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Field, temperature, and frequency dependence of the surface impedance of Y50 thin films
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Measurements of the complex microwave surface impedance of(B@; (YBCO) thin films in a copla-
nar resonator geometry are reported for a number of films as a function of temperature and field at 8 and 16
GHz. Values are derived for the temperature and field dependence of the Labusch pinning pargareddor
the temperature dependencemfwhich are consistent with an independent flux-line model with only weak
interflux-line interactions. The observation of losses in the mixed state scalingwag and of an effective
pinning potentialu ~6kgT are shown to be consistent with a glassy-state model, with flux lines thermally
activated between local pinning sites separated by energy barriers with a wide range of values extending down
to meV energies. The induced curvature of flux lines between point pinning centers is shown to be unimportant
in determining the observed microwave properties.
[S0163-182698)00605-3

. INTRODUCTION dence close ta'? Belk et al. and Revaneet al. interpret
their measurements in terms of a glassy-state model with
Microwave measurements on high-superconductors in - thermal activation of flux lines between a range of closely
a magnetic field probe the intrinsic dynamics and pinning ofspaced metastable states as discussed by Koshelev and Vi-
flux lines by defects, helping to elucidate properties of intrin-nokur (KV).1! We adopt a similar analysis and, in agreement
sic theoretical interest in addition to those that affect thewith Belk et al,, deduce a distribution of pinning energies for
performance of microwave devices. Coffey-Clelave de-  the trapped flux lines that extends to very low energies. As-
veloped a self-consistent mean-field theory for the electrosuming such a model, the microwave losses associated with
magnetic properties of flux line®r bundle$ moving in a  the thermally induced transitions probe the distribution of
periodic pinning potential under the combined influence ofavailable energy states on an energy scale of dkg&r
the induced electromagnetic currents and thermal fluctua- Deviations from the frequency dependence of the micro-
tions. The model also includes contributions to the losses andave losses predicted from the mean-field theory could, in
field penetration from quasiparticles thermally excited acrosgrinciple, also arise from the frequency-dependent spatial
the energy gap. At low temperatures, when contributiondending of flux lines between point pinning centéas the
from the thermally activated quasiparticles can be neglectedurface or in the bulkassociated with a finite line tension, as
(at least for ars-state superconductoand where flux lines considered by Sonin, Tagantsev, and TraftSuch a model
are largely localized close to the minimum of a periodic pin-makes specific predictions for the frequency dependence of
ning potential, the Coffey-Clem model reduces to a ratheboth the real and imaginary parts of the surface impedance,
simpler form introduced by Brandtwhich highlights the  which we consider in Appendix A. If the distribution of dis-
different frequency dependences in the microwave losses exances between pinning centers along the length of a flux line
pected from intrinsic damping and induced thermal activadis appropriately chosen, it would, in principle, be possible to
tion of flux lines between pinning centers. model frequency-dependent losses proportionafmver a
Flux-line dynamics of high-temperature superconductorsange of frequencies with any value gfbetween 0 and 2.
in the mixed state have been investigated by measurements Mean-field theories, in which flux lines are treated inde-
of the complex microwave surface impedance using a varietpendently, like the Coffey-Clem and Brandt models, fail to
of techniques The majority of such measurements havedescribe flux-line dynamics at low frequencies, where the
been confined to a single frequency, from which it is notcombination of flux-line interactions, thermal fluctuations,
possible to distinguish between viscous damping and thermaind local pinning leads to a liquid-glass transition. The prop-
depinning of flux lines, which lead to different characteristic erties can then be described by scaling arguments leading to
frequency-dependent losses. If thermal activation is ignoredan infinitely large dc-conductivity at small currertsn con-
the low-frequency losses are expected to vary s trast to low-frequency measurements, there is little evidence
whereas thermal activation losses do not vary with frefor any major change in the temperature or field dependence
guency. Our measurements and previous measurements bf microwave penetration or losses on passing across the
Belk et al® and Revaneet al!° suggest a frequency depen- liquid-glass transition for YBCO thin films and single
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crystals'* However, Booth, Wu, and Anlagehave observed 1-j(oTy+ Uwr)]Y?
a crossover in frequency dependence from a mean-field to a Ai=Nc
scaling model below-10 GHz for temperatures above 80 K
in YBCO thin-film samples. The lack of any significant In the above expressions,, is the London penetration
changes in microwave properties on passing through thingth, )\C:((I)OB/KpMO)llz is the Campbell penetration
liquid-glass transition in other microwave measurements orepth?° and r,= 7l k, is the time constant for the viscously
YBCO single crystal¥' suggests that an independent flux damped motion of flux lines in their individual potential
line rather than a collective motion scaling model analysis isyells. Consistency with the zero-frequency Ambegaokar-
appropriate for analyzing our measurements. Halperin result for thermally activated flux flow resistivity
In this paper we present detailed measurements of therAFF) requires that the characteristic time for thermal acti-
field and temperature dependence of the complex microwavgation across the pinning barrief,= 7, exp(2/kgT). We
surface impedance for a number of epitaxial thin films grownnote that the viscous damping and thermally activated creep
by electron-beam coevaporation, sputtering, and laser ablaerms have different frequency dependences. Measurement
tion. Measurements have been made using a coplanar filtef the field and frequency dependence of the complex pen-
technique at 8 and 16 GHz. Such measurements enable basfration depth, therefore, enables us to derive all the param-
the penetration depth and microwave los8¢e be deter- eters entering Eq2).
mined absolutely and allow us to separate contributions to For ans-state superconductor in zero field, the number of
the microwave properties from the viscous damping andhermally excited normal-state quasiparticles decreases expo-
thermal depinning. nentially with temperature and should, therefore, be negli-
gible at low temperatures. However, fordastate supercon-
ductor, the presence of nodes in the gap parameter results in
ll. THEORETICAL MODELS a power-lawT dependence at low temperatures. Impurity
scattering leads to a broadening of the energy statd® a
dependence, and small but finite microwave losses at low
temperatured! In practice, the zero-field losses are always
significantly larger than predicted by either or d-state

