
! ensemble being found atrp times the rate at which the
I segments are activated fromrp to +rp, minus the prob-
ability that the vortex segment ensemble istat, multiplied

by the rate at which the segments are activated frion to
—rp. The rate at which a vortex segment is activated from a
state is determined by an attempt frequehgwhich we take

to be~fp times the exponential of the instantaneous barrier
height seen by the vortex segment in that state. Therefore,
the velocity of a vortex segment hopping over an energy
barrier between two metastable states separated ry 2
driven by a microwave current densily perpendicular tdH

(a) is

H-FIELD

—Up—Ji(F, 1) dolr p— U5/2}

Up
—=—(up+rp)f,ex
VORTEX T ( h P) a F{ kBT

SEGMENT

—(up—rp)faex “Up T In(F D) dolrp U572
nore KeT :

11

In Eq. (11) the exponentials determine the rates at which the
vortex segments are activated over barriers of instantaneous
heightsUp+U s+ J4(r,t) ¢glr p. In what follows we define
frn=faexp{—U,/kgT} so Eq.(11) can be simplified giving

Uh }‘{rpl(i)oJrf(r,t)‘l‘Utg/Z}
——— = —ULCOS
2f kgT
(b) Th B
. | rpldgd(r,t)+Us/2
FIG. 2. (a) A metastable vortex segment of lendtiwith two +rpsin , (12
possible metastable pinning sitéb) The effective pinning poten- kT

tial seen by the metastable segment and the parameters describing?1 N1 o omift . .

this pair of states: separatiop , average barrier height, seen by ~ WNereJi(F,t)=Jy(F)e"™" andJ(r) is numerically deter-
the potential minima, energy difference; between potential Mined as discussed in Sec. Il. 3
minima, and segment length The energies of the two potential We integrateu(Uy,U 5, =up+Uup over the probability

minima areU,*U ;. distributions »(U,) and »(U;), discussed below, to deter-
mine the mean time-averaged vortex velodity) at each
. 1 2mif point in the resonator. This velocity is determined from Eqgs.
Up=r erf(f,t)%, (100 (10) and(12) by
wheref<fp for the data presented here. We expect, for the . % o /.
Ji levels studied in this work, thaty, will grow linearly with u(J,f,f,T)sz_och(;fo dubfo dt u(Uy,Uy)
Jit. As a result,AZ(H)=u/J; will be independent of the
current for the strongly pinned vortices. X[cog2mft)+i sin(27ft)]v(Up)v(Uy).
2. Hopping vortex segments (13

The second type of vortex motion which contributes to
AZ is the thermally activated hopping of vortex segments
between pairs of metastable states. Because of the time re-
quired to overcome the barriers between these states, theseln order to use Eq(13) to model the dynamics of vorti-
vortices respond more slowly td; and move distances ces, it is necessary to fined(U,) and »(Us) from the mea-
~2rp~2&~50 A. Figure 2 shows a metastable vortex seg-sured linear response of the system. In the linear limit, where
ment of length capable of moving between two states sepa-Jd;s¢or pl <kgT, EQ.(12) can be simplified to give

3. Determination of»(Uy) and v»(U s) from Z4(T,f)
in the linear limit



56 LINEAR AND NONLINEAR MICROWAVE DYNAMICS OF ... 11971

ral 2mif A stable states decreases and thereidRe also decreases. As
Uh={ W)Jrf(r,t)cﬁo, (14)  aresult, in both the linear and nonlinear limitsR is domi-
B ™ nated byr(U ) at smallU.
which has the same form as Hg0), but, as we will discuss, In this model AX; is determined by the number of vortex

the distribution off 1, is very different from that of . Asa  S€gments which are able to hop, with only a weak depen-
resultA Z, arising from thel, behaves quite differently from dence orlU,|. Thus, for largely, in order to fit our nonlin-
that arising from theip. At any temperature, the totalR;, €27 AX; data, we need to determine th€U ;) for all Us.
resulting from vortex hopping in the small; limit AR,  For largeJ; and energy independem(U ;) our numerical
«R(SUp,/Jy) is proportional to the number of metastable €Sults show that Xs=AX(l ) —AXs(0) grows withJy
segments for whichd ;<kgT and for whichfy,~f. Assum- &t twice the rate oA ;R;=AR(l 1) ~AR(0). This ratio of

