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Flux noise and ac susceptibility measurements have been performed on epitaxial YBa2Cu3O7 films to
investigate dynamical properties of vortex fluctuations close to the resistive transition. The validity of the
fluctuation-dissipation theorem is verified by the proportionality between flux noise and ac susceptibility
results. The zero-field flux-noise spectrumfSfsfdg can be characterized as follows. Below a temperature
dependent frequencyf0sTd, the flux noise spectrum is frequency independent. For frequenciesf . f0sTd, the
flux noise spectrum followsf−x, with x<1.5–1.75. The characteristic frequencyf0 exhibits a dramatic de-
crease close to the resistive transition;f0 decreases by 3–4 orders of magnitude in a temperature interval of
DT<1 K. Moreover, the flux noise spectrum scales asfSf=g(f / f0sTd), wheregs·d is a scaling function. The
influence of a weak perturbing magnetic fieldsHdcd on the characteristics of the flux noise spectrum has been
investigated. While the general characteristics of the flux noise spectrum remain, except for a change in
frequency dependence atf . f0, the characteristic frequencyf0 exhibits a dramatic increase with increasing
applied field; f0 increases by 3–4 orders of magnitude on increasing the field from zero to a few oersteds.
Moreover, it is found thatf0 is proportional toHdc

y , with y<1.15. The results are interpreted in terms of
thermally generated vortex-antivortex fluctuations in combination with fluctuations of field-generated vortices.

DOI: 10.1103/PhysRevB.70.024511 PACS number(s): 74.78.Bz, 74.40.1k, 74.25.Ha

I. INTRODUCTION

Thermally created vortex fluctuations drive the zero-field
phase transition of Kosterlitz-Thouless(KT) type between
the superconducting and normal states in thin film supercon-
ductors as well as in two-dimensional(2D) Josephson junc-
tion arrays.1 Much of the experimental work have been per-
formed in zero field using two-coil mutual inductance,2–4

flux-noise,2,3,5,6 I-V, and resistance7,8 measurements to char-
acterize the dynamical properties of vortex fluctuations close
to the transition. The evidence of 2D vortex fluctuations in
the case of high-Tc superconductors is particularly convinc-
ing for BiSrCaCuO,2 which in comparison with
YBa2Cu3Od−7 (YBCO) exhibits a much larger anisotropy.
However, YBCO also shows, in a narrow temperature range,
a behavior characteristic of 2D vortex fluctuations.3 In fact,
even for bulk YBCO single crystals, which exhibit a three-
dimensional(3D) XY-like transition to the zero- resistance
state, experimental9 as well as theoretical10,11 results indicate
a decoupling of the CuO2 planes at a temperature just above
the transition temperature, and a behavior at higher tempera-
tures dominated by 2D vortex fluctuations.

Much less work have been devoted to vortex fluctuations
in the presence of a magnetic field applied perpendicular to
the superconducting film or the 2D Josephson junction array.
The vortex physics will in this case be complicated by the
coexistence of thermally and field created vortices. Early ex-
periments performed on superconducting films12 were af-
fected by pinning effects masking some of the intrinsic be-
havior of the vortex medium. More recent experiments
performed on a weakly frustrated triangular array of Joseph-
son junctions,13 at temperatures much below the zero-field

KT transition temperature where the vortex pinning is weak,
reveal that the vortex dynamics is different from Drude’s
classical description.1 The frequency dependence of the vor-
tex dynamics instead indicates that the vortex mobility van-
ishes logarithmically in the limit of small frequencies, a fea-
ture pointing to anomalously slow vortex diffusion.
Simulations on the 2DXY model using time-dependent
Ginzburg-Landau dynamics and including weak perpendicu-
lar magnetic fields14,15are in accordance with the experimen-
tal results obtained in Ref. 13. Moreover, the simulations
were performed in a large temperature interval, describing
the behavior of the vortex dynamics at temperatures both
below and above the zero-field KT transition.