2

2. 2
1+ w 7o

The Coffey-Clem(CC) theory describes the ac response
of viscously damped flux lines moving in a periodic pinning
potential U cos(2mx/d) subject to the microwave-current-
induced Lorentz force acting on the flux lines; it also self-

consistently includes the effects of thermal fluctuations. Th _odtels. It |stthersfore lésu?Itto ac_jrd ?ntﬁdd!t'ﬁ?ﬁl’ n(;)n!(r;trln-
problem is closely related to the ac response of an ioni¢'C: feMperature-aependen eR(T) to the right-hand side

conductor in a periodic potential, which was solved using theOf Eq. (1), which for analysis purposes is assumed to only

method of continued fractior$. CC truncate solutions to d;ép?ﬂ((ji tﬁn ft.eﬂp(;araturg and frequing);. Wethhaved aI?o ne-
first order to reproduce the Ambegaokar-Halperin ré&édir glected the Tield dependence expected from the reduction in

the dc response of a viscously damped particle moving in %ooper pairs in t.he core .Of a flux I!ne indastate supercon-
periodic potential, leading to a dc mobilify,lo(U/kgT), uctor, WD'CQZW_'". give rise to a_ﬂeld—d_ependehpocll[l
whereu, is the mobility in the absence of pinning ahglis ~(B/Bcy) "] giving a gurvature in the field dependence of
a zero-order Bessel function of the first kind. CC also takeXS(B) of the opposite sign to that observed. .

into account contributions to the dissipation and penetration Two “?e““' limiting forms Of. Eq.(1) are nov‘é given.
of microwaves from normal excitations thermally excited ©"a@nges in the real part af, (which we write as\; here-
across the gap. The ac response is essentially determined Bffe? With magnetic field are given by

four terms; the viscously damped induced motion of flux B 1

lines about pinning centers, the thermal excitation of flux A)\EZIC:MZ;:L_Z,
lines between pinning centers, and contributions from the MoKp 1+ o g
superconducting and thermally excited quasiparticles. The . _
thermally induced quasiparticle term is usually negligible inS° thatA\zcand, in the limitAXs>ARs, AXS should vary
comparison to the field-induced terms, other than very closdnearly with field assumingcy, t be field independent. Sec-
to Te. CC show that thermal fluctuations not only lead to©Ndly, at low fields whem>Ac,

transitions between pinning centers but also reduce the effec-

(©)

2 .
tive pinning force described by the Labusch parameter® Zem i powh,| 1+ Ao [1-j(oTy+ UwTc) @
At low temperatures KgT<<U), thermal fluctuations in s 0T Kf 1+ wzrg '

the CC model are relatively unimportant and flux lines re- ) o

main largely localized close to individual minima of the pin- IN_ this limit, - ARs/AXs=w7o+ lw7c, where ARs

ning potential, with only occasional thermal activation be-=Rs(B) ~Rs(0) and AXs=Xg(B) —Xs(0). Measurements
tween pinning centers. The Coffey-Clem predictions ther@t.more than one frequency are, therefore,'requwed to deter-
reduce to a rather simple expression introduced by Brandt™Mine 7o and7¢ independently. For self-consistency, the val-
in which the complex microwave surface impedarte U€S ofry obtained by this mtzethod should also account for the
=Rg+jXs=j mow 4 Can be written as frequency dependence af ;. determined from Eq(3).

. EXPERIMENTAL
N2=N2HNE, (1) , _
ac L fl
Microwave measurements were made using coplanar
resonator structures lithographically patterned from 350-nm-

where thick YBCO thin films on(100MgO substrates. Measure-
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TABLE |. Sample numbers, growth techniques, and values for 06
the pinning parameter, (20 K, B=0). & denotes the deviation
of AN2_ from a linear field dependence where data is fitted using
AN2=B*?, as in Fig. 3. In the table EB indicates electron-beam
coevaporated films; LA, laser ablated® and SP, sputtered.