ing an approximately constant distributiondf; in the range  2+Xs/AnRs is larger than the ratio of=1.5 that we obtain
U,<kgT, the number of states for whick) ;<kgT is from our measured data, indicating that the time-averaged
»(U ;=0)xkgT, wherev(U,) is the probability of finding €Nergy d|ﬁerenqe betwee;n two metastable stdtgdoes not
two metastable states separated by a given enegrgyThe becpme arbltranly large in our samples. Tlg can be con-
number of metastable states which have a gifgnin the strained in two ways: the first is to assume that the energy
spanAfy, is proportional to the density of barrier heights MiNiMa of bo_th metastable states tend to be lower than the
W[Up=KkgT In(fry/f)] multiplied by the factor U,/ energy maximum of the barrler between the_ states
dfrp)Afrn=(—ksT/f)Afry. Therefore, as we will dis- (Uo=2Uu), and the second is to assume thdl,) is a
cuss below, the overall samplAR(T,f )«SR(U/d,) is decreasing function of energy for large;. We have found

roughly proportional tou,, in Eq. (14) integrated overf, f[hat the simplest way to a_pproximate OH.IXS data _is to
where the integrand is multiplied by the factor introduce the parametdy 5, into our numerical solution of

w(U 5= 0)1[Up=KgT In(frn/f ) ke T f7p.* E_q_. (13) so that_v(U,;)zO whenU ;s is greater than the em-
As shown by Koshelev and Vinokur, the frequency de-Pirically determined valué&g. _

pendence of\Ry(T,f ) arising from vortex hopping in the !N order to determin&s from u we define the complex

linear regimé® is always~f'. To produce theARy(T,f ) effect!ve .vortex resistivityp, = B ¢qu/ J 4 arising f_rorglgtgée

«T! dependence that we find experimentally at low tempera€l€ctric field generated by vortex motioE€ gou).* ™=

tures and lowl ; (Fig. 4), »(U,) must be roughly indepen- Since the current density over the sample is not unlform, it is

dent of bothT and U, .1® However, the temperature depen- Néceéssary to do a spatial average oukf to obtain

dence of AR(T,f) is influenced by the temperature Po(lit,f,T) from p,(F,dy,f,T):

dependences of, |, Uy, andf,, the energy dependence of 5 ~

v(Up), and in additionAR(T,f ) may be affected by the AP 3E(F)p,(Iu(F), 1, T)

quantum-mechanical properties of vortices at low Pl 1. T)= (a3 I ())? ’

temperature3>3®*Because there is no detailed understanding

of the behaviors of these parameters, we do not attempt amherel is the total resonator currefid®rJ «(f) integrated

exact explanation of the temperature dependenca Rf, over the cross-sectional area at the current maximum of the

but rather we show that the behavior of the temperature deresonator standing wave.

pendence of the nonlineaR¢(J,;) is predicted from that of TheA,Z is determined from\| andp, by the following

the linearAZ. The product of/(U,~0) andr(Us~0) isa  equation->—**

fitting parameter that we obtain from our lineaRy data by

requiring the slope oARy(T) vs temperature to be equal to ~

the measured slope dfRy(T) arising from the hopping of ApZs=2mpolfN=2mpoif

vortices for each sample in the limit of zero current. In what

follows we define this slope asRs; and in addition, because This is the usual expression far, but here we incorporate

in the limit of zero temperature and zero curredRy(T)  oyr derivation ofp, (1) arising from a strongly disordered
does not extrapolate to zero, we add a small temperaturgning potential. It is this equation that, incorporating the
independent Ry, to all of our numerically genera?ed CUIVES yagyits of Eqgs(10), (12), (13), and (15), is used to fit our
so that the small; response of the measuredR; is acCu-  measyred data. In writing Eq16) we have neglected the
rately reproduced. These fitting parameters are given iRgfects of the normal fluid lossé&q. (6)], but as discussed
Table | for each of the samples. previously, these effects are removed from the results we

_ _ o present since we subtract the zero-fi&lg0) from the in-
4. AZ in the nonlinear limit field Zy(H).

(15

1/2

2 pv(lrfif:T) . (16)

A+

2mif ug

In the limit Jsbor pl >kgT, the microwave currentis able ~ When R[p, /(27if uo) <\ a first-order expansion of
to drive vortices between metastable states with energiegq. (16) givesA,Zs~p,, . Sincep,cu, the harmonic motion
U, ,Us>kgT so the allowed range df s which contributes  of the vortices pinned in parabolic wellgq. (10)] will con-
to Zs becomes much greater than at small current. In ordetribute a real part oZ,=f? for f<fp. As discussed previ-
for a vortex segment to move between metastable statespsly, for v(U,) roughly independent ob),,, the quantity
Ji(FM porpl must be greater than roughly,+|U 52| ARy arising from the hopping of vortices will be propor-
—kgT In f,/f. Therefore, a$U 5| increasesy,, decreases for tional to f*T* at low | ;. Because thé\R; arising from the
vortex segments which are able to hop. Wsdecreases, the hopping of vortices is<f! and isl ; dependent it is easy to
work done byl in pushing vortex segments between meta-separate it from the component &R arising from strongly
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pinned vortex for whichARs is |+ independent anckf2.
However, the two components afXs are more difficult to
isolate.

