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Field, temperature, and frequency dependence of the surface impedance of YBa2Cu3O7 thin films
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Measurements of the complex microwave surface impedance of YBa2Cu3O7 ~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 parameterkp and for
the temperature dependence ofh, which are consistent with an independent flux-line model with only weak
interflux-line interactions. The observation of losses in the mixed state scaling as;v1.2 and of an effective
pinning potentialU;6kBT 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.
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I. INTRODUCTION

Microwave measurements on high-Tc superconductors in
a magnetic field probe the intrinsic dynamics and pinning
flux lines by defects, helping to elucidate properties of intr
sic theoretical interest in addition to those that affect
performance of microwave devices. Coffey-Clem1 have de-
veloped a self-consistent mean-field theory for the elec
magnetic properties of flux lines~or bundles! moving in a
periodic pinning potential under the combined influence
the induced electromagnetic currents and thermal fluc
tions. The model also includes contributions to the losses
field penetration from quasiparticles thermally excited acr
the energy gap. At low temperatures, when contributio
from the thermally activated quasiparticles can be neglec
~at least for ans-state superconductor! and where flux lines
are largely localized close to the minimum of a periodic p
ning potential, the Coffey-Clem model reduces to a rat
simpler form introduced by Brandt,2 which highlights the
different frequency dependences in the microwave losses
pected from intrinsic damping and induced thermal acti
tion of flux lines between pinning centers.

Flux-line dynamics of high-temperature superconduct
in the mixed state have been investigated by measurem
of the complex microwave surface impedance using a var
of techniques.3–8 The majority of such measurements ha
been confined to a single frequency, from which it is n
possible to distinguish between viscous damping and ther
depinning of flux lines, which lead to different characteris
frequency-dependent losses. If thermal activation is igno
the low-frequency losses are expected to vary asv2,
whereas thermal activation losses do not vary with f
quency. Our measurements and previous measuremen
Belk et al.9 and Revanezet al.10 suggest a frequency depe
570163-1829/98/57~9!/5474~11!/$15.00
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dence close tov1.2. Belk et al. and Revanezet al. interpret
their measurements in terms of a glassy-state model w
thermal activation of flux lines between a range of clos
spaced metastable states as discussed by Koshelev an
nokur ~KV !.11 We adopt a similar analysis and, in agreeme
with Belk et al., deduce a distribution of pinning energies f
the trapped flux lines that extends to very low energies.
suming such a model, the microwave losses associated
the thermally induced transitions probe the distribution
available energy states on an energy scale of orderkBT.

Deviations from the frequency dependence of the mic
wave losses predicted from the mean-field theory could
principle, also arise from the frequency-dependent spa
bending of flux lines between point pinning centers~at the
surface or in the bulk! associated with a finite line tension, a
considered by Sonin, Tagantsev, and Traito.12 Such a model
makes specific predictions for the frequency dependenc
both the real and imaginary parts of the surface impedan
which we consider in Appendix A. If the distribution of dis
tances between pinning centers along the length of a flux
is appropriately chosen, it would, in principle, be possible
model frequency-dependent losses proportional tovb over a
range of frequencies with any value ofb between 0 and 2.

Mean-field theories, in which flux lines are treated ind
pendently, like the Coffey-Clem and Brandt models, fail
describe flux-line dynamics at low frequencies, where
combination of flux-line interactions, thermal fluctuation
and local pinning leads to a liquid-glass transition. The pro
erties can then be described by scaling arguments leadin
an infinitely large dc-conductivity at small currents.13 In con-
trast to low-frequency measurements, there is little evide
for any major change in the temperature or field depende
of microwave penetration or losses on passing across
liquid-glass transition for YBCO thin films and singl
5474 © 1998 The American Physical Society
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57 5475FIELD, TEMPERATURE, AND FREQUENCY . . .
crystals.14 However, Booth, Wu, and Anlage15 have observed
a crossover in frequency dependence from a mean-field
scaling model below;10 GHz for temperatures above 80
in YBCO thin-film samples. The lack of any significan
changes in microwave properties on passing through
liquid-glass transition in other microwave measurements
YBCO single crystals14 suggests that an independent fl
line rather than a collective motion scaling model analysi
appropriate for analyzing our measurements.

In this paper we present detailed measurements of
field and temperature dependence of the complex microw
surface impedance for a number of epitaxial thin films gro
by electron-beam coevaporation, sputtering, and laser a
tion. Measurements have been made using a coplanar
technique at 8 and 16 GHz. Such measurements enable
the penetration depth and microwave losses16 to be deter-
mined absolutely and allow us to separate contributions
the microwave properties from the viscous damping a
thermal depinning.