Growth kp (20 K, B=0)
Sample no. technique (10° Nm™? )
1 EB 5.3 0.15
2 LA 2.15 0.28
3 EB 4.5 0.1
4 EB 3.3 0.3 0.0 I :
> =B 3.7 0.1 0.01 0.1 1 10
6 SP 0.9 0.4 ) ’

ments are reported for a number of films grown by laser FIG. 1. The onset of nonlinearity in our films illustrated By

. o3 . o3 ) : as a function of peak current flowing at the conductor edge for
ablatior, sputterlng% and electron-beam coevaporatﬁﬁ‘n. arious applied fields for sample 1 at 15 K. The current is scaled to

Samplg numbers and growth technlqges .are listed in Taple Yhe current which causes the onset of non-linearity in zero field,
Patterning was performed by a combination of wet chemicafhich corresponds to a current density~10 MA cm 2. These
etching and argon ion beam milling to give clean, well- measurements are performed on all films to ensure that our data is
defined edges. Dielectric resonator measurements on the Ugaken well within the linear response regime at each applied field.
patterned films before lithography showed that the subse-

quent lithography led to no detectable degradation inbecause of magnetic hysteresis and nonuniform penetration
properties® of flux.

Two coplanar resonators were fabricated for each film. The microwave response remains linear up to high power
The resonators had a 2@0n-wide, 8-mm-long center con- levels, see Fig. 1, where the data have been plotted for peak
ductor separated from adjacent ground planes by arh2- current levels normalized to the peak current required to in-
gap for the “narrow” resonator and a 7@m gap for the duce the first indication of nonlinearity in zero field. Experi-
“wide” resonator. The resonators were mounted in a careinentally, this was very similar to the measured dc critical
fully designed microwave package and placed in a heliunfurrent(~10" Acm2 at low temperaturgs This indicates
continuous flow cryostat enabling measurements to be madée high quality of the films and patterned edges. All data
from ~6 K to room temperature. The cryostat was mounted®resented in this paper were obtained at power levels in the
in the core of a 6.5 T superconducting magnet with its fieldlinear regime, well below the onset of nonlinearity.
perpendicular to the epitaxialb plane of the thin film. Mi-
crowave measurements on the first two coplanar resonator IV. EXPERIMENTAL RESULTS
modes at 8 and 16 GHz were made using an HP8722C vector
network analyzer. The microwave and measurement system Examples of the temperature dependenceXgfand Rs
was under computer control, enabling measurements to bxtracted from the microwave measurements on an electron-
made as a function of temperature, field, microwave frepeam coevaporated thin-filisample 1 coplanar resonator
quency, and power level. The resolution of the resonant freare shown in Fig. 2 for a number of applied fields. Both
quency and bandwidth was further improved by signal avercomponents of the surface impedance are strongly field and
aging and computer fitting. temperature dependent. We note tRg& X at all fields and

By combining measurements of the changes in the centdemperatures. Measurements could not be made at higher
frequency and bandwidths of the resonances for both théemperatures because tQevalue of the resonators became
narrow- and wide-gap resonators, absolute values fot00 low to measure with any accuracy.

M.{T,B) and microwave losses can be extracted, and hence In Fig. 3 we have plotted the field dependencesafy, for
values forRs and Xs. The method is described elsewh&re four samples at several temperatures measured for the fun-
and is based on the computed current distribution in the thiglamental and first-harmonic modes. Although the incremen-
films as a function of penetration depth and resonator dimertal increase in penetration depth is approximately lineds,in
sions. The larger concentration of currents flowing near théhere is significant curvature suggesting that the pinning for
edges in the narrow resonator leads to a larger kinetic indudhese films is weakly field dependent. The solid lines in the
tance term. figure represent a fit to Eq3), where we have included a

All field measurements were made on heating the sampléield-dependent pinning constant giving rise to a change in
in a constant applied field after first cooling in the appliedthe penetration deptA\2.B'*?. Values of § and kp(B
field from well aboveT ¢ to low temperatures. Such measure- =0) are included in Table |. Measurements on six different
ments were reversible on thermal cycling within our experi-thin films, which included samples grown by electron-beam
mental accuracy 0.2 K), consistent with the flux in the coevaporation, laser ablation, and sputtering showed a clear
film remaining uniform and constant. In contrast, measurecorrelation between the magnitude ©f and the curvature
ments in swept fields below 65 K were always hysteretic, coefficients, where the larger the, the more linear the field
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TABLE Il. Flux line parameters extracted froRg/AXg and
A)\ﬁc data (see text for detai)sfor samples 1 and 2 at various
temperatures.
g
N7 Sample 1
T Kp 7 nlkp, T T U
(K) (1°Nm™) (100'Nm™2s) (p9 (p9 (p9 (meV)
1 I 10 6.5 15.0 23 0.3 300 6.0
°© % e 90 20 5.3 12.2 23 06 159 9.6
@ T®) 30 4.0 11.6 29 04 100 143
25 40 3.1 8.4 27 06 83 17.0
50 2.0 5.8 29 08 87 202
60 1.1 3.2 29 10 80 227
s 65 0.7 2.7 3.8
& Sample 2
= 10 2.7 6.75 25 08 174 4.6
20 2.2 5.72 26 1.0 110 8.1
30 1.8 5.04 28 12 99 11.0
40 1.4 3.92 28 1.1 77 146
T 50 1.0 2.80 28 14 73 17.0
®) 60 0.7 2.10 30 13 66 200
FIG. 2. Typical measurements of the temperature dependence 66 0.5