The AX((T,H,l) arising from the motion of vortices is
determined by the mode frequency multiplied by the number
of vortices which are able to move fast enough that they
remain in phase witH . For f<fp~10" Hz, all of the
pinned vortice§Eq. (10)] satisfy this condition, and for the
hopping vortices there is only a weak frequency dependence
of the number of vortices which contribute toX;. There-
fore, both populations of vortices giveX = f!. Because, as PP S —
shown previously, AX, is dominated by both the
| -independeni X4(T,H) of the pinned vortices for which
u(T,H) is proportional to f [Eq. (10)], and the
| -independent (T,H) which also contributes & X< f* FIG. 3. The(¢) show AR, vs currentl, for sample 1 at
dependenc¢Eq. (16)], we isolate the rf current-dependent t— 1 23 GHz andT=4.7 K for H=1 T. For reference the curve
AX(T,H,1y), arising from the hopping of vortices, by pre- (@) Ry(H=0 T) is shown. The inset shows,R; vs |,; on a loga-
sentingAy Xs=AXy(T,H,1 1) —AX4(T,H,0). rithmic scale in order to show the behavior at low values,afore

In the nonlinear limit, Eq(16) predicts that a contribution clearly. TheAR; is nearly constant fot;<0.03 A.
to ARg will result from the work done by,; as it pushes

each acyive vortex segment over its barrigg. This .wiI.I where the temperature dependencé(T), which will be
occur twice during each rf cycle so that the energy dissipated;miiar to that of AR(T), is obscured by the temperature

per unit time will be proportional td, and therefore\ Ry dependence ok X(H,T) arising from the majority of vor-
will still be proportional tof* in the nonlinear regime. The tices which are strongly pinned.

AyRs will tend to be determined by those vortices having

larger U, and U 5 values. Since increasind; will linearly

increase the mean values of tbg and the range of th& s IV. EXPERIMENTAL RESULTS
of the active metastable vortex segments, the energy dissi- _. . . '
pated by the metastable gegments for g)\:vhich Figure 3 showd\ 4R, at a field 6 1 T andRg in zero field

Jitdor pl >Uy ,U s will grow quadratically inJ,;. Therefore, for samplg 1 as a function  of fo_r f=1.23 GHz and
the electric fieldE e arising from the segments able to hop |~ 47 K. illustrating thaid yRs at 1 T ismore than an order

between metastable states increases]ﬁp\sand theAyRg of magnitude greater than the surfac_:e resstarhctb'l‘aove_r
- T ; . the measured current range. In the inset, kel T data is
«E/J; will increase likel ;; in the data. However, i#(U,) is

. - hown on a logarithmi le. ThgyR =1Tar
roughly constant, the additionAlRg, arising from the effect in? V\?eazl Ogge;endcezga gnl mﬁ;ms dlati SHSG A Iiloer
of thermally activating vortex segments over the energy bar; Y y rf L :

riers, will be comparable at all;, causing the number of l>0.06 A, AR, grows with increasind; and the sample
R it ; is in th li ime. | i h
states withirkg T of Up=Jyrébor pl 0 be independent af, . is in the nonlinear regime. In order to determine the vortex

: displacements arising from dr of 0.06 A, we have deter-
As a result, in the measured data at high the dependence . . '
of AR, on T, f, H, andl, is mined the vortex restoring force constarg from AXg and

Egs. (10) and (16), for the three resonators discussed here
AuRL(T.f.H I )~Hf al -+ AR+ AR, T, (1 (s_ee Table)L As_ we have showﬁ_,th|§ is an underestlmgte,
HR( ) [al S0 sl (A7 Gce we have ignored the contribution of vortex hopping to
wherea is a constant and thid dependence applies as long AXg As a result, the actuatp is 10-20% larger. The aver-
as bothH andl s are small enough so that the vortex systemage vortex displacement is approximatelyd,;¢q/ap, and

[=2]
o

\\
1 é n
Ry(k0)A,R (10)

PR P
N
(=]

L (A)

remains in the single vortex limtt:?? a resonator current of 0.06 A corresponds to a maximum
In addition, A X4(I)/f is proportional to the component current density in the stripline resonator of only
of the motion of the vortices which is in-phase widly; 1.8x10° Alcm?. As a result, for a measuredrp of

therefore, asl, is increased, the number of metastable seg3.6x 10° N/m? (sample 1.2 we determine vortex displace-
ments for whichl,;¢of pl >Uy, ,U s will increase asl sothat  ments of only 1.2 A atl;=1.8x10° Alcm? (14=0.06 A).”
Eeu arising from the kinetic inductance of the vortices will As this groug and other have found, the onset of nonlin-
grow like Jrzf, and Ay Xs will grow linearly with 1. For earity is at vortex displacements much smaller than that
large J, the states for whicl;¢or pl >U, areU s polariz-  £€~20 A required to significantly change the vortex pinning
able at all measured values bif As a result, in the nonlinear force?? In the range from (~0.1 to 0.5 A, Fig. 3 shows
limit, the component ofA X=AX(I;1) —AX(0)=E aris- thatAyRs(ly) changes by a factor of4 and isxl. The

