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We report measurements of the surface impedance Z, = R, +i~A' of YBaqCu30q g thin 6lms in
an externally applied dc magnetic field B (parallel to the c axis) using a stripline resonator. At T =
4.3 K we obtain the surface resistance R, and the microwave penetration depth A' as a function of
applied dc field up to 5 T and as a function of microwave frequency f from 1.2 to 20 GHz. While A'

increases linearly with B for B ) 1 T at all frequencies, R, is found to be roughly oc B,where
a(f) & 1 for f & 10 GHz and a(f) 1 for f & 10 GHz. In zero dc field, R, oc f For B.) 1 T,
R, shows a much weaker dependence on f The re. sults for Z, (f, T, B) have been quantitatively
explained using a model developed by Coffey and Clem, based on a self-consistent treatment of
vortex dynamics that includes the in6uence of vortex pinning, viscous drag, and Bux creep. The
pinning force constant a„,the pinning frequency u„,and the pinning activation energy Uo(T, B)
are obtained through the 6tting procedure. We 6nd that the effects of thermally activated Sux
creep at 4.3 K upon the surface resistance are signi6cant. The low Uo 35 K that we determine
is interpreted as arising from the interaction of the vortex lattice with a dense random pinning
potential as described in the collective-pinning theory.

I. INTRODUCTION

Measurements of the vortex lattice response to ac fields
are widely used to investigate the vortex dynamics in

type II superconductors. Experiments such as ac mag-
netic permeability, surface impedance, vibrating-reed
mechanical resonator, ' and torsional oscillator have
the common feature that a small ac Geld interacts with
the vortices that have penetrated the sample. The ac
field generates surface shielding currents. The resulting
Lorentz force on. vortices near the surface generates an
oscillation of these vortices that propagates toward the
interior of the superconductor. This propagation is made
possible through vortex interactions and is slowed down
by pinning or by kiction. Hence vortex motion strongly
a8'ects the shielding properties of a type II superconduc-
tor in the mixed state and influences both the real and
imaginary parts of either the magnetic permeability or
the surface impedance.

In this paper we present measurements of the surface
impedance 2, = R, +iX, of YBa2Cus07 s (YBCO)
thin films in applied dc magnetic fields (0 & B & 5
T). The Z, contains information about power absorp-
tion (R, ) and shielding processes (X,). We used a strip-
line-resonator technique, which makes it possible to make
measurements as a function of frequency with a sin-

gle device. Temperature, applied dc Geld, and rf cur-
rent can also be varied. In earlier experiments based
on B, measurements in PbIn thin films, Gittleman and
Rosenblum showed a crossover in the vortex dynamics
from a pinning-dominated regime at low frequency to a
flux-flow regime at high frequency. This crossover &e-
quency has been called the pinning &equency cu„.

A unified theory of the e8ects of vortex pinning and
flux creep upon Z, of type II superconductors has re-
cently been published by CofFey and Clem which ad-
dresses the microscopic mechanisms responsible for the
frequency dependence of Z, of type II superconductors.
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We use the Co8ey-Clem model to explain quantitatively
our experimental results. Important parameters of the
model such as the pi~»ng force constant (Labusch pa-
rameter) n~, the pi~~ing &equency u„,and the pinning
activation energy Uo have been determined for the YBCO
thin films we measured. In the CoHey-Clem model, Uo

is ass»med to be independent of the current density. We
6nd that Bux creep strongly in8uences the microwave sur-
face resistance at 4.3 K. In our analysis we incorporated
microscopic aspects of collective-pinning theory into the
CoEey-Clem model. This extension allows us to explain
the origin of the observed low-temperature Hux creep in
our microwave experiment.

The microwave properties of YBCO thin films in ex-
ternally applied magnetic fields are also of practical in-
terest. Any practical device is likely to encounter either
dc or very low &equency magnetic Belds. It is impor-
tant to know exactly what magnitude of Beld will cause
degradation of the surface resistance or shifts in the res-
onance &equency for the case of resonator-based devices.
There are also reports of devices such as microwave &e-
quency circulators~~ that operate by design in an applied
magnetic 6eld. Flux-Bow transistors have shown great
promise as three-terminal devices with power gain, oper-
ating at microwave &equencies. Such devices utilize Hux
How for their operation. Clearly the understanding of
Hux dynamics is necessary for several practical applica-
tions.

CAPACITIVE
COUPLING

1) y

PATTERNED
CENTER LINE

(b)

FIG. 1. Schematic three-dimensional view of the stripline
resonator. (a) Patterned center line. The rf current J,r Bows
along the z direction. (b) Stripline resonator showing the
ground planes. The applied dc magnetic Seld is along the y
direction.

II. STRIPLINE RESONATOR
AND 2 MEASUREMENT

The measurements of Z, were made using the two-port
stripline resonator structure described previously
and shown in Fig. 1. The resonator consists of a strip line
transmission line, patterned by photolithography, one-
half wavelength long at the fundamental frequency fo,
with fe = 1.24 GHz and 1.46 GHz for the two resonators
used. Overtone resonances occur at all multiples of the
fundamental &equency. Thus, measurements at the over-
tone resonances give the &equency dependence of Z, .

The quality factor Q and the resonance &equency of
all the overtone modes of the resonator were measured in
transmission. The resonator is capacitively and weakly
coupled to both input and output circuits. The weak
coupling assures that the unloaded quality factor Q„is
approximately equal to the loaded quality factor Ql, . In
the stripline geometry, because the rf field penetrates the
substrates, one must have low dielectric losses in the sub-
strates to achieve high Q. The unloaded Q is given by

1/Q„=1/Q, + tan6 = af~+ tan6,

where Q, is the Q of the superconductor and tan b is
the loss tangent of the dielectric substrate. We and
others~s have found that Q, is proportional to f
at zero applied field, which implies that the surface re-

sistance is proportional to f Howeve. r, P g 1 in an
applied field B ) poH, q, where H, q is the field at which
flux penetrates the sample. We assume that tan 6 is inde-
pendent of &equency and magnetic 6eld in the frequency
range 1—20 GHz. By plotting Q„versus f we determine
tan h —5 x 10 s at 4.3 K in the LaA10s substrates that
we used and verify that substrate losses are not limiting
the measured Q that is used to calculate R, . Radiation
losses can be neglected because the ground planes serve
to confine the 6elds inside the resonator and the radiation
Q is greater than 3 x 10s.