Xs andRg extracted from bandwidth and frequency shift measure

ments plotted for various selected applied fields for the 8 GHz

mode of sample 1. line viscosity »= k7. Values ofk, and 5 for samples 1
and 2 derived in this way from measurements at several tem-

dependence ah\3. This is consistent with the deviation in peratures are included as the first three columns of Table Il.

linearity being attributed to weak flux-line interactions, Similar field and frequency dependences were observed for

which become more important when the flux lines are onlyall six resonator pairs investigated.

weakly pinned by defects. We also note the slight decrease in In the absence of thermally activated flux motion, the

ANZ. with frequency, consistent with the?75 term in the
denominator of Eq(3). By fitting the 8 and 16 GHz data to
Eq. (3), we can extract botl, and 75, and hence the flux-

0.08

0.09

flux-line contribution to the losses in the strong pinning limit
(Xs>Rg) are expected to scale as?, as in the Meissner
state. However, in practice, the losses scale more nearly as
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FIG. 5. The change ilRg and X5 as a function of field for
various temperatures measured at 8 GHz for sample 2. The lines are
simply guides to the eye.

FIG. 4. (a) The temperature dependence of the chang&dn
with field for various applied fields, the 16-GHz data is superim-
posed on that for the 8-GHz mode assumixigs= w'? scaling at

all temperaturegb) Rg for the 8 and 16 GHz modes in zero applied . . .
field. The 16-GHz data is scaled on the 8-GHz mode data assumirfglaxation timesr, and 7c= 7o expU/kgT). The additional
Rs* w?, as expected for these materials. curvature almost certainly arises from a field dependence of

12 . the pinning potentiald(B,T). At higher temperatures and
™ which is the scaling used to overlay the measurementig|qs, the additional field penetration due to the presence of
of AR{ =Rs(B,T) —Rs(0,T)] at 8 and 16 GHz in Fig.@.  fiyx lines becomes comparable or greater than as illus-
In zero field, we always observe a rather accuiftescaling,  rated for sample 1 in Fig. 6, so that higher order terms in the

as illustrated in Fig. é). In the next section we will discuss expansion of Eq(1) become more important.
this scaling for more general models, first involving a ran-

dom array of pinning centers of variable strength, and sec-
ondly, involving a random array of point pinning centers of
variable separation along the flux lines. The conventional analysis above, based on a periodic,

In Fig. 5, typical measurements dfRs and AXs at 8  single-valued, potential well depth, enables us to extract the
GHz are pIOtted as a function of field for various tempera-temperature dependences of the three key flux pinning pa-
tures. We again note the approximately linear dependence d@metersx,, 7 andU, and the field dependence &f . We
field. Assuming the idealized Coffey-Clem-Bran@CB)  note a variation in values of, and 7 between samples of
mOde|, at low fie|dS, the ratio of these incremental Changeabout a factor 2, with their ratio remaining approximateiy
giveswtyt+ llw7c, irrespective of any field dependence of
Kp, as indicated by Eq4). To extractry and 7¢ from such
measurements, we require data at more than one frequency.
The values derived from measurements at 8 and 16 GHz are
tabulated in columns 4 and 5 of Table Il. Using these values
we can extract an effective pinning potentia{T) from the
ratio 7c/ 7o=expU/kgT), as listed in column 6 of Table II.
We find thatU ~6kgT for both samples, consistent with ear-
lier measurements of Belkt al®

We note from Fig. 5 thaA Xg is rather accurately propor-
tional to B, whereasARg shows significant curvature. The
apparent linearity im\ Xg is fortuitous resulting from a can-
cellation of the upward curvature af illustrated in Fig. 3,
which occurs inside the expression for the surface impedance FIG. 6. Field dependence of the derived flux line penetration
from juow(A2+22)Y2 However, this cannot account for depthA2=A2+\2 for sample 1 at various temperatures. At the
the downward curvature ilhRg, which also involves the highest temperatures and fields we note #gat \7.

V. DISCUSSION

B (M
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10 Within the framework of the Bardeen-StephdBS)

theory?® the flux line viscosity can be related to the normal-

state resistivityp,, using

_ BCZCI)O
Pn

n = newcqupq)o, (5)

-
I
o

o} g wheren and 7, are the quasiparticle concentration and scat-
sample1 © o tering time, respectively, and.,=(eB;,/m) is the cyclo-
sample 2 o tron frequency aB¢, (e andm are the electron charge and
sample 3 mass, respectively Taking Bs, to vary as Ber,~(1
sample 4 —t2)/(1+t?) andp,~1+t, we obtain the empirical expres-
sample 5 sion 1;~(1—t)/_(1+t2), which prow_deg a gooq description
of the data as illustrated by the solid line in Figb) How-
ever, Eq.(5) assumes the “dirty limit,” which may not be
I I l appropriate if the separation of localized quasiparticle energy
0 20 40 60 80 levels in the flux line core is large compared to their uncer-
tainty (i.e., wey7gp>1). Taking n=5x10*" m™3 based on
(@) T(K) ~0.5 carriers per unit cell ang derived in these measure-
ments, we estimatec, 74, to be of order unity, as pointed
16 out by Golosovsky for thin films of similar qualify/For a
© sample1 conventionals-wave superconductor, this would imply a
sample 2 freezing out of the “normal-state” core excitations when
kg T<hwc,~100 K. However, in our measuremenisg. 2)
there is no evidence for any such reduction from normal core
contributions down to 6 K. Fall-wave superconductivity we
can expect a low-lying density of states down to the lowest
energies because of the existence of nodal lines of the energy
gap function on the Fermi surfaék.Additional residual
losses may also arise from low-lying electronic states asso-
ciated with defects in the material. However, only states as-
sociated with flux lines are likely to account for the linear
field dependence shown in Fig(a.