ing from the hopping of vortices is expected to grow linearlylow value of current density at which vortices can be de-
with frequency ford;¢er pl >kgT. However, the magnitude Pinned is explained by the existence of energy barriers be-
of the contribution of the thermally activated vortices totween vortex states whose magnitudes extend to
ApXs is not expected to be changed appreciablyTam- ~ <KgsT In(fa/f). While the vast majority of vortices do not

creases. As a result, at high, A Xs(T,f,H,l ) is given by ~ gain enough energy frond; to move to adjacent states at
J,s=1.8x10° Alcn?, there is a small number of vortex seg-

ApX(T,f,H, I p~Hf als+AX(T)], (18 ments whose hopping probability is significantly increased
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FIG. 5. Plot ofAyRg vs currentl ; for sample 2 af=1.47 GHz

andT=5.0 K for three magnetic field§®) H=1T, (@) H=2T,
and(+) H=4 T. The curves show the fits of E¢L6) to the data.

FIG. 4. TheAR, of sample 3 divided by} at temperatures
from 5 to 30 K at 5 K intervals for four different frequenci¢#l)
f=1.69 GHz, (®) {=3.38GHz, (V) f=6.7GHz, (0O)
f=8.45 GHz. The dashed line, determined from these data, is of

slopeARg; and has an intercept &Ry . ) ) ) o
region. This result extends to highler values the findings of

by J,1, and these vortices contribute a nonlinear componentarious authors®*332who have found that the lined; is
to AR;s. In addition, the roughly 400% increaseAnRsthat  «<H in high-T. materials. At 4 T, howeverA,Rq(l ) in-
is o1 for rf currents between 0.06 and 0.5 A is consistentcreases faster thag at highl ;. This is a departure from the
with the expected behavior d&f;Rs in the proposed model model discussed here and may be the result of the onset of
with »(Uy) roughly independent dfl,. As J; is increased, collective depinning of vortice€%¢ As in sample 1(Fig. 3),
the number of vortex segments for whithy<J;¢orpl in-  the onset of nonlinearity in Fig. 5 for sample 2 also occurs at
creases linearly, as does the mean value ofupefor the  vortex displacements of only-1 A. The curves in Fig. 5
active states, so that the overalland E are both propor- show the fits of Eq(16) to the data. For this sample, we
tional to J4. ThereforeA RsxE/J is proportional tol . determine ARy, =4.7X10 'Q(T GHz)"! and ARy, =7.6

In Fig. 4 we show the lineakR/f,, at 2 T ofsample 3vs X 10 ‘Q(T GHz K)~* from the temperature dependence of
temperature for several mode frequencies. Samples 1 andtRe linearARq in the manner described in our discussion of
show similar behavior, as discussed in detail in Ref. 8. Thérig. 4. The free parameter for all of theyR, fits is the
similarity of the slopes shows thaiRs=ARsth+ARs,  productrpXI, which is the mean area of the vortex loop
WhereARS,Thocf1 results from the activation of vortices be- hopping between metastable states in response to the applied
tween metastable states a®; .2 results from strongly ~microwave current. For the fits shown in Fig. 5, the vortex
pinned vortices. The spreading in the curves probably arisel®op arear ol was taken to be 12 nfnin these fits, we lim-
from ARs , increasing slowly with temperature, but may re-ited the range of U; by assuming »(U;)=0 for
flect an error of 10—20% in the exponent 1.0 of the term dueJ s> U so=2U,,. However, this assumption only weakly af-
to vortex hopping. By linearly extrapolating the slopes offected the fits to th& R data. We have used the sam#,
these data td=0 we obtain an approximation for the slope U sy, ARy, andARg; values for all three magnetic fields in
of AR(T) arising from the hopping of vortices which we Fig. 5 because, in the single-vortex limit, we expect the re-
define asARg;. By extrapolating these data to=0 and sponse of the vortices with respectlipto be largely inde-
T=0 we find the zero-temperature intercept which we defingpendent of magnetic field.
asAR,. The dashed line shown in Fig. 4 is of slop&; Figure 6 shows a plot ciRs/f,, of sample 382 T and
and the intercept iAR,. The values fod Ry, andAR,; are 5 K as a function of microwave currehf at 3 resonator
listed in Table I for each sample and are used below to fit thérequencies: 1.69, 3.38, and 6.71 GHz. The inset to this fig-
sample data to the proposed model. The roughR T ure shows the\R,/f,, vs I for the same frequencies and
dependence seen in the componentA®,«f is consistent magnetic field but at 15 K. Because the curves in both the
with the proposed model if(U,) is independent o), for ~ main figure and the inset are parallel and offset from each
energies less thar 100 K as in sample {see Fig. 3 AsT  other by an amount proportional to the frequencies, these
is increased, both the number of vortex segments for whicleurves can be approximated &5Rs/f,=a(l s) +bf, where
Us<kgT, and the range of the), for the active states in- the functiona(l ) arises from the current-driven hopping of
creases linearly, so that the number of active states increasesrtices between metastable states for whigiRs>=f, and
asT2. However, due to thermal fluctuations, the polarizabil-the second term arises from the linear motion of strongly
ity of the states isc1/T [Eq.(12) and(14)] so thatl, and the  pinned vortices for whichARsxf2. Also shown on this
electric fieldE« ARy are both proportional td. figure are fits of Eq(16) to these data based on the values of