In the present paper, we report a detailed study of the
frequency dependence of the vortex dynamics in weak ap-
plied perpendicular magnetic fields and at temperatures close
to the zero-field resistive transition for thin YBCO films. The
experimental results, which were obtained from two-coil mu-
tual inductance and flux-noise measurements covering a
wide range of frequencies, indicate a strongly temperature
and field dependent characteristic frequency of the vortex
dynamics.

II. EXPERIMENT

The thin film samples used in the present work are square
shapeds535 mm2d 200 Å and 500 Å thick YBa2Cu3O7−d

films grown on SrTiO3 (STO) substrates by pulsed laser
deposition.16 The 500 Å thick YBCO film is capped with a
200 Å thick Au layer. From the strong correlation between
theTc andDTc values and the crystallinity of YBCO films, as
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previously seen,16 the films are expected to be highlyc-axis
oriented and with only YBCOf100gs001d iSTO f100gs001d
in-plane orientation.

The experimental setup is a system based on a dc super-
conducting quantum interference device(SQUID) designed
for two-coil mutual inductance and flux-noise
measurements.17,18 The solenoid used in the mutual induc-
tance measurements has a diameter of 3 mm. Inside this so-
lenoid is a concentrically mounted pick-up coil, wound as a
first order gradiometer and having a diameter of 1.2 mm. The
face of this coil set is approximately 500mm back from the
superconducting film surface. The frequency dependent con-
ductanceGsv ,Td is determined by inversion of the ac sus-
ceptibility xsv ,Td, which is measured using a model 7260
DSP lock-in amplifier from EG&G Instruments, following
the procedure outlined in Ref. 19. The flux-noise spectrum
Sfsvd is determined by standard Fourier analysis of the
SQUID signal in the absence of ac magnetic fields using a
HP 35670A dynamic signal analyzer. The dynamic signal
analyzer was also used to measure higher harmonics of the
magnetization in response to ac magnetic fields of different
amplitudes. The sample space is magnetically shielded bym
metal and niobium cans, giving a residual dc magnetic field
of approximately 2 mOe. After mounting of a superconduct-
ing film sample, the sample was not removed from the
shielded environment until both ac susceptibility and flux-
noise measurements had been completed. The dc magnetic
field is created by a superconducting Helmholtz coil, oper-
ated in persistent mode. The SQUID system noise is approxi-
mately 2310−5 f0/Hz1/2 and 7310−6 f0/Hz1/2 at 1 Hz and
100 Hz, respectively, independent of the dc magnetic field
for the range of fields used in the present worksHdc

ø3 Oed.
The zero-field-cooled(ZFC) magnetization is measured

by cooling the sample to a low temperature in the absence of
a field, turning on a dc magnetic field, and measuring the
magnetization in this field as the sample slowly warms
through the superconducting transition temperature. The
field-cooled(FC) magnetization is next obtained by slowly
cooling the sample in the same dc magnetic field and mea-
suring the magnetization as the sample slowly cools.

III. RESULTS

Figure 1(a) shows the temperature dependence of the out-
of-phase component of the ac susceptibilityx9sTd in zero
applied dc magnetic field for the 500 Å thick YBCO film.
The frequency of the ac magnetic field was 1.7 Hz and the
different curves correspond to different ac field amplitudes.
Figure 1(b) shows the Fourier-transform spectrumuMsfdu of
the magnetization response to a 5.1 Hz ac field atHdc
=0 Oe and at a temperature close to wherex9sTd exhibits its
largest magnitude, while Fig. 1(c) shows the corresponding
results forHdc=1 Oe. The onset of a nonlinear response in
zero applied dc magnetic field occurs approximately for an
ac field amplitude ofHac=0.5 mOe, while the nonlinear re-
sponse in superimposed dc magnetic field occurs at slightly
larger ac field amplitudes; forHdc=1 Oe, the onset occurs in
the field range 1–3 mOe. One interesting observation is that