Although we can use the CCB model to derive values for
kp and 7, there are some serious inconsistencies in this
I I T analysis. First, we have already noted that the flux-line con-

0 20 40 60 80 tribution to the losses at low frequencies are approximately
linear in frequency at all temperatures, whereas for a uni-

(b) T (K) formly periodic pinning potential, thermal activation would

be negligible at low temperatures, leading toahtempera-

FIG. 7. The temperature dependence of the flux line pin-ture dependence. Furthermore, we obtain a temperature-
ning parameters for various thin-film sampldés) The flux-line  dependent effective pinning strength~6kgT, which is
restoring force constant. The solid line in this plot is a fit to the again incompatible with the CCB models. Comparing col-
empirical function x,=kpo(1—t)?, where t=T/Tc and «pyo umns 4 and 5 in Table Il, we also see that the value of the
=8~5><_105 Nm~2 (b) The flux-line viscosity for the two samples viscous drag damping time constamtderived fromANZ, is
for which measurements were made_ at two _frequencnes over thgignificantly larger than the value derived froRg/AXs,
fulltemperature range. The curve in this figure has the formyhereas they should be identical within the periodic, single-
77:];0(1_”/7(21“ ), where 7,=1.7<10"Nsm= and 7.4 \5,yed, potential-well model. Finally, since we expegtto
107" Nsm=for samples 1 and 2, respectively. be proportional to7?U/dx?, both x, and U should have

similar temperature dependences, whereas they vary with
constant, as illustrated in Fig. 7. temperature in opposite senses.

Previous authors have assumed an empirical expression To account for the above discrepencies, we must, there-
for the temperature dependencexgf based on the pinning fore, introduce a more sophisticated model for the pinning of
energy, related to the condensation energy proportional tfux lines in a highT. superconductor. We consider two
H(Z:. AssumingH o (1—t?), we would expectk,~ kpo(1 models, first assuming a random array of pinning centers
—t%)? in contrast to the observed,~ Kpo(l—t)2 corre-  with a wide distribution of pinning energy extending to
sponding to the solid line drawn through the results in Fig.very low energies, initially proposed by Koshelev and
7(a). The experimental data, therefore, imply-~(1—t) at  Vinokur'! and applied to microwave measurements by Belk
low temperatures. Other authors have suggested that the oét al®; second, we consider the effect of a finite line tension
served linear temperature dependence arises from thermlglading to a bowing out of the flux lines between point pin-
fluctuations reducing the effective pinning potenfial. ning centers distributed at random along the length of the

oo« p oo

0.1
L sample 6

n (107"Nm™s)
o0
|
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flux lines, which is closely related to models introduced ear- 1000 —
lier by Sonin, Tagantsev, and Traitb.
Flux lines in highT superconductors are generally be-
lieved to undergo a liquid-to-glass structural phase transitior 100 im0y t= 04
which for the fields used in these experimefup to 4 T) . -l -
occurs above 85 K. Hence all the measurements reporte e e Reo")t'_o'e
here were well within the vortex glass state, where the d¢ € 10 —A- by t=08
resistivity becomes vanishingly small at low currents. How-®
ever, in typical measurements at microwave frequencies
with induced current densitieb<10° A cm™?, flux lines do  «~__ 1
move, but only over very small distances few A) about <
their equilibrium positions. There is then significant dissipa-
tion associated with viscous damping and thermal activatiol 0.1
over pinning barriers. Our measurements imply that the ther
mal activation of flux lines between pinning sites of closely
spaced energies, as discussed by Koshelev and Vinoki 0.01 | I I | |
(KV),* remains important down to low temperatures. 01 1 10 100 1000 10000
The KV model assumes that the flux lines are close tc '
thermal equilibrium in a random array of pinning centers of( ) f (GHz)
variable strengths. When the thermal equilibrium distribution
is perturbed by the microwave current, the flux lines make 100
transitions across the intervening energy barriers to the ne'
thermal equilibrium distribution, with a time constant,
~ 1, expU/kgT), wherer, is an effective attempt time. Such
relaxation will be dominated by flux lines moving across 10
energy barriers~O(kgT) or less in magnitude. Measure- ™~
ment of the losses associated with the equilibration of the £
thermal equilibrium distribution, therefore, provides infor-
mation about the local distribution of pinning barrier heights g 1 -
g(U). An effective pinning potential ~6kgT can be de- ~—
scribed if we invoke a uniform distribution of pinning barri- =
ers extending to very small energigsgT. These low-lying 0.1
energy barriers may well involve changes in configurationa :
states, involving only slight changes in the correlated posi
tions of the flux lines in the presence of a relatively high
density background of local pinning centers. When the bar 0.01
riers from localized defects become sufficiently small, one