II. THEORETICAL MODELS

The Coffey-Clem~CC! theory describes the ac respon
of viscously damped flux lines moving in a periodic pinnin
potential U cos(2px/d) subject to the microwave-curren
induced Lorentz force acting on the flux lines; it also se
consistently includes the effects of thermal fluctuations. T
problem is closely related to the ac response of an io
conductor in a periodic potential, which was solved using
method of continued fractions.17 CC truncate solutions to
first order to reproduce the Ambegaokar-Halperin result18 for
the dc response of a viscously damped particle moving
periodic potential, leading to a dc mobilitymnI 0(U/kBT),
wheremn is the mobility in the absence of pinning andI 0 is
a zero-order Bessel function of the first kind. CC also ta
into account contributions to the dissipation and penetra
of microwaves from normal excitations thermally excit
across the gap. The ac response is essentially determine
four terms; the viscously damped induced motion of fl
lines about pinning centers, the thermal excitation of fl
lines between pinning centers, and contributions from
superconducting and thermally excited quasiparticles.
thermally induced quasiparticle term is usually negligible
comparison to the field-induced terms, other than very cl
to TC . CC show that thermal fluctuations not only lead
transitions between pinning centers but also reduce the e
tive pinning force described by the Labusch parameterkp .19

At low temperatures (kBT!U), thermal fluctuations in
the CC model are relatively unimportant and flux lines
main largely localized close to individual minima of the pi
ning potential, with only occasional thermal activation b
tween pinning centers. The Coffey-Clem predictions th
reduce to a rather simple expression introduced by Bran2

in which the complex microwave surface impedanceZS
5RS1 jXS5 j m0vlac can be written as

lac
2 5lL

21lfl
2, ~1!

where
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lfl5lCF12 j ~vt011/vtc!

11v2t0
2 G1/2

. ~2!

In the above expressions,lL is the London penetration
length, lC5(F0B/kpm0)1/2 is the Campbell penetration
depth,20 andt05h/kp is the time constant for the viscousl
damped motion of flux lines in their individual potentia
wells. Consistency with the zero-frequency Ambegaok
Halperin result for thermally activated flux flow resistivit
~TAFF! requires that the characteristic time for thermal ac
vation across the pinning barriertc5t0 exp(2U/kBT). We
note that the viscous damping and thermally activated cr
terms have different frequency dependences. Measurem
of the field and frequency dependence of the complex p
etration depth, therefore, enables us to derive all the par
eters entering Eq.~2!.

For ans-state superconductor in zero field, the number
thermally excited normal-state quasiparticles decreases e
nentially with temperature and should, therefore, be ne
gible at low temperatures. However, for ad-state supercon-
ductor, the presence of nodes in the gap parameter resu
a power-lawT dependence at low temperatures. Impur
scattering leads to a broadening of the energy states, aT2

dependence, and small but finite microwave losses at
temperatures.21 In practice, the zero-field losses are alwa
significantly larger than predicted by eithers- or d-state
models. It is therefore usual to add an additional, nonintr
sic, temperature-dependent termR0(T) to the right-hand side
of Eq. ~1!, which for analysis purposes is assumed to o
depend on temperature and frequency. We have also
glected the field dependence expected from the reductio
Cooper pairs in the core of a flux line in ad-state supercon-
ductor, which will give rise to a field-dependentlL}1/@1
2~B/BC2)1/2] 22 giving a curvature in the field dependence
XS(B) of the opposite sign to that observed.

Two useful limiting forms of Eq.~1! are now given.
Changes in the real part oflac

2 ~which we write aslac
2 here-

after! with magnetic field are given by

Dlac
2 5lfl

25
F0B

m0kp

1

11v2t0
2 , ~3!

so thatDlac
2 and, in the limitDXS@DRS , DXS

2 should vary
linearly with field assumingkp to be field independent. Sec
ondly, at low fields whenlL

2@lC
2 ,

ZS' j m0vlLF11
lC

2

2lL
2 S 12 j ~vt011/vtC!

11v2t0
2 D G . ~4!

In this limit, DRS /DXS5vt011/vtC , where DRS
5RS(B)2RS(0) and DXS5XS(B)2XS(0). Measurements
at more than one frequency are, therefore, required to de
mine t0 andtC independently. For self-consistency, the va
ues oft0 obtained by this method should also account for
frequency dependence ofDlac

2 determined from Eq.~3!.

III. EXPERIMENTAL

Microwave measurements were made using copla
resonator structures lithographically patterned from 350-n
thick YBCO thin films on~100!MgO substrates. Measure
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5476 57J. R. POWELLet al.
ments are reported for a number of films grown by la
ablation,23 sputtering,23 and electron-beam coevaporation24

Sample numbers and growth techniques are listed in Tab
Patterning was performed by a combination of wet chem
etching and argon ion beam milling to give clean, we
defined edges. Dielectric resonator measurements on the
patterned films before lithography showed that the sub
quent lithography led to no detectable degradation
properties.25

Two coplanar resonators were fabricated for each fi
The resonators had a 200-mm-wide, 8-mm-long center con
ductor separated from adjacent ground planes by a 12mm
gap for the ‘‘narrow’’ resonator and a 73mm gap for the
‘‘wide’’ resonator. The resonators were mounted in a ca
fully designed microwave package and placed in a heli
continuous flow cryostat enabling measurements to be m
from ;6 K to room temperature. The cryostat was moun
in the core of a 6.5 T superconducting magnet with its fi
perpendicular to the epitaxialab plane of the thin film. Mi-
crowave measurements on the first two coplanar reson
modes at 8 and 16 GHz were made using an HP8722C ve
network analyzer. The microwave and measurement sys
was under computer control, enabling measurements to
made as a function of temperature, field, microwave f
quency, and power level. The resolution of the resonant
quency and bandwidth was further improved by signal av
aging and computer fitting.