Figure 5 shows the change in surface resistahgB; of ARy, and ARy, obtained as described in our discussion of
sample 2 as a function of the microwave currepgt fields  Fig. 4. For the fits to the R4 data, the vortex loop aregl
of 1, 2, and 4 T fof =1.47 GHz andr =5 K. It can be seen is taken to be 26 nfa In order to fit theA 4R, data in Fig. 7
that theAyR; at 2 T isroughly twice that at 1 T, indicating we useU so=2U,+40 K which was determined through fits
that ARg at constant ; remains<H even in the nonlinear to the AyXs. However this relation betweed s, and U,
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this figure(solid curves are theA X predicted by Eq(16),
where we have used the same valued\&,,, ARy, rpl,
and U 50=2U,+40 K as those in Fig. §see Table)lL For
the vortex-hopping loss mechanism, the increasa ifXs,
which is proportional to the number of vortices hopping be-
tween metastable states, has roughly the same magnitude as
the increase iM\yRs. As discussed in Sec. Il B, thé X,
«fl frequency dependence of the fits arises because
A, X¢/f~Eou multiplied by the number of metastable seg-
ments that can be polarized By . For J¢or pl >kgT, this
polarizability is largely frequency independent so that
AHXSCXUOCf

The valuer=ALRq(l,1)/AuXs(l5) is a parameter often
used to differentiate between vortex loss mechani&s.

FIG. 6. TheA,R./f, vs currentl; for sample 3 at a tempera- 1he inset to Fig. 7 shows a plot ofvs. I ;s taken from the

ture d 5 K and a magnetic fieldfa2 T for three frequencieg:®)
f=1.69 GHz, () f=3.38 GHz, and(V) f=6.71 GHz. The

surface resistance and surface reactance data plotted in Figs.
6 and 7° These data and the results of the proposed model

curves show the fits of Eq16) to the data. The inset shows the (solid line) both show arr value which decreases with in-
ApRs/f, vs 1 data for sample 3 at a temperature of 15 K and acreasing ;. As others have showi{;*°r values near 1, such

field of 2 T for the same three frequencies.

only weakly affects the fits to thAy R data in Fig. 6. The
onset of a lineat s dependence foh R, /f,, is at a lowerl

as those in this inset, are typical of hysteretic loss
mechanismé? The values ofr~1 for this type of loss
mechanism arise because the motion of metastable vortex
segments increases both the vortex lattice polarizability,

for sample 3 than in samples 1 and 2 which arises from thavhich is the measure af;X,, and the vortex energy loss,
largerr pl.3” One of the most striking features of the data in which determines\;Rs. This is not generally true of other

Fig. 6 is the strong linear component to thedependence of
AyR/f,, which extends over AR, /f, change of roughly

loss mechanisms. For instance, thesalues are less than
102 for the nonlinearities due to the breaking of Cooper

32 uQ/GHz. For thef =1.69 GHz data, this corresponds to a pairs into quasiparticles or to the nonlinear inductance of

variation of ~800% asl grows from 0 to 0.9 A. As in
sample 1(Fig. 3), the linear ;; dependence ak R, supports

weak links, based on a quasiparticle relaxation time of
~10 1353841 while the current-induced heating of super-

the assumption that the density of energy barriers betweefonducting weak links is expected to generatealues of
metastable vortex stategU,) is roughly constant. As these about 200

data showRs~ 1 in the nonlinear limit. This arises because

metastable segments are driven frommp to rp and back

Figure 8 shows data for theyR; andA X as a function
of I for sample 3 at temperatures 5, 10, and 15 K for a

with each rf cycle. Since the energy loss in each transition ignagnetic field 62 T and a frequency of 1.69 GHz. Also
the sameA 4R, arising from the proposed model is approxi- sShown in this figure is the fit of Eq16) to these data, in

mately proportional to frequency.
Figure 7 shows the changes in surface reactangé, of
sample 3 as a function of resonator currgpait 5 Kand 2 T

for the frequencies 1.69, 3.38, and 6.71 GHz. Also shown in

1000, t_q1e9GHz | 103

< 075 e v ]
. 0.50 1

i 0-2(5) f=6.71GHz {g2

f=3.38 GHz |
(=] p

— 0
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FIG. 7. TheAyX, vs currentl  (right scalg for sample 3 at a
temperature 05 K and a magnetic fieldfo2 T for three frequen-
cies:(¢) f=1.69 GHz,(O) f=3.38 GHz, andV) f=6.71 GHz.
The curves show the fits of E¢16) to the data. The inset shows
r=AyRs/ApXg vs |y for (M) f=1.69 GHz.