—&— Re(ag) t=0.2
-8 Im(Agpt=02
= Re(Aﬂ) t=04

would indeed anticipate interactions between the flux lines 01 1 10 100 1000
themselves to become important. This is also consistent wit
the small field dependence deduced 4gr. (b) f (GHz)
Belk et al® derived an expression for the ac susceptibility
for such a model, which we express in terms\gfas FIG. 8. The frequency dependence of the real and imaginary
parts of the flux-line penetration depily using (a) the single po-
, PoB d?l fx g(u)du 1k tential well model, andb) a distribution of potential wells as de-
7 o |4keT Jo 1+jwr, expU/kgT)  1+jwr,| scribed in the text.
(6)

crowave losses proportional to frequency, similar to that ob-
served. If such losses had been interpreted within the
CCB model, an effective pinning energyU*
=kgT In(8Up/7-rd2Ipr7-a) would have been derived, which
only depends weakly on frequency. H,~r,~10 s,
wT,~0.1 at 10 GHz. From experimekt* ~6kgT, so that
Up/dZIKp~16. An even more realistic model would have
also taken into account the expected distribution in the un-
known values ofd andl. However, since these parameters
appear within the logarithmic term, this would not affect the
result significantly.

el by . (7 In Figs. §a) and 8b) we contrast the frequency depen-

Ko P dence for)\fzI predicted by the CCB model of a flux line
Note that the imaginary term arising from thermal fluctua-moving in a uniformly periodic pinning potential, with that
tions is constant and independent of frequency, implying mipredicted by the KV glassy-state model as described above.

where flux lines of length are assumed to be able to make
thermal hopping transitions over a barrier heighto a new
pinning center at a distanak Note that the standard CCB
model for a uniformly periodic pinning potential can be re-
covered if we take g(U)=6(U—-Up)/Up and set
d2lkp/4Up=1,/74. If instead we assume a constant density
of pinning energieg(U)=1/Up, the integral in the above
expression has the analytic solutionkgT/Ug)In(1
+1/jwT,), so that in the limitw,<1 we may write

™

) 1kp
) j—In(wTy)

1+jor

2
fl

®,B [ d?
:o{ .
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In plotting these data we have used the experimentally de
rived values fork, and » giving 7,~2ps, and have set 100
Up/d?lk,=16, so that at 10 GHz we obtai* ~6kgT. For ®
consistency with our experimental data we find that we alsa -~
have to use the expressigfU) =(1+Up/Ugy)/U, identical R
to that used by Bellet al® The plots then show the expected
constancy of the imaginary component at low frequencies =2 10 -
corresponding to the nearly linear frequency dependence @ <
losses in qualitative agreement with thé? dependence de- N(g—'
duced from our results and those of Belkal®

—©— Re(ry) mp/wo =10
—@— -Im(Ag) mp/oso =10

All the models discussed above assume either that flu 1 -8 Re(ig) afan=3
lines move as rigid rods between pinning centers or that the B ImOg) @ fay =3
pinning is uniformly distributed along their length. However, —A— Re(ig) 0 fay =01 b
as the flux lines have a finitgather than infinitgline tension —A M) o Jay = 0.1 5
T, the Lorentz force along their length will force them to 0.1
bend between pinning centers giving an additional displace: ’ ' |
ment and hence an additional contribution to the surface re: 0.1 1 10

actance and losses. The consequences of such motions on t
dynamics of flux motion have been considered previously by(a)
Sonin, Tagantsev, and Traitd.The line tension for an iso- wl(op
lated flux line T can be identified with c33"
=d2/4muo\2 In Tk, derived by Sudbo and Brantftwhere
we can assume the lardec limit, whereT is the anisotropy 10
factor andx is the kappa value for currents flowing in thé
plane. If, as we will justify later, the induced microwave
currents vary slowly compared with the distarccdetween

pinning centers, it is straightforward to show, in Appendix — 1 <
A, that 2
N_
e DB [[1-f(w/wg)]+j(w/wp)f(w/wg) ® &

1 mown 1+j(o/wp)f(wlwg) ' 0.1

The pinning frequency,=K/7nd, whereK (equivalent

to «xpd in the CCB modelsis the force constant at the local-

ized point pinning centers,wy=T/7d?> and f(w/wg) 0.01
=tanh{/j o/ wp)/VJjwl/wy. At low frequencies the mean ) | ' '
flux-line displacement i (J/ k[ 1+ wp/3we], While at high 0.1 1 10
frequencies the displacement &,J/jw#n and is uniform )
along most of the length and is dominated by viscous damp-
ing