By combining measurements of the changes in the ce
frequency and bandwidths of the resonances for both
narrow- and wide-gap resonators, absolute values
lac(T,B) and microwave losses can be extracted, and he
values forRS andXS . The method is described elsewhere16

and is based on the computed current distribution in the
films as a function of penetration depth and resonator dim
sions. The larger concentration of currents flowing near
edges in the narrow resonator leads to a larger kinetic ind
tance term.

All field measurements were made on heating the sam
in a constant applied field after first cooling in the appli
field from well aboveTC to low temperatures. Such measur
ments were reversible on thermal cycling within our expe
mental accuracy (,0.2 K), consistent with the flux in the
film remaining uniform and constant. In contrast, measu
ments in swept fields below;65 K were always hysteretic

TABLE I. Sample numbers, growth techniques, and values
the pinning parameter,kp ~20 K, B50!. d denotes the deviation
of Dlac

2 from a linear field dependence where data is fitted us
Dlac

2 }B11d, as in Fig. 3. In the table EB indicates electron-bea
coevaporated24 films; LA, laser ablated,23 and SP, sputtered.23

Sample no.
Growth

technique
kp ~20 K, B50!

(105 N m22) d

1 EB 5.3 0.15
2 LA 2.15 0.28
3 EB 4.5 0.1
4 EB 3.3 0.3
5 EB 3.7 0.1
6 SP 0.9 0.4
r
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because of magnetic hysteresis and nonuniform penetra
of flux.

The microwave response remains linear up to high po
levels, see Fig. 1, where the data have been plotted for p
current levels normalized to the peak current required to
duce the first indication of nonlinearity in zero field. Expe
mentally, this was very similar to the measured dc critic
current ~;107 A cm22 at low temperatures!. This indicates
the high quality of the films and patterned edges. All da
presented in this paper were obtained at power levels in
linear regime, well below the onset of nonlinearity.

IV. EXPERIMENTAL RESULTS

Examples of the temperature dependence ofXS and RS
extracted from the microwave measurements on an elect
beam coevaporated thin-film~sample 1! coplanar resonato
are shown in Fig. 2 for a number of applied fields. Bo
components of the surface impedance are strongly field
temperature dependent. We note thatRS!XS at all fields and
temperatures. Measurements could not be made at hi
temperatures because theQ value of the resonators becam
too low to measure with any accuracy.

In Fig. 3 we have plotted the field dependence ofDlac
2 for

four samples at several temperatures measured for the
damental and first-harmonic modes. Although the increm
tal increase in penetration depth is approximately linear inB,
there is significant curvature suggesting that the pinning
these films is weakly field dependent. The solid lines in
figure represent a fit to Eq.~3!, where we have included a
field-dependent pinning constant giving rise to a change
the penetration depthDlac

2 }B11d. Values of d and kp(B
50) are included in Table I. Measurements on six differe
thin films, which included samples grown by electron-bea
coevaporation, laser ablation, and sputtering showed a c
correlation between the magnitude ofkp and the curvature
coefficientd, where the larger thekp the more linear the field

r

g

FIG. 1. The onset of nonlinearity in our films illustrated byRS

as a function of peak current flowing at the conductor edge
various applied fields for sample 1 at 15 K. The current is scale
the current which causes the onset of non-linearity in zero fie
which corresponds to a current densityJn;10 MA cm22. These
measurements are performed on all films to ensure that our da
taken well within the linear response regime at each applied fie
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dependence ofDlac
2 . This is consistent with the deviation i

linearity being attributed to weak flux-line interaction
which become more important when the flux lines are o
weakly pinned by defects. We also note the slight decreas
Dlac

2 with frequency, consistent with thev2t0
2 term in the

denominator of Eq.~3!. By fitting the 8 and 16 GHz data to
Eq. ~3!, we can extract bothkp andt0 , and hence the flux-

FIG. 2. Typical measurements of the temperature dependen
XS andRS extracted from bandwidth and frequency shift measu
ments plotted for various selected applied fields for the 8 G
mode of sample 1.
y
in

line viscosityh5kpt0 . Values ofkp and h for samples 1
and 2 derived in this way from measurements at several t
peratures are included as the first three columns of Tabl
Similar field and frequency dependences were observed
all six resonator pairs investigated.