The experiments were carried out using a supercon-
ducting magnet, and B was applied parallel to the c axis
of the YBCO, and thus perpendicular to the stripline
structure and to the surface of the films. In this ge-
ometry, a large demagnetizing efFect results in vortices
penetrating the Blms in an applied dc field that is much
smaller than the bulk H, q. The exact experimental de-
termination of the demagnetizing coefficient is not easy.
To check the Bux penetration in our resonator, we re-
moved the center conductor of the stripline resonator (see
Fig. 1) and put at its location a Hall sensor. In applied
6elds greater than —0.1 T the field between the ground
planes is measured to be equal to the applied field.

For the stripline shown in Fig. 1 the rf current distri-
bution in zero dc 6eld has been calculated by Sheen et
al. The rf current density, which Bows in the z direc-
tion along the line perpendicular to the applied external
dc magnetic Beld, is nonuniform along the length and
across the width of the strip line. As a function of posi-
tion z along the length / of the line, the total current I,r
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is given by

I,i = Io sin(nvrz/l),

where n is the resonance mode number. In zero Geld,
across the width of the line, the current density J,p is
highest at the edges and decreases toward the center with
the characteristic length A', the microwave penetration
depth. In the mixed state, the Lorentz force arising from
the rf current causes the vortices to oscillate. The vortex
response gives rise to a redistribution of the rf currents
and thus A' is affected. There are at least three contri-
butions to A'. one &om Cooper pairs, one from the vor-
tices, and one from the quasiparticles. Thus A' depends
not only on temperature, but also on the microwave &e-
quency and applied dc magnetic field, as will be described
in Sec. IV. In these measurements the rf current is used
to probe the vortex structure and the rf power is kept
low enough that the Q values are only weakly dependent
on the rf power. The value of A'(f, B) is determined by
measuring the frequency of the fundamental and over-
tone resonances of the strip-line resonator as a function
of B at a given temperature. The resonant frequency
is proportional to 1/~L, where L is the inductance per
unit length of the stripline which depends upon A', and
L(A') has been calculated numerically from the current
distribution. i The relationship

= gL(A')f dA' g gL(AI) p

enables us to calculate A'(B) at each resonant frequency
if we know A'(B = 0). In zero field, A' is the usual
penetration depth which in the two-fluid model is given
by

(4)

Since only frequency shifts are measured, we do not have
any direct determination of A(0) = A' (T = 0, B = 0).
The determination of A(0) is model dependent and we
have used a two-fluid-model fit of the data at f (T)(Refs.
13 and 14) to obtain an accurate estimate of A'(T

O , B = 0). Study of the behavior of A(T, B = 0) is a
problem of some importance, but is not the subject
of this paper. We found that a two-Quid-model fit to
our experimental data2o gives us a A(0) value with an
accuracy of 20%. The value thus obtained for the two
films considered in this study is A(0) = 170 nm. As will
be seen below, our findings are not strongly in6uenced
by the functional form of the temperature dependence of

The R, is calculated from the measured Q and &om

fo according to the relationshipi4'is

rfe
b, (A'/d) Q

'

where I' is a geometrical factor (I' = 0.41 0/GHz in our
case) and b, (A'/d) is a correction factor calculated from
the current distribution, which is important when A'/d

(d is the thickness of the film) becomes comparable to
unity.

III. YBCO FILMS

The films used to fabricate the stripline resonators
reported here were made by an off-axis magnetron-
sputtering process that was reported previously.
They are single-phase films with the c axis perpendic-
ular to the plane of the film. We concentrate here on
results from two resonators. A resonator (see Fig. 1) con-
sists of three YBCO thin films clamped together. All the
films were deposited on LaA10s substrates. To obtain
the meander line that constitutes the center conductor
of the resonator, YBCO was deposited directly on a 10
x 10-mm2 substrate for resonator No. 1, and on a 2-
in.-diameter wafer that was subsequently cut into 10 x
10-mm2 pieces for resonator No. 2. The lines were pat-
terned by standard photolithography and were etched us-

ing 0.25%%up phosphoric acid in water. The R, and A' of the
patterned center conductor dominate the overall proper-
ties of the resonator, and so the influence of the ground
planes can be neglected when they are of comparable
quality (i.e., grown under exactly the same conditions)
to the center conductor. The parameters of the films are
summarized in Table I. The dc resistivity

TABLE I. Parameters of the films (thickness d) determined from both dc (four point measure-
ments) and microwave measurements. The penetration depth at T = 0 K and in zero applied dc
magnetic field A(0) is the parameter of a two-Quid-model St to our experimental points.

Sample
number

No. 1

No. 2

0.3 90.4 1.2 x 10"

0.22 90.3 4.22 1.18 2.7x10 '

dc properties
d Tc po p1 Jc0

(pm) (R = 0) (pO cm) (y,O cm K ') (A/cm )
f

(GHz)
1.46
1.46
14.6
1.24
1.24
12.4

rf properties
T R

(K) (fl)
6.7 6.75 x 10
77 200 x 10
4.3 2.00 x 10
6.7 1.95 x 10
77 1.28 x 10
4.3 1.50 x 10

1700

1700

Micro@rave measurements give T 89.5 K. The critical temperature T eras determined &om the
St of the f(T) data to the two-tuid model.

Measurement at T = 4.3 K.
Measurement at T = 77 K.