: (b) (x)/oop
In Fig. 9a) we have plotted the frequency dependence of

the real and imaginary components xf as a function of FIG. 9. The frequency dependence of the real and imaginary
w/wp for various values opr/wo. The Coffey-Clem- parts o_fthe_ qu_x-Ilne penetratlor! depth . In (a) \4 is plotted using
Brandt model corresponds to lardeand hence to vanish- the point pinning model for various values of thg/w,. (b) Ag
ingly small w, /. The effect of a non-negligible line ten- is pIotteq for a.wel'ghted distribution of values og/@pzo.l, 0.5,
sion is to increase the average displacement at |ngnd BC;’V'th wglglhtmg faCtlc.’rs.O"?’ 0.7, and 1. G';]"ng a frequency
frequencies by the factor (El.wp/3w0) and to decrease the meepnetz ence GOW)p qualitatively consistent with our measure-
crossover frequency between tleand 1t dependences at '
low and high frequencies. From the frequency dependencire, be considerably greater than 10 GHz, implying a dis-
alone, it would be very difficult to distinguish between this tance between pinning centerssfLO nm(several unit cells
model and models assuming uniform pinning along thealong thec direction.
length of the flux lines. The flexible flux-line model could also describe the ob-
In our experiments, the distance between pinning centerserved quasilinear dependence of the flux contribution to the
cannot exceed the film thickness300 nm. For this distance losses on frequency, if we assume an appropriate distribution
the crossover frequency would bel0 MHz, where we have of distances between pinning centers. This is illustrated in
taken 7~10"® Nm~2s from experiment and have esti- Fig. Ab), where we have considered contributions from flux
mated T~10 2N m 2 assuming values foic~1 um. lines with three pinning lengths, with the longer lengths pref-
Such a low crossover frequency would implyRg(B) erentially weighted. We have adjusted the parameters to give
=AXg(B), whereas we observdRg(B)<AXg(B) and  a similar value forARg(B)/AXg(B) to that observed in our
losses varying~w. The crossover frequency must, there- experiments £ 0.3).
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Although we can describe the quasilinear frequency de-
pendence of the losses either by a distribution in the energies
of pinning centers or by a finite line tension with a distribu-
tion in spacing between the pinning centers, the observation T
of an effective activation enerdy~6kgT argues strongly in u
terms of the first interpretation. Nevertheless, the second
model is still relevant because it enables us to put an upper Point pinning
. . . . . _— centres
limit on the distance between pinning centers of the order 10 ,
unit cells or less.

FIG. 10. A schematic diagram of a flux line held at point pin-
ning centers. The flux line can be displaced from its equilibrium
VI. CONCLUSIONS pinning position at the pins and will bow out between pinning cen-

Using a pair of coplanar linear resonators patterned on th"s Py an amount that depends on the line tension.

same film, we have been able to deduce absolute values fgie pinning potential can be successfully described by such
the field- and temperature-dependent penetration lengths ardmodel using reasonable values for the fitting parameters
microwave losses for a number of thin films deposited byassumed. We have also considered the effect of a finite line
laser ablation, sputtering, and electron-beam coevaporatiaension leading to bending of flux lines between point pin-
at 8 and 16 GHz. The field and frequency dependences of th@ing centers. In all our measuremeiRs(B)/AXg(B) <1,
microwave properties of these films were all very similar. so that elastic pinning must always remain more important
The measurements were first analyzed in terms of théhan viscous damping. This enables us to put an upper limit
CCB models, which are based on a highly simplified modelon the distance between the point pinning centers along the
of flux lines uniformly pinned along their length by a peri- length of the flux lines of~1/30 of the film thicknesgi.e.,
odic pinning potential. We emphasize that measurements at 10 nm or lesg This short distance between pinning cen-
more than one frequency are necessary to extract informatidgrs justifies the model that we have been using for micro-
on both the viscous damping and thermal creep losses. Thiave losses, where we assume that the flux dynamics is de-
remains true even at the lowest temperatures measuretgrmined on a local scale, much smaller than the distance
where thermally activated losses appear to remain signifiover which the microwave currents vary significantly.
cant, leading to an effective pinning energybksT. Our In co_ncluspn, our measurements |.mpIy that the dynamics
measurements exhibit incremental changes in both surfacd flux lines in the mixed state of a high-temperature super-
reactance and resistance varying approximately linearly witﬁ?ﬂﬂgcégg\'/séﬁ'igﬂglcggg%ng{smcgw deIIBCthr?c(jjt :L]gge?ses.?ggecq
ldat smal s, Tisutfies he use of e dpendencun o e Ghservd emperaure an equency cepen
. . . ' gn. e ence of the microwave penetration and losses, it is neces-
linearity at larger fields suggest the increasing importance og

) : ; ary to invoke a wide range of pinning energies and barriers
interactions between flux lines. We note that we have neg, thermal motion extending to energiesl meV, almost

glected any field dependence af that may arise from o orders of magnitude lower than the pinning energies

nodes in the energy gap indastate superconductor, which typically derived from creep measuremefft€reep involves

would give curvature in the field dependenceXa{B) inthe  the large scale collective motion of flux lines, whereas the

opposite sense to that observed. microwave properties are largely determined by the small-
Values ofx, and » extracted from the initial field and the scale motion €1 A) about the assumed point pinning cen-

frequency dependence of the inductive component are simigrs.