in zero applied dc magnetic field one detects even harmonics
of similar magnitude to the magnitude of the odd harmonics,
while the even harmonics are suppressed in a dc magnetic
field of Hdc=1 Oe. This observation will not be further dis-
cussed, since the emphasis here is on the linear response of
the vortex system. Measurements ofuMsfdu at other tempera-
tures and ac field frequencies gave similar results for the
onset of a nonlinear response of the vortex system. All re-
sults to be presented below were obtained in the linear re-
sponse regime, using an ac field amplitude ofHac
=0.3 mOe.

Figure 1(d) shows the ZFC and FC susceptibilities
sM /Hdcd versus temperature; the ZFC and FC susceptibilities
have been normalized with the ZFC susceptibility value cor-
responding to complete screening. The magnetization curves
corresponding toHdc=2.5 mOe were measured by cooling
the sample in a compensating dc magnetic field to reduce the
residual field in the experimental setup to be of order
0.1 mOe. The irreversibility temperatureTirr sHdcd is defined
from the temperature where the ZFC and FC susceptibility
curves merge. For temperaturesTùTirr sHdcd, the vortex sys-
tem is in thermodynamic equilibrium and the sample con-
tains a uniform density of vortices. Moreover, in the FC state
it is seen that the sample is almost completely penetrated by
the applied field. The ac susceptibility and flux-noise mea-

FIG. 1. (a) x9 versus temperature: the different curves corre-
spond to different amplitudes of the ac magnetic field; left to right
10 mOe (solid line), 3 mOe (dashed line), 1 mOe (solid line),
0.3 mOe(dashed line), and 0.1 mOe(solid line). Hdc=0 Oe andf
=1.7 Hz. (b) Fourier-transform spectra of the magnetization re-
sponse to a 5.1 Hz ac magnetic field.Hdc=0 Oe. (c) Fourier-
transform spectra of the magnetization response to a 5.1 Hz ac mag-
netic field. Hdc=1 Oe. (d) ZFC (solid line) and FC(dashed line)
susceptibility versus temperature. The different curves correspond
to different dc field amplitudes. 500 Å thick film.
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surements discussed below were performed on a vortex sys-
tem corresponding to the FC state. In fact, the flux-noise
measurements were performed at temperatures correspond-
ing to TùTirr sHdcd, implying that comparisons between ac
susceptibility and flux-noise results correspond to this tem-
perature range.

A. ac susceptibility and ac conductance

In Fig. 2, the real[Figs. 2(a) and 2(b)] and imaginary
[Figs. 2(c) and 2(d)] parts of the ac susceptibilityx=x8
− ix9 are shown versus temperature for the 200 Å thick film.
The imaginary part of the ac susceptibility in zero field[Fig.
2(c)] reveals for each frequency of the ac field a well-defined
dissipation peak, but there is a tendency thatx9sTd decreases
in magnitude and broadens for larger frequencies. This we
take as evidence of sample heterogeneity, yielding a broad-
ening of the features in the ac susceptibility for large fre-
quency(temperature), while this broadening gradually disap-
pears with decreasing frequency(temperature). The effect of
a perpendicular applied magnetic field is visualized in Figs.
2(b) and 2(d), where it is shown for two different frequencies
of the ac magnetic field that the characteristic features of the
ac susceptibility are suppressed to lower temperature with
increasing magnetic field. It is also possible to distinguish a
slight broadening of the features inxsTd with increasing
magnetic field.