In the absence of thermally activated flux motion, t
flux-line contribution to the losses in the strong pinning lim
(XS@RS) are expected to scale asv2, as in the Meissner
state. However, in practice, the losses scale more nearl

of
-
z

TABLE II. Flux line parameters extracted fromDRS /DXS and
Dlac

2 data ~see text for details! for samples 1 and 2 at variou
temperatures.

Sample 1
T
~K!

kp

(105 N m22)
h

(1027 N m22 s)
h/kp

~ps!
t0

~ps!
tc

~ps!
U

~meV!

10 6.5 15.0 2.3 0.3 300 6.0
20 5.3 12.2 2.3 0.6 159 9.6
30 4.0 11.6 2.9 0.4 100 14.3
40 3.1 8.4 2.7 0.6 83 17.0
50 2.0 5.8 2.9 0.8 87 20.2
60 1.1 3.2 2.9 1.0 80 22.7
65 0.7 2.7 3.8

Sample 2
10 2.7 6.75 2.5 0.8 174 4.6
20 2.2 5.72 2.6 1.0 110 8.1
30 1.8 5.04 2.8 1.2 99 11.0
40 1.4 3.92 2.8 1.1 77 14.6
50 1.0 2.80 2.8 1.4 73 17.0
60 0.7 2.10 3.0 1.3 66 20.0
65 0.5
in
t
z
b-

g-
n

FIG. 3. The field dependence of the change
lac

2 as a function of uniformly trapped field a
various temperatures for the 8 and 16 GH
modes, plotted for two coevaporated, a laser a
lated, and a sputtered film. The curves in the fi
ures are fits to Eq.~3! using the parameters give
in Table II.
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5478 57J. R. POWELLet al.
v1.2, which is the scaling used to overlay the measureme
of DRS@5RS(B,T)2RS(0,T)# at 8 and 16 GHz in Fig. 4~a!.
In zero field, we always observe a rather accuratev2 scaling,
as illustrated in Fig. 4~b!. In the next section we will discus
this scaling for more general models, first involving a ra
dom array of pinning centers of variable strength, and s
ondly, involving a random array of point pinning centers
variable separation along the flux lines.

In Fig. 5, typical measurements ofDRS and DXS at 8
GHz are plotted as a function of field for various tempe
tures. We again note the approximately linear dependenc
field. Assuming the idealized Coffey-Clem-Brandt~CCB!
model, at low fields, the ratio of these incremental chan
gives vt011/vtC , irrespective of any field dependence
kp , as indicated by Eq.~4!. To extractt0 andtC from such
measurements, we require data at more than one freque
The values derived from measurements at 8 and 16 GHz
tabulated in columns 4 and 5 of Table II. Using these val
we can extract an effective pinning potentialU(T) from the
ratio tC /t05exp(U/kBT), as listed in column 6 of Table II
We find thatU;6kBT for both samples, consistent with ea
lier measurements of Belket al.9

We note from Fig. 5 thatDXS is rather accurately propor
tional to B, whereasDRS shows significant curvature. Th
apparent linearity inDXS is fortuitous resulting from a can
cellation of the upward curvature oflfl

2 illustrated in Fig. 3,
which occurs inside the expression for the surface impeda
from j m0v(lL

21lfl
2)1/2. However, this cannot account fo

the downward curvature inDRS , which also involves the

FIG. 4. ~a! The temperature dependence of the change inRS

with field for various applied fields, the 16-GHz data is superi
posed on that for the 8-GHz mode assumingDRS}v1.2 scaling at
all temperatures.~b! RS for the 8 and 16 GHz modes in zero applie
field. The 16-GHz data is scaled on the 8-GHz mode data assum
RS}v2, as expected for these materials.
ts

-
c-
f

-
on

s

cy.
re
s

ce

relaxation timest0 and tC5t0 exp(U/kBT). The additional
curvature almost certainly arises from a field dependenc
the pinning potentialU(B,T). At higher temperatures an
fields, the additional field penetration due to the presence
flux lines becomes comparable or greater thanlL , as illus-
trated for sample 1 in Fig. 6, so that higher order terms in
expansion of Eq.~1! become more important.

V. DISCUSSION

The conventional analysis above, based on a perio
single-valued, potential well depth, enables us to extract
temperature dependences of the three key flux pinning
rameters,kp , h, andU, and the field dependence ofkp . We
note a variation in values ofkp and h between samples o
about a factor 2, with their ratio remaining approximate

-

ng

FIG. 5. The change inRS and XS as a function of field for
various temperatures measured at 8 GHz for sample 2. The line
simply guides to the eye.