which we have used the values Rf,, Rg;, andrpl previ-
ously determined for this sampl@able ) at each of the
three temperatures.
In Fig. 8(@) the fits toAyRs are essentially straight lines
with the same slope, offset from each other, which results
from the assumption that(U,) is roughly independent of
U, to energies of at least several hundred Kelvin. This im-
plies that the number of pairs of metastable states wkpin
of those withUpy~Jdrpl is independent olJ,. In the
data, however, there is an increase in the separation of the
three data sets dg increases. At=0.7 A, the separation
between the surface resistance curves at the three tempera-
tures has increased by roughly 35% or4 ¥ 6() above its
value atl=0.2 A.This increasing separation could be in-
corporated into the fits to the data by causi{d),) to in-
crease slowly withJ,; however, the increase in separation
could also arise from an increase in the loop arglawith
increasingl . As shown, however, the fits to the data are
quite good without adjusting eithe(Uy) or rpl.

Figure 8b) shows the correspondingy, X data and the
fit of Eq. (16) to these data, with the same valuesAdRy,,
ARg;, Ug, andrpl as Fig. &) (see Table)l For largel
the A, X, of the 15 K data are roughlyuf) less than that of
the 5 K data. However, the fits to these data suggest that the
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T thermally activated hopping of vortices between pairs of
I v v metastable states separated by a uniform distribution of en-
[ VDC‘ ] ergy barrierd In the present work we show that the same
100} v ] model which is able to explain the frequency and tempera-

I 1 ture dependence in the linear regime is readily employed to
explain the nonlinear regime.

Our results show that at low temperatures the onset of
nonlinearity is atl ;~2x 10° A/cm?, which is comparable to
the values given by other authors. For instance, Golosovsky
et al!? also report a threshold value of X20° A/lcm? at 5
K, and van der Beelet al?? report typical threshold values
of 1.0x 10° A/cm? at low temperatures. Though there is little
previous experimental work to characterize the frequency
and temperature dependence of the vortex-indutgd.,,
there are a number of theories which have been proposed to
address the nonlinear response of the vortex system; such
theories generally assume a uniform vortex pinning poten-
tial. Van der Beeket al?2 propose that the vortex pinning
potential is sinusoidal i, and that for large vortex dis-
placements > £~20 A), the potential becomes nonpara-
bolic, introducing nonlinearities. However, this model cannot
explain the onset of nonlinearities at vortex displacements of
~1A<g=20A7%8

Other theories address the creation and destruction of vor-
tices by the ac magnetic fiefd:*> However, in our measure-

) 1 (A) ments, the peak rf field is- 1% of the dc magnetic field, so
the variations in the vortex population arising frégpncannot

FIG. 8. (8) The AR, Vs currentl ; for sample 3 at a frequency gccount for the&Hst 300% variation we see in response to
of 1.69 GHz and a magnetic field B T for three temperatureg) ~ Increases irl; (see Fig. 5.

T=5.0 K, () T=10.0 K, and(V) T=15.0 K. The curves show In addition, there are theories which suggest that at suffi-
the fits of Eq.(16) to the data(b) AyX, vs | for the three tem-  ciently high vortex velocities, the vortex viscositywill be
peratures shown@): (¢) T=5.0K, (0) T=100K, and(2) reduced®*orincreased” At low temperatures, the theories
T=15.0 K with fits to Eq.(16). that suggest that will be reduced predict a reduction in
Ay Rs with increasingd,; for pinned vortices, contrary to
surface reactance at 15 K should be roughly@7ess than ~ what we find. The theories that predict an increasirapply
that of tte 5 K data at ;=0.7 A. This discrepancy would be to vortex velocities greater than 2000 m/s. However, at 1 A
largely eliminated if the spreading of the,Rs data were displacements and 1.23 GHz, our vortex velocities are only
incorporated into the fits in Fig.(8), and would result in a ~1 m/s. So our vortex velocities are too small to test either
reduction in the separation of the, X, fits in the inset to  of these theories.
Fig. 8b) by roughly 7u€. Anderson and Kirff proposed that the effect of the cur-