In Fig. 3, the zero-field ac conductancevG is shown ver-
sus temperature for the 200 Å thick[Fig. 3(a)] and 500 Å

thick [Fig. 3(b)] YBCO films, respectively. At low tempera-
ture, where the dissipation of the superconducting film is
negligiblefv ResGd=0g, the behavior is that of a pure induc-
tor characterized byv ImfGsTdg=Lk

−1sTd. Here LksTd is the
kinetic inductance related to the effective penetration depth
of the superconducting filmLsTd=2l2sTd /d, wherelsTd and
d are the bulk penetration depth and film thickness, respec-
tively, by LksTd=m0LsTd /2. Close to the mean field transi-
tion temperature, one expects thatLk

−1sTd~ sTc0−Td,20 in
agreement with the behavior ofv ImfGsTdg shown in Fig. 3;
extrapolating the linear part of this temperature dependence
to v ImsGd=0, one obtainsTc0=83.5 K andTc0=88.5 K for
the 200 Å and 500 Å thick YBCO films, respectively. The ac
conductance in applied dc fields yields the same value of the
mean field critical temperature.

B. Flux noise

In Fig. 4, zero-field flux-noise spectra are shown versus
frequency at three different temperatures for the 200 Å thick
film. The feature observed at the highest temperature for fre-
quenciesf ,0.1 Hz is not related to the vortex dynamics of
the sample, but originates from the heater current used in the
temperature control system. The most salient features of the
flux-noise spectra can be described as follows. For frequen-
cies much larger than a temperature dependent characteristic
frequency of the vortex mediumf @ f0sTd, the flux noise

FIG. 2. (a) x8 and(c) x9 versus temperature: the different curves
correspond to different frequencies of the ac magnetic field; left to
right 0.17 Hz, 1.7 Hz, 17 Hz, 170 Hz, 1.7 kHz, and 17 kHz.(b) x8
and(d) x9 versus temperature for two different frequencies of the ac
magnetic field; open and filled circles correspond to 1.7 Hz and
17 kHz, respectively. The different curves correspond to different
dc magnetic fieldsHdc; from left to right Hdc=1 Oe,Hdc=0.1 Oe,
andHdc=0 Oe. 200 Å thick film. FIG. 3. ac conductancevG versus temperature. The different

curves correspond to different frequencies of the ac field.Hdc

=0 Oe .(a) 200 Å thick film and(b) 500 Å thick film.
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spectrum follows af−x dependence, withx<1.55. For fre-
quenciesf ! f0sTd, the flux-noise spectrum instead is fre-
quency independent(white noise). At constant temperature
T, the shoulder in the noise spectrum approximately defines
f0sTd. Moreover, the plateau value of a noise spectrum is
proportional to the zero-frequency limit of the conductance
G, which is related to the resistance asR=1/G.

The experimental setup measures the magnetic flux noise
with a distance between the film surface and the pick-up coil
being much larger than the relevant microscopic length,
which for a superconducting film corresponds to the perpen-
dicular penetration depthL.21 In this case, the magnetic field
due to the vortex medium at the position of the pick-up coil
is spreading out, and the expected frequency dependence for
frequenciesf @ f0sTd corresponds to af−x dependence, with
x=2.21 To the best of our knowledge, this high-frequency
behavior has not been observed experimentally, something
that we attribute to a weak dispersion in critical temperatures
caused by oxygen deficiency and thus in the characteristic
time scales of the vortex medium, resulting in af−x depen-
dence withx,2. Moreover, at constant temperature, the het-
erogeneity of the sample results in a flux-noise spectrum
with a transition region, between the frequency dependence
of the noise spectrum in the two frequency limitsf @ f0sTd
and f ! f0sTd, that is broadened in frequency. In support of
these claims, we show in Fig. 5(a) zero-field flux-noise spec-
tra for the 500 Å thick YBCO film. This film is capped with
a thin layer of Au, and it is therefore expected that this film
should exhibit less heterogeneity with respect to oxygen con-
centration. For this film, the flux-noise spectra for frequen-
cies f @ f0sTd exhibit a f−x dependence, withx<1.75. These
claims are further supported by flux-noise spectra measured
on a YBCO film being rather more heterogeneous,23 as evi-
denced by the broad transition regionDTc as well as the
broad transition region in the flux-noise spectrum between
the frequency dependence in thef @ f0sTd and f ! f0sTd fre-
quency limits; this film exhibited af−1 dependence for fre-
quencies f @ f0sTd. Based on these results obtained for
YBCO films of varying quality, it seems clear that the dis-
agreement between theoretical predictions forSfsfd and ex-
perimental results is to a large extent caused by imperfect
sample quality.