FIG. 6. Field dependence of the derived flux line penetrat
depth lac

2 5lL
21lfl

2 for sample 1 at various temperatures. At th
highest temperatures and fields we note thatlfl

2;lL
2.
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constant, as illustrated in Fig. 7.
Previous authors have assumed an empirical expres

for the temperature dependence ofkp based on the pinning
energy, related to the condensation energy proportiona
HC

2 . AssumingHC}(12t2), we would expectkp;kp0(1
2t2)2 in contrast to the observedkp;kp0(12t)2 corre-
sponding to the solid line drawn through the results in F
7~a!. The experimental data, therefore, implyHC;(12t) at
low temperatures. Other authors have suggested that the
served linear temperature dependence arises from the
fluctuations reducing the effective pinning potential.8

FIG. 7. The temperature dependence of the flux line p
ning parameters for various thin-film samples.~a! The flux-line
restoring force constant. The solid line in this plot is a fit to t
empirical function kp5kp0(12t)2, where t5T/TC and kp0

58.53105 Nm22. ~b! The flux-line viscosity for the two sample
for which measurements were made at two frequencies over
full temperature range. The curve in this figure has the fo
h5h0~12t!/~11t2), where h051.731026 N s m22 and 7.43
1027 N s m22 for samples 1 and 2, respectively.
on

to

.

ob-
al

Within the framework of the Bardeen-Stephen~BS!
theory,26 the flux line viscosity can be related to the norma
state resistivityrn using

h5
BC2F0

rn
5nevC2tqpF0 , ~5!

wheren andtqp are the quasiparticle concentration and sc
tering time, respectively, andvC25(eBc2 /m) is the cyclo-
tron frequency atBC2 ~e andm are the electron charge an
mass, respectively!. Taking BC2 to vary as BC2;(1
2t2)/(11t2) andrn;11t, we obtain the empirical expres
sion h;(12t)/(11t2), which provides a good descriptio
of the data as illustrated by the solid line in Fig. 7~b!. How-
ever, Eq.~5! assumes the ‘‘dirty limit,’’ which may not be
appropriate if the separation of localized quasiparticle ene
levels in the flux line core is large compared to their unc
tainty ~i.e., vc2tqp@1!. Taking n5531027 m23 based on
;0.5 carriers per unit cell andh derived in these measure
ments, we estimatevC2tqp to be of order unity, as pointed
out by Golosovsky for thin films of similar quality.8 For a
conventionals-wave superconductor, this would imply
freezing out of the ‘‘normal-state’’ core excitations whe
kBT,hvC2;100 K. However, in our measurements~Fig. 2!
there is no evidence for any such reduction from normal c
contributions down to 6 K. Ford-wave superconductivity we
can expect a low-lying density of states down to the low
energies because of the existence of nodal lines of the en
gap function on the Fermi surface.21 Additional residual
losses may also arise from low-lying electronic states as
ciated with defects in the material. However, only states
sociated with flux lines are likely to account for the line
field dependence shown in Fig. 5~a!.

Although we can use the CCB model to derive values
kp and h, there are some serious inconsistencies in t
analysis. First, we have already noted that the flux-line c
tribution to the losses at low frequencies are approxima
linear in frequency at all temperatures, whereas for a u
formly periodic pinning potential, thermal activation wou
be negligible at low temperatures, leading to anv2 tempera-
ture dependence. Furthermore, we obtain a temperat
dependent effective pinning strengthU;6kBT, which is
again incompatible with the CCB models. Comparing c
umns 4 and 5 in Table II, we also see that the value of
viscous drag damping time constantt0 derived fromDlac

2 is
significantly larger than the value derived fromDRS /DXS ,
whereas they should be identical within the periodic, sing
valued, potential-well model. Finally, since we expectkp to
be proportional to]2U/]x2, both kp and U should have
similar temperature dependences, whereas they vary
temperature in opposite senses.

To account for the above discrepencies, we must, th
fore, introduce a more sophisticated model for the pinning
flux lines in a high-TC superconductor. We consider tw
models, first assuming a random array of pinning cent
with a wide distribution of pinning energyU extending to
very low energies, initially proposed by Koshelev an
Vinokur11 and applied to microwave measurements by B
et al.9; second, we consider the effect of a finite line tensi
leading to a bowing out of the flux lines between point p
ning centers distributed at random along the length of

-

he
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5480 57J. R. POWELLet al.
flux lines, which is closely related to models introduced e
lier by Sonin, Tagantsev, and Traito.12

Flux lines in high-TC superconductors are generally b
lieved to undergo a liquid-to-glass structural phase transit
which for the fields used in these experiments~up to 4 T!
occurs above 85 K. Hence all the measurements repo
here were well within the vortex glass state, where the
resistivity becomes vanishingly small at low currents. Ho
ever, in typical measurements at microwave frequenc
with induced current densitiesJ,105 A cm22, flux lines do
move, but only over very small distances (;few Å) about
their equilibrium positions. There is then significant dissip
tion associated with viscous damping and thermal activa
over pinning barriers. Our measurements imply that the th
mal activation of flux lines between pinning sites of close
spaced energies, as discussed by Koshelev and Vin
~KV !,11 remains important down to low temperatures.