In Figs. §a) and 8b) the data atl>1A for the three rent density would be to reduce the effective barrier heights
temperatures and the separation between the data sets far the hopping of vortices; however, they assumed a uni-
crease rapidly with increasing;. These increases probably form periodic pinning potential that would lead to AR
indicate a more general depinning of the vortex lattice. Force™ UP/8TsinhJ/J. dependence. Our data show a roughly
sample 3, a resonator current ¢f;=1 A produces a linear increase imM\yRs with increasingJ,; contrary to the
J~3x 10" Alcm? on the edges of the resonator which cor- €xponential increase iR predicted by Anderson and
responds to a mean vortex displacement on the edges of tifdm. Further, because this model assumes that the potential
resonator ofl s¢o/ap~30 A=~ ¢, roughly the pinning range U(u) is uniform, the effect of in loweringU(u) would be
of many types of defects. At this displacement a substantido exponentially increase the population of thermally acti-
number of vortices can be depinned. With of 26 nnf, a  vated free vortices which, in the limit, > p/27i uof, would
current density of % 10" Alcm? corresponds to aJ, of  give® AR f% Thus, Anderson and Kim’'s model would
~1000 K. lead to a frequency-independent loss rather thanAhB,

«f! dependence exhibited in our data.

8,R(n0)

120 AD |

A X, (hQ)

V. COMPARISON WITH RELATED WORK

. . . . VI. DISCUSSION
This is the first comprehensive work to characterize and

explain the low-temperature dependenceAdg on I in The model proposed in this paper for nonlinear vortex
high-T.. films in the mixed state H>H_;) at microwave dynamics assumes a strongly disordered pinning potential
frequencies. We have shown previously in the linear regime&nd vortices whose current-dependent hopping is dominated
at low microwave current that the frequency and temperatury pairs of metastable states. By quantitatively treating the
dependence of the dynamics of vortices can be explained bgffects ofJ,; on the effective energy barrier heights between
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metastable states, as well as by explicitly considering théor | for strongly pinned vortex segments we equdtedo the
probability distributions»(U,) and »(U;), our model for  pinning energy for a vortex segment. From K9), the vor-
the high-frequency vortex dynamics reproduces the follow+tex restoring force per unit lengthp is determined by the
ing features of the experimental data: tbﬂRs,AHxsocI,?f curvature of the pinning potential. Since the range of the
current dependence, thaR,,AX xfl frequency depen- pinning potential is roughlyp, the pinning energies-U,
dence at alll,;, the ARexT! temperature dependence at are estimated to beplr 2/2.”?° For the material parameters
smalll ¢, and theA Rsx[a(l)+T]f! at largel s, where given in Table | we find that thefor pinned vortex segments
a(ly) is independent of temperature. Further, as we discussanges from~ ¢ to ~100 A. These small values fdrsug-
below, the values afpl andU sy determined by the proposed gest that the vortex lattice is strongly disordered and that the
model are consistent with the expectations of collectivedistribution of pinning energies will be very broad. For
pinning theory. weakly pinned metastable vortex segments we expecbe
In order to understand the parametegsandl, we must ~somewhat larger. However, since our measukedocH the
consider the properties of vortices in high-materials and vortices are in the single vortex limit andfor metastable
the nature of their pinning. As others have shoiffithe  vortex segments will be less then the vortex separation
vortex pinning potential arises from the competition betweeray,~300 A .>°
two characteristic vortex energied) the elastic energy for From U,, rp, andl determined above, we can estimate
the deformation of the vortex lattice by vortex pinning sites,the energies that characterize metastable vortex segments.
(2) the sample pinning potential resulting from the randomSetting U, ,Us equal to U,, and rp to 20 A we find
distribution of defects. Up,Us~U(rp,l) range from~100 to~5 K for é<l<ay.
Because of the small vortex core size in highmateri- If we assume that the values for the horizontal displace-
als, vortex cores are sensitive to the energy variations arisingients of the vortex loops, for our samples is about
from point defects such as atomic vacancies or interstitialsé~20 A, the dimensions of the vortex loops found through
Others have shown that the density of these defects in higlfits to the proposed modgEq. (12)] are consistent with the
T. materials is as high as 10 defects per core per layer ipredictions discussed above. Fgr=20 A in sample 2, we
high-T, materials**"*¥ The high density of metastable pin- find from ther pl = 12 nn? that the mean metastable segment
ning sites that can explain the functional forms of our meadength| is 60 A. Similarly for sample 3, using the samg
suredAZg(l4,T,f,H) we find in our results is consistent andrpl=26 nn?, we obtain arl of 130 A, and for sample 1
with their findings. Because of their small size, the potential =95 A. As discussed above, these lengths are consistent
U(r)~ —Ugexp —3r%/2¢%] arising from point defecf¢'’ es-  with the theories of collective pinning in the single vortex
tablishes a minimum length far,>£~20 A for our YBCO limit, which predict that a typical length of metastable seg-
samples. ments| will be between¢ and the vortex lattice constant
We put an upper bound on, and estimate the mean a,=./¢o/H~300 A for the field range studied above. Our
length | of a pinned vortex segment from the results of determination of is also in good agreement with the values
collective-pinning theory which shows that the elastic enerdetermined from the onset of nonlinearity in these samples
gies of the random deformation of the vortex lattldg are  from which| is’3>>°
comparable to the energies of the pinning sites deforming the
lattice. As a result, we fint g~ Uy ,U 5."490 Jo\ 12
In the low field single-vortex limit of collective-pinning |~§<3_) '
theory®°%®lthe dominant elastic lattice energids, are tilt- ¢
ing energies and arise from the motion of segments of vortexthereJo~ 10> A/cm? is the depairing current density. If we
cores of lengtH with respect to the rest of that core. Thesetake J. to be 1.8<10° A/cm? for sample 1(Fig. 3), we ob-