Figure 5(b) shows fSf versus frequency for the 500 Å
thick YBCO film at eight different temperatures. In such a
plot, the characteristic frequencyf0 at each temperature is
defined as the frequency wherefSf exhibits its maximum
value.

Figure 6 shows flux-noise spectra versus frequency to-
gether with ac susceptibility results at bothHdc=0 Oe and
Hdc=1 Oe for three different temperatures. The flux-noise
spectrum should relate to the dissipative part of the ac sus-
ceptibility, measured in the linear response regime, as

Sfsfd ~
Tx9sfd

f
. s1d

Figure 6 shows that this relation is obeyed to a high degree
of precision for the present experiments, since it is possible
to find a frequency and temperature independent constant
that will make the ac susceptibility data overlap perfectly
with the flux-noise spectra. Moreover, the relation is satisfied
both in zero applied dc field and in weak dc magnetic fields

FIG. 4. Spectral density of magnetic flux noiseSf versus fre-
quency for three different temperatures.Hdc=0 Oe. 200 Å thick
film.

FIG. 5. (a) Spectral density of magnetic flux noiseSf versus
frequency for three different temperatures.Hdc=0 Oe. 500 Å thick
film. (b) fSf versus frequency for eight different temperatures
88.04 K, 87.97 K, 87.89 K, 87.81 K, 87.74 K, 87.66 K, 87.58 K,
and 87.50 K. The noise spectra have been smoothed by averaging
over logarithmically spaced frequency segments.
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applied perpendicular to the sample surface. Theoretical
work21,24also shows that it is possible to relate the flux-noise
spectrum to the ac conductance by

Sfsfd = CsTdRefGsfdg, s2d

whereCsTd is a weakly temperature dependent constant, es-
tablishing a link between different quantities used to describe
the dynamics of the vortex medium in a superconductor.

Figure 7 shows flux-noise spectra obtained at constant
temperaturesT=79.15 Kd and for four different applied mag-
netic fields. The effects of a weak perpendicular magnetic
field are twofold. First, the characteristic frequency increases
with increasing magnetic field; compared to zero field(re-
sidual field inside them metal can), the value off0 increases
by more than three orders of magnitude in a field ofHdc
=3 Oe. Second, the plateau value of a noise spectrum de-
creases with increasing magnetic field; compared to zero
field, the flux-noise value corresponding to the plateau de-
creases by more than three orders of magnitude in a field of
Hdc=3 Oe, implying also that that the zero-frequency limit
of the resistance increases by more than three orders of mag-
nitude. The increase in resistance is a natural consequence of
the increase in the density of free vortices on applying a dc
magnetic field to the sample. The field dependence off0 and
R will be discussed in more detail below.

IV. DISCUSSION

YBCO films have been studied in a temperature range just
below the mean field transition temperatureTc0, where pin-
ning due to ever present microscopic disorder can be kept at
a low level, thus making it possible to study the intrinsic
dynamical behavior of the vortex medium. However, our re-
sults indicate some type of heterogeneity in the samples, pre-
sumably due to a weak dispersion in oxygen concentration,
giving rise to a likewise weak dispersion in critical tempera-
tures and thus in the characteristic time scales of the vortex
medium. The oxygen concentration in the two samples is to
some extent reflected in theTc0 values;Tc0<89 K andTc0
<83 K for the 500 Å and 200 Å thick YBCO films, respec-
tively. The smaller value ofTc0 obtained for the 200 Å thick
YBCO film is a combined effect due to out-diffusion of oxy-
gen from the bare surface of the film16 and finite size effects.
Moreover, the influence of heterogeneity in oxygen concen-
tration was examined, after having completed the mutual in-
ductance and flux-noise measurements, by leaving the non-
capped 200 Å thick YBCO film in vacuum and at room
temperature for a period corresponding to a few days. The
result was an oxygen deficient superconducting film exhibit-
ing a decrease of the transition temperature by approximately
1 K and a significantly broadened transition region.