The KV model assumes that the flux lines are close
thermal equilibrium in a random array of pinning centers
variable strengths. When the thermal equilibrium distribut
is perturbed by the microwave current, the flux lines ma
transitions across the intervening energy barriers to the
thermal equilibrium distribution, with a time constantt th
;ta exp(U/kBT), whereta is an effective attempt time. Suc
relaxation will be dominated by flux lines moving acro
energy barriers;O(kBT) or less in magnitude. Measure
ment of the losses associated with the equilibration of
thermal equilibrium distribution, therefore, provides info
mation about the local distribution of pinning barrier heigh
g(U). An effective pinning potentialU;6kBT can be de-
scribed if we invoke a uniform distribution of pinning barr
ers extending to very small energies,kBT. These low-lying
energy barriers may well involve changes in configuratio
states, involving only slight changes in the correlated po
tions of the flux lines in the presence of a relatively hi
density background of local pinning centers. When the b
riers from localized defects become sufficiently small, o
would indeed anticipate interactions between the flux lin
themselves to become important. This is also consistent
the small field dependence deduced forkp .

Belk et al.9 derived an expression for the ac susceptibil
for such a model, which we express in terms oflfl as

lfl
25

F0B

m0
F d2l

4kBT E
0

` g~U !dU

11 j vta exp~U/kBT!
1

1/kp

11 j vt0
G ,
~6!

where flux lines of lengthl are assumed to be able to ma
thermal hopping transitions over a barrier heightU to a new
pinning center at a distanced. Note that the standard CCB
model for a uniformly periodic pinning potential can be r
covered if we take g(U)5d(U2UP)/UP and set
d2lkP/4UP5ta /t0 . If instead we assume a constant dens
of pinning energiesg(U)51/UP , the integral in the above
expression has the analytic solution (kBT/U0)ln(1
11/j vta), so that in the limitvta!1 we may write

lfl
25

F0B

m0
F d2l

4Up S 2
p

2
j 2 ln~vta! D1

1/kp

11 j vt0
G . ~7!

Note that the imaginary term arising from thermal fluctu
tions is constant and independent of frequency, implying
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crowave losses proportional to frequency, similar to that o
served. If such losses had been interpreted within
CCB model, an effective pinning energyU*
5kBT ln(8UP /pd2lkpvta) would have been derived, which
only depends weakly on frequency. Ifta;t0;10212 s,
vta;0.1 at 10 GHz. From experimentU* ;6kBT, so that
UP /d2lkp;16. An even more realistic model would hav
also taken into account the expected distribution in the
known values ofd and l . However, since these paramete
appear within the logarithmic term, this would not affect th
result significantly.

In Figs. 8~a! and 8~b! we contrast the frequency depen
dence forlfl

2 predicted by the CCB model of a flux line
moving in a uniformly periodic pinning potential, with tha
predicted by the KV glassy-state model as described abo

FIG. 8. The frequency dependence of the real and imagin
parts of the flux-line penetration depthlfl using ~a! the single po-
tential well model, and~b! a distribution of potential wells as de
scribed in the text.
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In plotting these data we have used the experimentally
rived values forkp and h giving t0;2 ps, and have se
UP /d2lkp516, so that at 10 GHz we obtainU* ;6kBT. For
consistency with our experimental data we find that we a
have to use the expressiong(U)5(11UP /U0)/U0 identical
to that used by Belket al.9 The plots then show the expecte
constancy of the imaginary component at low frequenc
corresponding to the nearly linear frequency dependenc
losses in qualitative agreement with thev1.2 dependence de
duced from our results and those of Belket al.9

All the models discussed above assume either that
lines move as rigid rods between pinning centers or that
pinning is uniformly distributed along their length. Howeve
as the flux lines have a finite~rather than infinite! line tension
T, the Lorentz force along their length will force them
bend between pinning centers giving an additional displa
ment and hence an additional contribution to the surface
actance and losses. The consequences of such motions o
dynamics of flux motion have been considered previously
Sonin, Tagantsev, and Traito.12 The line tension for an iso
lated flux line T can be identified with c44

corr

>F0
2/4pm0lC

2 ln Gk, derived by Sudbo and Brandt,27 where
we can assume the largeGk limit, whereG is the anisotropy
factor andk is the kappa value for currents flowing in theab
plane. If, as we will justify later, the induced microwav
currents vary slowly compared with the distanced between
pinning centers, it is straightforward to show, in Append
A, that

lfl
25

F0B

j m0vh F @12 f ~v/v0!#1 j ~v/vp! f ~v/v0!

11 j ~v/vp! f ~v/v0! G . ~8!

The pinning frequencyvp5K/hd, whereK ~equivalent
to kpd in the CCB models! is the force constant at the loca
ized point pinning centers,v05T/hd2 and f (v/v0)
5tanh(Aj v/v0)/Aj v/v0. At low frequencies the mean
flux-line displacement isF0J/kp@11vp/3v0#, while at high
frequencies the displacement isF0J/ j vh and is uniform
along most of the length and is dominated by viscous da
ing.