(21)

energies are characterized by a tilt modulds>? tain a value foll of 90 A which agrees well with our experi-
mental findings of ~95 A.
V3H ¢, With the proposed model, we are able to fit the measured
™ m, (19 current, frequency, temperature, and field dependence of

both AR and Ay X, using two adjustable parameters per

whereI'=\, /\;~5 is an anisotropy factor. The energy of sample: the vortex loop areal which determines the rate of

displacementJ, of a vortex segment of lengthby a dis- increase ofARy(l) with increasingl s and the shape of the
tancerp is distribution »(U s5) which is determined byJ s,. In fitting

these data there are two issues that have yet to be resolved.
U~CaVo(rp/)?, (200  The first is that the lineadRy data have axf'! to f*4

frequency dependendé, while this model, using the ap-
whereV,, the correlated volume of the vortex lattice, is the proximations we have made, predictd R,(f ) proportional
size of the lattice section within which all vortices are dis-to f°. The second is that, although the,R(T) data grow
placed by less thag from the locations that would corre- linearly with temperature as predicted by the model, the
spond to a perfectly ordered latti¢tIn the single-vortex component ofA;R(T) which isef! extrapolates to a small
limit, this volumeV, includes only one segment of length  positive value in the limit of zero temperatu¢see Fig. 4.
and Vc~agl, whereay=(¢o/H)Y2 From Eq.(20) we see  Both of these effects could result in part fromv@J,)) which
that asrp increases the tilting energy for the vortex segmentdecreases with increasirld,. However, we see no strong
increases quickly particularly for smdll ThusU;, tends to indication of such an effect in thé; dependence of our
limit rp to ~&. In order to determine an approximate value temperature-dependence désee Fig. 8. It is more likely
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that the deviations from @R(f )«f' frequency depen- ture, frequency, magnetic-field, arlg dependence of the

dence arise from additionalRy(f ) f* viscous losses. nonlinear microwaveZ, in YBCO thin films if the barrier
heightsU}, between metastable vortex states in the linear-
VIl. CONCLUSION response model are replaced by effective barrier heights

whose magnitudes art,— J(r,t)rpl py. By fitting our

We have presented measurements of the microwave sunonlinear response data to this model, we have found that the
face impedance for YBCO thin films in the mixed state as ehorizontal displacements of the vortex segments
function of microwave current from the low-current, linear ~¢~20 A and the lengths of those segmeits100 A,
regime to the strongly nonlinear regime lgt~1 A. Mea-  both of which are well within theoretical expectations.
surements were obtained in static magnetic fields of 1to 4 T
(well aboveH;~0.1 T) as a function of frequency from 1.2
to 8.5 GHz at temperatures from 5 to 15 K. As this grotip
and other¥!3 have found, the results indicate thag is The work at MIT(AFOSR Agreement No. F49620-95-1-
roughly proportional to the dc magnetic field, indicating that0027 and at Rome LaboratoryAFOSR Agreement No.
we are studying the interactions between individual vortex-30602-95-2-0010was supported by AFOSR. At the MIT
cores and pinning sites in the YBCO films. Lincoln Laboratory, the work was supported by the Ad-

Previously we have shoWrhat in order to describe the vanced Research Projects Agen@RPA) under the aus-
linear response of vortices in high- materials it is neces- pices of the Consortium for Superconducting Electronics
sary to consider the thermally activated hopping of vortex(CSE. We wish to thank R. P. Konieczka and D. Baker for
segments between pairs of metastable vortex states. In tielp with device fabrication, G. Fitch for help with program-
current work we have shown that this same model, first proming, and Dr. A. C. Anderson of MIT Lincoln Laboratory
posed by Koshelev and Vinokur at low frequencies andlfor for supplying the highF, films, for many helpful discus-
approachingT.,'° can be extended to explain the tempera-sions, and for critical reading of the manuscript.
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