50 FREQUENCY DEPENDENCE OF THE SURFACE IMPEDANCE OF. . . 1181

P(T) = Pp + PgT (6)

was determined in a dc measurement using a four-point
technique on a separate 61m of similar quality.

IV. MODEL OF VORTEX DYNAMICS

Z, = ippuA, (u, B,T) = R, + ipptuRe(A, )

As discussed in Sec. II we have experimentally verified
that at 6elds of 0.1 T and greater, uniform penetration
of flux through the ground planes has occurred and the
field seen by the center conductor is uniform and equal
to the applied 6eld.

The penetration depth of an oscillating field in the
presence of a dc field in type II superconductors has been
the subject of several papers. ' This experimen-
tal situation was initially modelled by Campbell ' who
considered the case of a small variable 6eld b,g sinut su-
perimposed on a large static 6eld B )) b,f, both of which
were parallel to the surface of the superconductor with
B

~~
b,f (note that the geometry used in the experiments

reported here is B J b,r). Based on the experimental ob-
servation that for small b,r the displacement of vortices is
reversible, Campbell came to the conclusion that the vor-
tices remain pinned and that they oscillate with the same
&equency as the rf &equency within their potential wells
rather than jumping over potential barriers. Campbell
introduced a new screening length, the pinning penetra-
tion depth A~, to describe the ac-6eld penetration within
the superconductor. This penetration depth Ac (T, B) is
a real quantity, independent of b,p and &equency u, and
describes how far the compressional waves in the Bux-
line lattice, generated in this geometry, penetrate into
the material.

Recent studiess ~P 2s generalize Campbell's penetra-
tion depth, in various geometries (including the B J b,g

configuration used in our measurements), to include the
influence of Bux pinning, Bux viscous drag, Bux creep,
and the response of normal quasiparticle excitations. Be-
cause of Bux-line viscous drag and Bux creep, the &e-
quency enters the 6nal expression for the microwave pen-
etration depth in the presence of vortices, A „which is
a complex quantity. The relationship

is the Bux quantum, and F~ represents a random thermal
(l,angevin) force. By definition Fz ——[BU(z)/Bx]x where

U(z) is the pinning potential. If vortex oscillation ampli-
tudes are small compared with the radius of the pinning
well, it can be assumed that the pinning force is propor-
tional to u: F„—a„u,where a„is the proportionality
factor and is known as the Labusch parameter. There
is little experimental evidence about the exact nature of
the pinning sites in YBCO thin 61ms and it would be rea-
sonable to assume some randomness in the heights of the
energy barriers between the potential minima where vor-
tices are pinned. Because this distribution is unknown,
it is usual to suppose the existence of a single activation
energy Up(T, B), typical of the material or of the sample
under study. In the Coftey-Clem model, the pinning
potential U(T, B) is assumed to be periodic and to have
the form

U(z, T, B) = ' I —cos(2+x/a~)
Up(T, B)

2

where az is the spacing between pinning sites. We deduce
that

)9 U(x T B)
( /

)RUp
N*'

where E is the characteristic length of a moving
vortex.

Because of the relatively low Up in high-temperature
superconductors, at suKciently low &equency a vor-
tex may have time during each half cycle to wander away
from its potential well and to get trapped by another pin-
ning site before the driving force reverses direction. Ther-
mal agitation increases the probability for a vortex to
break away from its potential well; this effect is included
in the vortex equation of motion [Eq. (8)] through the
term Fz (x, t).s ~P 2s In this framework Coffey and Clem
calculated that

Here, Ac is the Campbell penetration depth given by

makes it clear that the vortex dynamics have a direct in-
Buence on the measured surface resistance and microwave
penetration depth A' which in an applied dc magnetic
field is equal to Re(A, ).

The derivation of A, has been extensively described by
CofFey and Clem. P To de6ne all the quantities that are
discussed below, we examine the vortex equation of mo-
tion (per unit length), which was the basis of the deriva-
tion of A, :

gu(x, t) + F„(x,t) = J(x, t) x Bgp + F~(x, t).

In Eq. (8), q is the viscous drag coeflicient in the absence
of pinning and flux creep, u is the vortex displacement
&om its equilibrium pinning site, Fz is the restoring force
due to the pinning potential, J is the current density, 4)p

(I2)

and the penetration depth in the absence of vortices, the
London penetration depth A, is given by

where B 2 is the upper critical field and the pinning &e-
quency is uz ——n„/q) while b„fis the normal-fluid skin
depth given by

(I4)
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where p(T) is the dc resistivity defined in Eq. (6). The
factors in Eq. (11) involving Bessel functions are

1.5x10 3

1.0—

and

(16) 0.5—

p, t

~ 0 ~

+@a

pvi

c«C1T

Here, v = Up(T, B)/2k~T, while Ip(v) and Ii(v) are
modified Bessel functions of the first kind. A charac-
teristic relaxation time r for the vortices is given by

0
0 20 40 60

0~Ti

80 100

1 1 Ip2 (v) —1
f(") =

(u„Ip(v)Ii(v)

Two characteristic frequencies may be defined:

(o&/il)Ii(v)/Ip(v) and cu, = up/[Ip(v) —1]i~ . There-
fore, at a given temperature and magnetic field, there
are three frequency regimes. For ur & ~„the vortex
dynamics is dominated by thermally activated fiux creep,
and the real part of A, &om Eq. (11) depends strongly
on frequency. For u, & ur & up, pinning effects are dom-
inant, A, is determined by the reversible oscillations of
vortices within their potential wells, and A, is &equency
independent. Finally, for ~ ) &up, vortices behave as if
they are not pinned and they dissipate energy through
a &ee viscous motion. As the high-frequency limit is
approached, Re(A, )/Im(A, ) decreases and approaches
1 as in a normal metal. These results of the Coffey-
Clem model are strictly valid in the case of a semi-infinite
medium, where the superconductor fills the half space

y ) 0. We used the Coffey-Clem model to quantita-
tively explain our results. No correction terms need to
be added to the calculated R, and A', since the finite
thickness effects have already been taken into account in
the measured R, and A' through the term b, (A/d) in R,
[see Eq. (5)] and through the penetration-depth depen-
dence of the inductance L (A') in the calculation of A' [see
Eq. (3)].