lar to those extracted from the measured rAtI@s/AXS ata Such motions may well be affected by quite small

single frequency by other authots} However, by measur- changes in configurational energy of the flux line assembly

ing the losses at more than one frequency, we have demogs nearby flux lines are thermally activated. Since quantum

strated that thermally activated flux loss effects are importanfynneling is believed to be a dominant flux creep mechanism

at all temperatures and fields studied, so that reliable meggt low temperature%q' it would be surprising if quantum tun-

surements of the bulk pinning and damping cannot be madgeling was not also important in determining the microwave

from measurements at a single frequency. response at low temperatures. This would lead to
However, there are serious inconsistencies in the interpraemperature-independent losses in the presence of a magnetic

tation of the data using the CCB models. Most importantly field at low temperatures.

the losses in a magnetic field exhibit a quasilinear rather than

guadratic frequency dependence, similar to earlier observa- ACKNOWLEDGMENTS

tions by Belket al® The pinning potential deduced from the

CCB model was found to depend linearly with temperature '_I'his _rese?r(éh washsupported by ;he .E.PSR;C under the
with U~6kgT, at variance with the idea of typical pinning SMVersity of Birmingham Superconductivity Programme

potentials with energies-100 meV deduced from creep (Qrant I_\Io. GR/J85523We thank Eduard Sonin fpr helpful
measurementd discussions and Gary Walsh for his expect technical support.

To account for these discrepancies, we have followed
Belk et al® and have analyzed our measurements in terms of
a model of distributed pinning barriers first introduced by
Koshelev and Vinokut! We show that both the nearly linear ~ The CCB models for flux dynamics effectively assume
frequency dependence and the temperature-dependent effaither uniform pinning along the length of a flux line, or

APPENDIX A: THE FLUX-LINE SURFACE IMPEDANCE
IN THE PRESENCE OF POINT PINNING CENTERS
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point pinning along the length with a sufficiently large line au
( ) =—Ku, (A2)
z=+d

tension so that the flux lines move as rigid rods between 9z
pinning centers. Here, we present a model for flux lines that
have a finite line tension. The flux lines are pinned at IocalwhereKZZKpd_ Using Egs.(A1) and (A2), we then arrive

ized points along their length, and bow out between them, agt the following expression for the flux-line displacement:
illustrated for a regular array of pinning centers in Fig. 10.

The flux-line displacements at and between the pinning dyJd 1 coshikz)
centers are determined by the restoring force congtaat u(z)= jon T T Tk costikd) |’ (A3)
the pinning centers and the effective line tensianwhich 1+?tanr(kd)

has been derived by Sudbo and Brafldivho obtain
Averaging over the length of the flux line gives the mean

T = cor— 1 % 2| ~ flux-line displacement
~ G _47TM0(7\C) e ,
tanh(kd) tanh(kd)
where . ®y) [1——kd +tjown “kd
=2 1+T ok +kONS, . uav:jwn . tant(kd)
1+T2k?(B/Bgy) + Kooy K+jond — 73—
I' is the anisotropy facto =\ .,/ &, andk, is the Fourier (A4)

component of the transverse line displacements. To a very,
good approximation, at sufficiently small fields, and in the
largel'« limit, k=T k. We also note that any dependence on
k, is very small other than in the extreme limit whiph 5, Dod [ K[1—f(wlwg)]+]wndf(wlwg)

e can then introduce a scaling frequeney=T/7d?,
which enables us to rewrite E¢A4) in the form

>1, so that we do not need to take into account any effects Ugy=- ) , (AB)
due to a finite rigidity or quasidiscontinuous changes in slope Jon K+jondf(w/wo)
of flux lines near the pinning centers themselves. where
The dynamics of flux lines of finite line tension has been
treated by Sonin, Tagantzev, and Trdifayho considered tanh(j o/ wg) Y2
the general case when variations in the microwave currents f(wl/wg)= _—2,2—_
occur on a similar length scale to the characteristic diffusion (Jolwo)

length~ (T/w 7) /2 for propagating transverse displacementsthis reduces to the CCB result when,<w, where w,

of the flux line. In our experimental configuration, the ap- —K/»d. In the limit w— 0, Uy, = (PoI/K) (1 + w,/3w,), and
plied field is perpendicular to the film, and the microwa"ewhenwaooua\,:cDOJ/jwn. P

currents are approximately constant across the width of the The above result can be used to modify the standard CCB
thin film. We can, therefore, assume a uniformly diSt”bUtedexpression by incorporating the modified expressiorutgr

Lorentz force~®,J along the length of the flux lines, which This results in a complex penetration depth given by
simplifies the analysis. The equation of motion can then be

written as Nac= (N2 +A2)12
Ju Ju where
— =P J+T —
s
Bu
whereu is the transverse flux-line displacement. This has )\f2|=ﬂ—3v.
0

solutions of the form
J is the microwave driving current ang,, is given by Eq.
(A5). The real and imaginary components xf for this
where k=(jo5/T)Y? is the inverse diffusion length. For model are plotted in Fig. 9 for a number of different values

u=®yJ/jwn+A coshikz), (A1)

point pinning at+d, of w,/wy.
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