The general characteristics of the vortex dynamics can be
understood as follows. Assuming that the vortex motion is
described by a diffusion process, which considering the lin-
ear Ohmic response of the vortex system can be described as
a flux flow or possibly a thermally assisted flux flow process,
it is possible to relate the probing frequencyf to a probing
length scaler f by r f <sD /2pfd1/2, whereD corresponds to
the vortex diffusion constant.22 Moreover, above the resistive
transition temperature, correlations between vortices are de-
scribed by a temperature dependent correlation lengthjsTd
that strongly increases in magnitude as the resistive transi-
tion is approached from above. In 2D and in zero applied dc
magnetic field, jsTd corresponds to the KT correlation
length, relating to the separation between a vortex and an
antivortex, above which vortex correlations exponentially
decay to zero. This implies that whenr f ,jsTd (high fre-

FIG. 6. Spectral density of magnetic flux noiseSf (left-hand
scale, solid lines) andx9 / f (right-hand scale, open symbols) versus
frequency for three different temperatures.(a) Hdc=0 Oe and(b)
Hdc=1 Oe. 200 Å thick film.

FIG. 7. Spectral density of magnetic flux noiseSf versus fre-
quency for four different dc magnetic fieldsHdc. T=79.15 K. 200 Å
thick film.
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quency), the flux-noise spectrum probes correlated vortex
dynamics, whiler f .jsTd (low frequency) implies that un-
correlated vortex motion is probed. The crossover in length
scale occurs at a frequencyf0 defined byr f =jsTd.

In the following, we will analyze the dynamical behavior
of the vortex medium using the frequency dependence of
fSwsfd, which displays the same characteristic frequency de-
pendence asx9sfd measured in the linear response regime.
Theoretical expressions for the frequency dependent re-
sponse of the vortex medium have been derived using the
Coulomb gas model.1 In the Coulomb gas analogy, a vortex
and an antivortex correspond to Coulomb gas charges with
positive and negative charge, respectively, and the frequency
dependent response is given by the vortex dielectric function
1/esfd.22 At high temperatures, close to but belowTc0, the
frequency dependent response is of Drude type describing
the response of free vortices,

fSfsfd ~
sf/f0d

sf/f0d2 + 1
. s3d

At low temperatures, close to the resistive transition, the re-
sponse is expected to be dominated by bound vortex pairs(at
least in zero applied dc field) and has been found to be well
parametrized by the Minnhagen phenomenology(MP)
form,1,2,15

fSfsfd ~
2

p

sf/f0dlnsf/f0d
sf/f0d2 − 1

. s4d

Equations(3) and(4) suggest that the noise data should scale
as fSfsf ,Td=g(f / f0sTd), wheregs·d is a scaling function, im-
plying that noise data obtained at different temperatures
should collapse onto a common curve when plotted as a
function of f / f0sTd. This prediction of scaling has been
shown to apply to both Josephson junction arrays5 and
YBCO thin films,23 even though the frequency dependence
predicted for frequenciesf / f0sTd@1 was not observed ex-
perimentally. In Fig. 8, the prediction of scaling for zero dc
magnetic field is put to test for the present two samples. For
both samples, the prediction of scaling is well obeyed. De-
viations from scaling may possibly be discerned for the
200 Å thick film at f / f0sTd@1 for the highest temperatures
included in the scaling analysis, something that we associate
with the broadening observed inx9sTd for larger frequencies
[cf. Fig. 2(c)]. Also included in this figure is the frequency
dependence expected to be observed for a vortex medium
consisting of noninteracting vortices(dashed line) and a vor-
tex medium being dominated by bound vortex pairs(solid
line). The Drude type of response has, in comparison to the
MP form, a sharper transition between the high- and low-
frequency limits of the frequency response. Comparing to
experimental results, it can be seen that thefSfsfd data for
the 200 Å thick film [Fig. 8(a)], except for frequencies
f / f0sTd@1, reasonably well follows the prediction of the MP
form. The comparison for the 500 Å thick film is visualized
in Fig. 8(b), and for this sample the transition between the
high- and low-frequency limits of the frequency response is
sharper and therefore the vortex dynamics for this film is
better described by the Drude type of response or a mixture