T (K)

FIG. 2. Surface resistance for sample No. 1 at the funda-
mental frequency (f = 1.46 GHz) at various magnetic fields
as a function of temperature.

feet of the application of an external dc magnetic field on
the surface resistance of YBCO thin films. We will focus
next on experimental results obtained at T = 4.3 K. This
low temperature was originally chosen to avoid the com-

plication of thermally activated motion of vortices in the
study of the vortex dynamics in our YBCO thin films.
As will be seen below, however, the signature of ther-
mally activated motion of vortices is present in our data
at 4.3 K.

A. Surface impedance as a function of dc magnetic
field

f. Microwave penetretion depth

Figure 3 shows A'(B) obtained from measurements of
6,f through Eqs. (3) and (4) at T = 4.3 K for three dif-
ferent &equencies 1.24, 6.25, and 13.8 GHz. To obtain
these values, A'(B = 0) was assumed to be 0.17 pm, and
was obtained as discussed in Sec. II by fitting the zero-
field Af(T) data. In high field (B ) 1 T), a quasilinear

V. EXPERIMENTAL RESULTS
I I I

i
I I I

i
I I I

All the results shown below have been obtained with
samples cooled in zero applied field. The measured R,
as a function of temperature at 1.5 GHz, for a dc B Rom
0 to 3 T, is shown in Fig. 2. As discussed in Sec. II,
the field is»~iform over the position of the stripline res-
onator. For large B, close to T, the signal-to-noise ra-
tio is degraded because the coupling capacitance of the
resonator, C„,has been chosen so that the resonator is
slightly undercoupled at T = 4.3 K and at B = 0 T.
As T or B is increased, Q decreases while C~ remains
fixed. Thus, the coupling of the resonator to the exter-
nal circuit decreases and the insertion loss increases. The
weak coupling of the resonator results in a low signal-to-
noise ratio at high temperature and field. Nevertheless,
as shown in Fig. 2, the data at T ( 0.9T are consistent
with earlier reports ' that already showed the large ef-

0.21

~\

0.19— 0
0 0

0
0 0

0 00Q~
0 0 h
p h
b,

0
0O0 p0

h

0

0
LL

h

0.17
0

8 (T)
F1G. 3. Microwave penetration depth A' at T = 4.3 K as a

function of external magnetic Geld at three diferent frequen-
cies for sample No. 2: (o) f = 1.24 GHz, (Cj) f = 6.25 GHz,

(A) f = 13.8 GHz.
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increase of A with applied field is observed. This behav-
ior is encountered for all the measured modes (1.22 GHz
& f & 20 GHz). As can be seen in Fig. 3, A' increases
more slowly at higher f'requencies. From A'(B) at a given
temperature, it is possible to estimate a„.In Eq. (11)
for A „at4.3 K and in a small reduced field b = B/B z,
the term (A/b„g)z can be neglected, as well as the effects
of thermal agitation in first approximation. Thus, we
obtain

2x10 3

1.5—

1.0—

0.5—

b,

~ ~

b
~

~ ~
~ 0

~ ~

I I I
l

I I I
)

I 1 I 1x10 4

— 0.8

— 06

— 0.2

(18)
0

0
6

with the pinning frequency ur„=2n f„=a„/il. From
previous experiments, z we expect f~ to be in the range
20—50 GHz. At our fundamental frequency (1.24 GHz
for resonator No. 2 and 1.46 GHz for resonator No. 1)
ur/(u„- 0.05 and Az, A'z A + Az~. Figure 4 shows
A'z —Az as a function of B in sample No. 2 at 1.24 GHz.
We see that A'z —A is linear in field and that conse-
quently a~ [see Eqs. (12) and (18)j is independent of B.
From the slope in Fig. 4 we determine a„=3.4 x 10s
N/mz in sample No. 2, and similarly a„=2.2 x 10s
N/mz in sample No. 1 at T = 4.3 K. The determination
of a~ enables us to calculate the ratio rf/J, = po/a„
where rf is the range of the pi~~ing potential. We
obtain ry/J, (T = 4.3, B = 1) = 6.6 x 10 zi ms/A.
The lack of any significant dependence of cI~ upon B
for 0.5 & B & 5 T is consistent with the very weak
field dependence of J, that has been measured by other
authorssa in the same field range. We conclude that for
0.5 ( B ( 5 T and at T = 4.3 K, interactions between
vortices are negligible and that vortices are individu-
ally pinned. The experimentally determined linear in-
crease of A'(B) (Fig. 3) results from the relatively small
Campbell penetration depth. Namely, the relationship
A'z Az+Acz, , in the case Ac « A, yields A' A+Azc/2A
and for B « B,z, and we see from Eqs. (12) and (13) that
A' increases linearly with B.

FIG. 5. R, at T = 4.3 K as a function of external Seld for
sample No. 2 at two diferent frequencies: (~) f = 1.24 GHz,

(E) f = 13.8 GHz.

S. Sar face meietafice

The measured variation of R, with applied magnetic
field at two frequencies 1.24 and 13.8 GHz and at T =
4.3 K is shown in Fig. 5. As is clearly seen in the figure,
R, (B) depends on the microwave frequency. At low fre-
quency (f & 10 GHz), R, oc B with n & 1. At high
frequency (f )10 GHz), Ix 1.