In Fig. 9~a! we have plotted the frequency dependence
the real and imaginary components oflfl

2 as a function of
v/vp for various values ofvp /v0 . The Coffey-Clem-
Brandt model corresponds to largeT and hence to vanish
ingly small vp /v0 . The effect of a non-negligible line ten
sion is to increase the average displacement at
frequencies by the factor (11vp/3v0) and to decrease th
crossover frequency between thev and 1/v dependences a
low and high frequencies. From the frequency depende
alone, it would be very difficult to distinguish between th
model and models assuming uniform pinning along
length of the flux lines.

In our experiments, the distance between pinning cen
cannot exceed the film thickness;300 nm. For this distance
the crossover frequency would be;10 MHz, where we have
taken h;1026 N m22 s from experiment and have est
mated T;10212 N m22 assuming values forlC;1 mm.
Such a low crossover frequency would implyDRS(B)
5DXS(B), whereas we observeDRS(B)!DXS(B) and
losses varying;v. The crossover frequency must, ther
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fore, be considerably greater than 10 GHz, implying a d
tance between pinning centers of<10 nm~several unit cells
along thec direction!.

The flexible flux-line model could also describe the o
served quasilinear dependence of the flux contribution to
losses on frequency, if we assume an appropriate distribu
of distances between pinning centers. This is illustrated
Fig. 9~b!, where we have considered contributions from fl
lines with three pinning lengths, with the longer lengths pr
erentially weighted. We have adjusted the parameters to
a similar value forDRS(B)/DXS(B) to that observed in our
experiments (;0.3).

FIG. 9. The frequency dependence of the real and imagin
parts of the flux-line penetration depthlfl . In ~a! lfl is plotted using
the point pinning model for various values of thev0 /vp . ~b! lfl

is plotted for a weighted distribution of values ofv0 /vp50.1, 0.5,
and 3 with weighting factors 0.3, 0.7, and 1. Giving a frequen
dependence belowvp qualitatively consistent with our measure
ments.
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Although we can describe the quasilinear frequency
pendence of the losses either by a distribution in the ener
of pinning centers or by a finite line tension with a distrib
tion in spacing between the pinning centers, the observa
of an effective activation energyU;6kBT argues strongly in
terms of the first interpretation. Nevertheless, the sec
model is still relevant because it enables us to put an up
limit on the distance between pinning centers of the order
unit cells or less.

VI. CONCLUSIONS

Using a pair of coplanar linear resonators patterned on
same film, we have been able to deduce absolute value
the field- and temperature-dependent penetration lengths
microwave losses for a number of thin films deposited
laser ablation, sputtering, and electron-beam coevapora
at 8 and 16 GHz. The field and frequency dependences o
microwave properties of these films were all very similar

The measurements were first analyzed in terms of
CCB models, which are based on a highly simplified mo
of flux lines uniformly pinned along their length by a per
odic pinning potential. We emphasize that measuremen
more than one frequency are necessary to extract informa
on both the viscous damping and thermal creep losses.
remains true even at the lowest temperatures measu
where thermally activated losses appear to remain sig
cant, leading to an effective pinning energy;6kBT. Our
measurements exhibit incremental changes in both sur
reactance and resistance varying approximately linearly w
field at small fields. This justifies the use of an independ
flux line ~mean-field! model, though small deviations from
linearity at larger fields suggest the increasing importance
interactions between flux lines. We note that we have
glected any field dependence oflL that may arise from
nodes in the energy gap in ad-state superconductor, whic
would give curvature in the field dependence ofXS(B) in the
opposite sense to that observed.

Values ofkp andh extracted from the initial field and th
frequency dependence of the inductive component are s
lar to those extracted from the measured ratioDRS /DXS at a
single frequency by other authors.3–8 However, by measur-
ing the losses at more than one frequency, we have dem
strated that thermally activated flux loss effects are impor
at all temperatures and fields studied, so that reliable m
surements of the bulk pinning and damping cannot be m
from measurements at a single frequency.

However, there are serious inconsistencies in the inter
tation of the data using the CCB models. Most importan
the losses in a magnetic field exhibit a quasilinear rather t
quadratic frequency dependence, similar to earlier obse
tions by Belket al.9 The pinning potential deduced from th
CCB model was found to depend linearly with temperat
with U;6kBT, at variance with the idea of typical pinnin
potentials with energies;100 meV deduced from cree
measurements.28

To account for these discrepancies, we have follow
Belk et al.9 and have analyzed our measurements in term
a model of distributed pinning barriers first introduced
Koshelev and Vinokur.11 We show that both the nearly linea
frequency dependence and the temperature-dependent e
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tive pinning potential can be successfully described by s
a model using reasonable values for the fitting parame
assumed. We have also considered the effect of a finite
tension leading to bending of flux lines between point p
ning centers. In all our measurementsDRS(B)/DXS(B)!1,
so that elastic pinning must always remain more import
than viscous damping. This enables us to put an upper l
on the distance between the point pinning centers along
length of the flux lines of;1/30 of the film thickness~i.e.,
;10 nm or less!. This short distance between pinning ce
ters justifies the model that we have been using for mic
wave losses, where we assume that the flux dynamics is
termined on a local scale, much smaller than the dista
over which the microwave currents vary significantly.