B. Surface impedance as a function of frequency

Figure 6 shows R, versus frequency for B = 0, 1, and
3.5 T for sample No. 2 at 4.3 K. In zero field, R, is pro-
portional to fz as expected. is i4 si The scatter of points
in Fig. 6 about f at high frequency is due to frequency-
dependent interaction with the package of the resonator.
As R, becomes larger (q smaller), the package interac-
tions become negligible and scatter is reduced. Thus, in
magnetic fields ) 1 T, the measured losses are due en-
tirely to dissipation in the YBCO film. Figure 6 shows
that in an applied field, the frequency dependence of R,

2.0x10 2
I I I

)
I I I

)
I I I

10 2
I I

i
I I I I

1.5

1.0
10

0:

0.5

0
0

10
1

f (GHz)

10 20

FIG. 4. [A' (B) —A (B)) as a function of external Beld for
sample No. 2 at f = 1.24 GHz and T = 4.3 K. The solid line
is a linear St to the data.

FIG. 6. R, at T = 4.3 K as a function of frequency for
sample No. 2 at three magnetic Belds: (o) B = 0 T, (A)
B = 1 T, and (o) B = 3.5 T. The functional form R, oc j is
represented by the solid line.
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10

10 I i i i i I

5 10
I

20

f (GHz)

i I
i

I I I i

-2

-3
I

f (GHz)

10
I

20

FIG. 7. (a) R, (f) (logarithmic scale) and

(b) AA'(f) = [A'(f) —A'(fo)] where fo = 1.24 GHz (linear
scale) at T = 4.3 K, B = 1 T for resonator No. 2. The solid
line is a calculated curve using the CofFey-Clem model with
the following parameters: Ao = 1700 A, o~ = 3.5 x 10 N/m,f„=41.54 GHz, Uo/2keT = 4.5.

is weaker than fz .The experimental curve for B = 1 T
in Fig. 6 is presented in Fig. 7(a) along with the result
of the Coffey-Clem model which is discussed below. Fig-
ure 7(b) presents the penetration depth change b,A'(f)
associated with the R,(f) increase shown in Fig. 7(a).
In Fig. 8, we see R,(f) at T = 4.3 K and B = 1 T for
resonator No. 1, and a calculation of the Coffey-Clem
model. Both Fig. 7(a) and Fig. 8 show more clearly than
Fig. 6 that R, (f) at B = 1 T does not have a power law
dependence on f At. B = 1 T, the variation of A' with

f is found to be very slow between 1.24 and 20 GHz as
shown in Fig. 7(b). For B ) 1 T, the behavior of R, (f )
and A'(f) is qualitatively the same as in a field of 1 T.

The relation Z, = iuyoA, and the general expres-
sion [Eq. (11)j for A, have been used to fit our exper-
imental data for R, (f) and A'(f) Th.ere are six pa-
rameters: A(T = 4.3 K, B = 0 T), a~, po, pi, f„,and
v = Uo(T, B)/2k~T. Some parameters can be deter-
mined independently, for example A(T = 4.3 K, B =
0 T), which has been determined separately &om the fit
of the curve A'(T) in zero field to the two-fiuid model,
yielding A'(T = 4.3, B = 0) A(0) = 0.170 pm. As
discussed above, an initial estimate for az has been ob-
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FIG. 8. R, (f) at T = 4.3 K, B = 1 T for resonator
No. 1. The solid line is a calculated curve using the
Coffey-Clem model with the following parameters: Aq

1700 L, a~ = 2.2 x 10 N/m, f~ = 23.75 GHz, Up/2keT =
3.8. The dashed line is calculated with As = 1700
o~ = 2.2 x 10 N/m, f„=23.75 GHz, and Uo/2keT = oo.

tained &om the slope of [A' (B) —A (B)j and then ad-
justed to optimize the fit of the curve A'(f) It was .found
that o'„was the parameter with the strongest effect on
the fit of the calculated A'(f) curve to the experimental
points. Specifically, o.„controls the value of A' at low
&equency. We thus obtain a value of 3.5 x10 N/m2
for n„in sample No. 2 and 2.2 x10s N/m2 in sample
No. 1. With the values of po and pi [see Eq. (6)j given
in Table I, the ratio (A/h„f)2 in Eq. (11) is found to be
much smaller than 1. So R, and A' are relatively insen-
sitive to po and pi. Finally, only two parameters, f&, the
pinning &equency, and v, the ratio Ue(T, B)/2k~T, are
left to adjust in fitting of the R, (f) data to the Coffey-
Clem model. These two parameters inHuence R, (f) in
different ways: f~ has the strongest effect at high &e-

quency, while v affects mostly the low-&equency part.
Thus f~ and v can be determined quite independently
by this procedure, yielding f„=23.75 GHz and v = 3.8
for sample No. 1 (Fig. 8), and f~ = 41.54 GHz and v =
4.5 for sample No. 2 (Fig. 7), at B = 1 T and T = 4.3 K.
This gives Uo(T = 4.3, B = 1) = 32.5 K for resonator
No. 1 and Uo(T = 4.3, B = 1) = 39 K for resonator
No. 2. From the two relationships n„=(2z/az)2Uo/2E
and v = Uo/2k~T, we calculate a volume V„charac-
terizing the vortex pinning in the Coffey-Clem model
where Vv = ~ E = 3.5 x 10 m for sample No. 1 and

a„E= 3 x 10 m for sample No. 2. These results are
summarized in Table II.

The small v values indicate that for f ( 10 GHz, flux
creep is important and is responsible for the high R, (f)
value at 1ow kequency, as shown in Fig. 8. In this figure,
we compare two different fitting curves, corresponding,
respectively, to the cases v = Uo(T, B)/2k~T )) 1 (where
fiux creep is negligible) and v = Uo(T, B)/2kgyT ( 1
(where fiux creep is significant), with the same f~ We.
see that in the case of v && 1, the calculated R, is much
smaller than the measured one at low &equency, and is
proportional to f2 until close to f„Athigh &eq.uency
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TABLE II. Values of the four parameters a~, f„,v, and Uo

of the CofFey-Clem model determined &om our data.

Sample
number

No. 1
No. 2

az f~ V Up

(N/m ) (GHz) (K)
2.2 + 0.2 x 10 23.75 6 5.0 3.8 + 0.02 32.5 + 0.5
3.5+ 0.2 x 10 41.5+ 5.0 4.5 + 0.02 39.0 + 0.5

but still below f„,the probability for a vortex to hop
from its initial pinning site to a neighboring site within
the half period of the microwave oscillation decreases,
and the two curves corresponding to v )) 1 and v = 3.8
nearly coincide. Although the efFects of Sux creep are
evident in R, as expected, the infiuence of Sux creep
on the microwave penetration depth is weak in the fre-
quency range of these measurements in agreement with
the CofFey-Clem model and as discussed by van der Beck
et al.29

C. Surface impedance as a function of rf current

The finding of a large infiuence of Sux creep at low

&equency suggests that R„ata given &equency and dc
field, would depend on the rf current density since dis-
placement of the vortices due to the Lorentz force of the
rf current leads to an increase in the probability of ther-
mal activation. In Fig. 9, R, at f = 1.24 GHz, T =
4 7K, B. = 0, and 1 T is plotted as a function of I,r, the
total rf current for resonator No. 2. This plot shows that,
for B = 1 T, R, depends weakly on the current for I,q &
0.06 A, and that for I,t & 0.06 A the dissipation increases
sharply. At I,r = 0.06 A, the peak current density at the
edges of the central line is JPf' = JT ——1.8 x 10s A/cm2.
In the inner part of the central line, the current density
is lower All t.he data presented in Secs. VA and VB
were taken at the same rf power level. Thus we conclude
that the measurements were performed at power levels
at which Z, is independent of the rf power.

The determination of Jz &om the R, (I,r) data enables
us to calculate the displacement of a vortex &om its equi-
librium position u(z, tu, v, T, B, t) asio

u(z, ~, v, T, B, t) = p„((o,v, T)JT(z, T, B),
vl

where

(19)

~- —1
1 (i&uiIIo(v) 1

p, ((u, v, T) = — I+i +
2( )

D. Comparison arith previous results

(2o)

is the complex-valued dynamic mobility of vortices in
a periodic potential. Taking f = 1.2 GHz, a~
3.5 x 10s N/m2, iI = 1.34 x 10 s N s/mz, v = 4.5, and
J = Jz = 1.8 x 10 A/cm, we determine that the vortex
oscillation amplitude ~u~ = uz =1.16 A at the fundamen-
tal &equency.

The ratio rI/J, = po/o~ uT/JT was calculated
in Sec.VA1. The values that we find for uT and JT
are smaller than those quoted in the literature for rI
and J,. For reduced Beld b & 0.2, one usually con-
siders rI ( as calculated by Brandt. z This value
would give rI —20 L for YBCO, while we determine
u~ = 1.16 A. Previous experimental data show that
J,(T = 4.3,B = 1) is usually 2—3 times smaller than
J,o = J,(T = 4.3, B = 0) and in sample No. 2, J,e ex-
ceeds our measurement capability of 1.5 x 10 A/cm, and
so we expect J,(T = 4.3, B = 1) & 107 A/cmz although
not directly measured We suggest that the origin of the
nonlinearity of R, at J & Jz is a depinning of vortices
near the edges of the line. The large reduction in J, and
in rI that we measure may be due to Sux creep. In a
recent paper, van der Beck et aLzs present a study of the
onset of nonlinearity in the ac response of a supercon-
ductor in the mixed state and consider the infiuence of
Sux creep.
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FIG. 9. R, at f = 1 24 HGz, T = 4 7 K, and B = 1 T (o)
and B = 0 T (~) as a function of the total rf current I,f for
sample No. 2. The dashed line at R, = 0 is only for reference.

We have been able to determine the parameters of the
CofFey-Clem model nz, fz, and v that characterize the
vortex dynamics in YBCO thin films. Values for these
parameters are summarized in Table II. Next we show
how these values compare with previously reported data
in different YBCO samples using the same field orienta-
tion (B () c axis).

The o.~ and f„values are in good agreement with o.„=
2.7x 10 N/m and f„-40 GHz deduced by Pambianchi
et al. &om measurements of R, in YBCO thin films at
B & 0.2 T and f = 11 GHz. These authors observed
that R, (B) and X,(B) are linear in B. As they show, a
linearization of the CofFey-Clem expression for Z, when
B/B z «1 results in R, oc B and X, oc B.

Wu and Sridhar measured A' in a YBCO single crys-
tal at 6 MHz. They reported that (A' —A)2 is a linear
function of applied field for B lower than 0.1 T at T =
9 K. Using the relation A' A + Acz, /2A which is valid
if Ac. /Az « 1, one concludes that o.„ocB ~z They.
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obtained a' = 2.1 x 104 N/m2 at low temperature. Our
results depart &om those of Wu and Sridhar in two ways:
First, we obtain a much larger o'„value in thin films than
they do in a single crystal, and second, we find that o'„
is 6eld independent, while they find o.„ocB ~ .

In other work, the dependence o.„ocB ~ has been
measured in a Bi2Sr2CaCu208 polycrystalline sample
and in a NbTi powder sample in vibrating-reed me-
chanical resonator experiments, ' performed at &equen-
cies in the kHz range.