In conclusion, our measurements imply that the dynam
of flux lines in the mixed state of a high-temperature sup
conductor is significantly more complicated than describ
by the conventional Coffey-Clem and Brandt models. To
count for the observed temperature and frequency dep
dence of the microwave penetration and losses, it is ne
sary to invoke a wide range of pinning energies and barr
to thermal motion extending to energies,1 meV, almost
two orders of magnitude lower than the pinning energ
typically derived from creep measurements.28 Creep involves
the large scale collective motion of flux lines, whereas
microwave properties are largely determined by the sm
scale motion (<1 Å) about the assumed point pinning ce
ters.

Such motions may well be affected by quite sm
changes in configurational energy of the flux line assem
as nearby flux lines are thermally activated. Since quan
tunneling is believed to be a dominant flux creep mechan
at low temperatures,29 it would be surprising if quantum tun
neling was not also important in determining the microwa
response at low temperatures. This would lead
temperature-independent losses in the presence of a mag
field at low temperatures.
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APPENDIX A: THE FLUX-LINE SURFACE IMPEDANCE
IN THE PRESENCE OF POINT PINNING CENTERS

The CCB models for flux dynamics effectively assum
either uniform pinning along the length of a flux line, o

FIG. 10. A schematic diagram of a flux line held at point pi
ning centers. The flux line can be displaced from its equilibriu
pinning position at the pins and will bow out between pinning ce
ters by an amount that depends on the line tension.
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point pinning along the length with a sufficiently large lin
tension so that the flux lines move as rigid rods betwe
pinning centers. Here, we present a model for flux lines t
have a finite line tension. The flux lines are pinned at loc
ized points along their length, and bow out between them
illustrated for a regular array of pinning centers in Fig. 10

The flux-line displacements at and between the pinn
centers are determined by the restoring force constantK at
the pinning centers and the effective line tensionT, which
has been derived by Sudbo and Brandt,27 who obtain

T5c44
corr5

1

4pm0
S F0

lC
D 2

lnk̃,

where

k̃ 25
11G2k21kz

2lab
2

11G2k2~B/Bc2!1kz
2lab

2 .

G is the anisotropy factor,k5lab /jab , andkz is the Fourier
component of the transverse line displacements. To a v
good approximation, at sufficiently small fields, and in t
largeGk limit, k̃5Gk. We also note that any dependence
kz is very small other than in the extreme limit whenkzlab
@1, so that we do not need to take into account any effe
due to a finite rigidity or quasidiscontinuous changes in slo
of flux lines near the pinning centers themselves.

The dynamics of flux lines of finite line tension has be
treated by Sonin, Tagantzev, and Traito,12 who considered
the general case when variations in the microwave curr
occur on a similar length scale to the characteristic diffus
length;(T/vh)1/2 for propagating transverse displaceme
of the flux line. In our experimental configuration, the a
plied field is perpendicular to the film, and the microwa
currents are approximately constant across the width of
thin film. We can, therefore, assume a uniformly distribut
Lorentz force;F0J along the length of the flux lines, whic
simplifies the analysis. The equation of motion can then
written as

h
]u

]t
5F0J1T

]2u

]z2 ,

where u is the transverse flux-line displacement. This h
solutions of the form

u5F0J/ j vh1A cosh~kz!, ~A1!

where k5( j vh/T)1/2 is the inverse diffusion length. Fo
point pinning at6d,
p
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T S ]u

]zD
z56d

52Ku, ~A2!

whereK52kpd. Using Eqs.~A1! and ~A2!, we then arrive
at the following expression for the flux-line displacement

u~z!5
F0J

j vh F2
1

11
Tk

K
tanh~kd!

cosh~kz!

cosh~kd!G . ~A3!

Averaging over the length of the flux line gives the me
flux-line displacement,

uav5
F0J

j vh F KF12
tanh~kd!

kd G1 j vhd
tanh~kd!

kd

K1 j vhd
tanh~kd!

kd

G .

~A4!

We can then introduce a scaling frequencyv05T/hd2,
which enables us to rewrite Eq.~A4! in the form

uav5
F0J

j vh S K@12 f ~v/v0!#1 j vhd f~v/v0!

K1 j vhd f~v/v0! D , ~A5!

where

f ~v/v0!5
tanh~ j v/v0!1/2

~ j v/v0!1/2 .

This reduces to the CCB result whenvp!v0 , where vp
5K/hd. In the limit v→0, uav5(F0J/K)(I 1vp/3v0), and
whenv→`uav5F0J/ j vh.

The above result can be used to modify the standard C
expression by incorporating the modified expression foruav.
This results in a complex penetration depth given by

lac5~lL
21lfl

2!1/2,

where

lfl
25

Buav

m0J
.

J is the microwave driving current anduav is given by Eq.
~A5!. The real and imaginary components oflfl

2 for this
model are plotted in Fig. 9 for a number of different valu
of vp /v0 .
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