VI. DISCUSSION

The work presented in this paper is one of the very few
swept-&equency experiments that have been performed
on the temperature and magnetic Beld dependence of the
surface impedance. To the best of our knowledge, only
two other papers report the &equency dependeace of the
ac impedance in a dc magnetic field. 5' In these experi-
meats f & 600 MHz and the authors focus on the results
obtained at high temperature to investigate the existence
of a vortex-glass phase in a large magnetic field using scal-
ing arguments. To interpret our results, obtained at 1.24
& f (20GHz and T = 4.3K, we used the phenomeno-
logical model of CofFey and Clem, which does not involve
any phase transition, but which derives important pa-
rameters such as the pinaing force constant n„,the pin-
ning frequency f„,and the pinning activation energy Ue.
Though the CofFey-Clem model was not developed explic-
itly for a vortex-glass state, the model does assume that
the vortices are uncorrelated In th.e low-&equency re-
gion of our experimental measurements these conditions
are met and the CofFey-Clem model gives a good Bt to
the data.

Prom the 6t of our experimental results to the CoH'ey-

Clem model, we have demonstrated the importance of
thermally activated flux creep at low temperature in
YBCO films. The small magnitude of the ratio Uo/2k~T
is responsible for a relatively large B, in an applied dc
magnetic 6eld at low temperature and at 1.2 GHz.

In all high-T, superconductors, flux creep is also re-
sponsible for the observed rapid decay of the dc magne-
tization, and thermally activated flux flow is the key
to understanding the resistive transitions in a dc 6eld
at high temperature. Next we review some recently re-
ported experiments performed both at low temperature
and in the vicinity of T . We will see how the small
Uo that we obtained at low temperature &om our high-
&equency experiment compares with values determined
in other experiments.

Magnetization-decay experiments yield a value of Uo
which is extracted from the rate of decay based on a
phenomenological model. Three models are usually em-

ployed, leading to model-dependent Uo values that can
vary signi6eantly. The time scale of magnetization-decay
experiments is very long compared to that of the mi-
crowave frequency measurements, in which lux creep is
on a time scale v approximately equal to 1/(2vr f). Thus
in our experiments v = 7.7 x 10 s, whereas the ob-

servation time involved in a magnetization-decay exper-
iment is greater than 1 s. Hence dc magnetization ex-
periments, probing vortex motion over a long time scale,
observe the response of vortices more strongly pinned
than those that give rise to the microwave response.

Recently, however, a dynamical relaxation technique
has been developed which enables the determination
of a Uo sensitive to fast relaxation and which therefore
provides Uo values to be compared with our microwave
measurements. Furthermore, by definition, these exper-
iments are performed at a J comparable to JT in our
experiments, thus making a comparison of Uo obtained
in these two cases reasonable.

By using the dynamical relaxation technique, v values
have been derived by Douwes and Kes in YBCO thin
films containing screw dislocations. They compare two
v values derived from two distinct models. At B = 1 T
and at T = 21.8 K, they obtained v 20 using the
Kim-Anderson model and v 10 using the logarithmic
model. Applying the same technique to the investigation
of YBCO thin films, Wen et al. analyzed their data
using the collective-pinning theory. Agreement between
their results and the collective-pinning model is found in
the intermediate-temperature range (20 K & T & 65 K),
but at low temperature (T & 10 K), strong disagreement
is found that is attributed to an abnormally fast relax-
ation. The failure of the relaxation rate to extrapolate
to zero when T ~ 0 K has been observed in other exper-
iments carried out below 1 K in various superconducting
materials and this effect is attributed to quantum tun-
neling of vortices.

The experiment of Wen et al. provides two useful
pieces of information. First, from this experiment we
learn that we cannot get v(T = 4.3) by extrapolation
results obtained at T ) 20 K. Thus, an extrapolation
of the Douwes and Kes results &om T = 21.8 K to
T = 4.3 K may be inappropriate for a comparison with
our results. Second, in this experiment, the possibility
of a fast relaxation rate at T = 4.3 K is shown. This
latter point is where the work of Wen et al. and our
microwave studies agree.

At high temperature, close to T„thermal effects on
flux motion have been found to be important in the vicin-
ity of the irreversibility temperature T;„(B) The irre-.
versibility temperature is the temperature where thermal
depinning of vortices occurs. 2 A list of various exper-
iments showing evidence for the thermal depinning of
vortices has been given by Brandt. 42 Recently Owliaei
et al. , using the CofFey-Clem model to interpret a field
crossover in the vortex response at microwave frequency

(f = 10 GHz) in YBCO thin films, obtained a line in
the B-T plane that coincides with the irreversibility line.
Owliaei et al. obtain Uo ——1.8x10 K at B = 1 T. A
value of about the same magnitude was obtained much
earlier by Palstra et al.

The Uo values determined &om experiments at high
temperature are several orders of magnitude higher than
the low-temperature Uo determined in the experiment
presented in this paper. These disparate Uo values must
arise from diferent origins. The vortex responses at mi-
crowave frequency at T —T;„and when T = 4.3 K
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probably correspond to different vortex dynamics and
different vortex phases. At high temperature the pinning
activation energy is associated with plastic deformation
of the vortex lattice, 44'4s and Uo -- U~i has been esti-
mated to be U~i —soap/SK I A z, where r = ~~/~~~ is
the anisotropy factor, A~ and All are, respectively, the
London penetration depths for 8 J c axis and 8

~~
c

axis, and ao ——Ps/B is the distance between neighboring
vortices. Taking F = 5, B = 1 T, and A~~

——170 III, we
obtain Uzi 4500 K, a value that is of the same order of
magnitude as that of Owliaei et al.s

We think that the low Uo that we determined in these
experiments results &om the interaction of the vortex lat-
tice with a high density of randomly distributed defects in
the films as described by Larkin and Ovchinnikov in their
collective-pinning theory. 4 A large number of metastable
configurations may exist for the pinned vortex lattice. In
the case of three-dimensional collective-pinning theory,
in the single-vortex limit4 the correlated volume is given
by V, = R28 = a&I, where E and R, are, respectively, the
lengths parallel and transverse to the magnetic field di-
rection. Hence, V, contains only a segment of one vortex.
At Gnite temperature, this vortex segment may hop be-
tween two states that are separated by a distance 2r y. To
draw a relationship between ry, which is a parameter of
the collective-pinning theory, and az, which is a param-
eter of the Coffey-Clem model, we must understand the
physical meaning of ry. Kes and van den Berg deGned

my as the distance in which the elementary pinning force
varies &om +P„to —P~. Adopting this definition, we
deduce ry ——az/2. The energy cost for the displacement
of a vortex segment E over a distance r y is the energy of
the elastic deformation of the vortex line:

U, i ——C44(my/E) V„ (21)

where C44 is the tilt modulus of the vortex lattice. Sudb@
and Brandt showed that in high-~ superconductors
(~ = A/(), C44 is dispersive as a result of the nonlo-
cal nature of the elastic energy when the vortex interac-
tion range (A) exceeds ao. They calculated that C44 ——

C44(k) + C44"(k). In the limiting case of isolated vor-
tices, the second term C44 '(k) is predominant and it is
reduced by the anisotropy factor of I'z. We will use the
approximate expression given by Vinokur et aL for C44
in the single-vortex limit in an anisotropic type II super-
conductor:

C44 = 4~/3C66/I',

Css ——$08 (/16m. p Ao

(22)

where C66 is the small-Geld shear modulus of the vortex
lattice. Replacing r y by az/2 in Eq. (21), we obtain

V„
16mp, A2F2 8

ll

We note that for b = 8/8 z « 1, U, i is very weakly
dependent upon the magnetic Seld. From the collective-
Pi»ing theory, s2 ( & E & ae when (J, —J)/J, & 1.
Taking A~~

——170 nm, 1 = 5, V = 3 x 10 we cal-

culate 4 & U,i & 94 K. One of the basic ass»mptions
of the collective-piii~i~g theory is that Us is of the or-
der of the elastic energy of the moving vortex segment.
In order to further explore the implications of Uo de-
termined by the Gt of our measurements to the CoKey-
Clem model, we equate Uo with U i. We then find that
E = 23 A. and a„=39 A. for resonator No. 1 and E = 30 A.

and a~ = 32 A. for resonator No. 2. We note that E

extends beyond several CuO~ twin planes and we con-
firm thereby the validity of the three-dimensional limit
for YBCO. We thus determine ry ——20 A for resonator
No. 1 and ry = 16 A. for resonator No. 2. As pre-
dicted by Brandt, z we obtain ry f 20 k From
the relationship z y/ J, = 6.6 x 10 i m /A, we calculate
J,(T = 4.3,8 = 1) = 2.4 x 10' A/cm in resonator No.
2. Although we do not have any direct measurement of
J,(T = 4.3,8 = 1) to compare with the value obtained
&om our analysis, this value compares well with pub-
lished data. By incorporating microscopic aspects of
the collective-pinning theory, we have been able to deter-
mine the correlated length of a vortex in the single-vortex
regime 8, some characteristic length of the pinning struc-
ture a„,and the pinning range r„,and we have been able
to predict a value for J,. The values of 8, a„,ry, and J,
thus determined support our assumptions made for the
analysis of the data.

VII. CONCLUSION

We have presented measurements of the microwave
surface impedance Z, (f, T, 8) = R, (f, T, 8) +
i,ye~A'(f, T, B) for YBCO thin films at T = 4.3 K as
a function of dc Geld B up to 5 T, microwave &equency
1.2 GHz & f & 20 GHz, and rf current in the range
10 A & I,g & 1 A. The static magnetic field is suf-
ficiently large that there is uniform penetration of the
field and the vortices are uniformly distributed. We
found that, in this &equency and field range, the rela-
tive change of R, is much larger than the relative change
of A'. These changes are related and depend on the dy-
namics of the vortex lattice. The study of R,(f) and
A'(f) allows us to investigate the difFerent time scales in-
volved in the vortex lattice dynamics. At a &equency
f, the processes that can be probed are those with a re-
laxation time 7 & 1/(2f). The analysis of R, (f) and
A'(f), within the &amework of the Coffey-Clem model,
showed that for 1.2 & f & 20 GHz, vortices are in the
Campbell regime; namely, the vortices oscillate within
the potential well that deGnes the pinning site. But this
&equency range is large enough to allow the observation
of two other regimes at both extremes of our frequency
measurement interval. At high &equency, dR, (f)/df is
decreasing, indicating that as the &equeney is increased
the vortex dynamics is evolving toward a &ee-Sux-Bow
regime. At low &equency, a vortex may have time to
break away &om its potential well and to become pinned
in another neighboring potential well. This is a thermally
activated Bux-creep process, and at low frequency it re-
sults in an increase in R, relative to the value without
Hux creep. At low temperature and in a small reduced
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field b = B/B,2, we identified the energy barriers for fiux
motion to be generated by aux-line-lattice disorder, as
explained by the collective-pinning theory. These barri-
ers are much smaller than the energy barriers identified
for thermally assisted Bux Bow, and are related to a plas-
tic deformation of the Bux-line lattice at much higher
temperature.

We have investigated the dynamics of vortices perpen-
dicular to the CuOz planes at low temperature. An ex-
tension of this work in three difFerent directions is under
way. First, because of the large structural anisotropy
of YBCO, a large anisotropy of R, (f, T, B) is expected.
The anisotropy of R, is being studied by rotating the ex-
ternaQy applied field B in a plane perpendicular to the
a bplan-e of YBCO. Of particular interest is the situation
where the vortices lie in the a bplan-es of YBCO. Second,
it would be interesting to explore the high-temperature
region. In order to be able to measure R, (f) at T ) 70 K,
the coupling of the resonator to the external circuit will
be increased to improve the signal-to-noise ratio. Third,
CofFey and Clem predicted the existence of nonlinear ef-
fects in the vortex dynamics. We are now investigating
this phenomenon, measuring R,(I,g) and measuring the

generation of a second harmonic of the fundamental mi-
crowave frequency.
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