of the Drude and MP response functions. In particular, there
is no clear sign of a logarithmic broadening of the frequency
response, which according to the MP response form should
be noticeable for frequenciesf / f0sTd!1. However, the ob-
served behavior for the 500 Å thick film can be explained
considering in detail how flux-noise spectra measured at dif-
ferent temperatures contribute to the scaling plots shown in
Fig. 8. Flux-noise spectra measured at high temperatures will
primarily trace out the frequency dependence atf / f0sTd!1,
while the main contribution atf / f0sTd@1 originates from
flux-noise measurements performed at low temperatures.

The peak ratiox9sfd /x8sfd, defined at the temperature
wherex9sfd exhibits a maximum, should take a value in the
range 2/p to 1;15 according to the MP response form the
peak ratio equals 2/p, while a Drude type of reponse corre-
sponds to a peak ratio of 1. For the present two samples, the
peak ratio is close to 2/p at the lowest frequency(lowest
temperature), while the peak ratio increases for higher fre-
quencies(higher temperatures). In accord with the results
displayed in Fig. 8, the deviation of the peak ratio from the
MP value is, comparing with the 200 Å thick film, more
distinct for the 500 Å thick film, and the onset of an increas-

FIG. 8. fSf versus frequency.(a) 200 Å thick film and (b)
500 Å thick film. Dashed and solid lines give the expected fre-
quency response for a 2D superconductor following the Drude and
MP response forms, respectively. The result forx9sfd calculated in
Ref. 26, Eq.(20), for a superconducting disk is indicated by the
dash-dotted line in(b). Hdc=0 Oe.
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ing peak ratio occurs at a lower frequency for this film.
Moreover, for the highest frequency, the peak ratio for the
200 Å thick film takes a value well below the lower limit set
by the MP response form, giving another indication of the
heterogeneity of this film.

Brandt25,26calculated the electromagnetic response of thin
strip- and disk-shaped superconductors to uniform applied
perpendicular ac fields. In the Ohmic response regime he
constructed, from the correct asymptotic behaviors atf / f0
@1 and f / f0!1, analytic expressions for the complex ac
susceptibility that compared to a high degree of precission
with the numerical solutions. The analytic expression con-
structed by Brandt forx9sfd exhibits a frequency dependence
that coincides with the Drude frequency dependence at
f / f0!1, while at f / f0@1 the frequency dependence is
broadened by a logarithmic frequency contribution of geo-
metric origin; the frequency dependence ofx9 will at fre-
quenciesf / f0@1 follow a curve that falls between the fre-
quency dependence of the Drude and MP response forms[cf.
Fig. 8(b)]. Thus, the broadening of the frequency dependent
response observed atf / f0@1 for the present two samples
may to some extent be explained as being due to the experi-
mental geometry.

In Fig. 9, the scaling result for the 200 Å thick film in an
applied dc magnetic field of 1 Oe is shown together with the
corresponding zero-field scaling result. As can be seen in this
figure, thef / f0 scaling works as well in weak dc fields as it
does in the zero-field limit. One difference in the frequency
dependent response, comparing the weak-field and zero-field
cases, can however be discerned. Thef−x dependence for
frequenciesf / f0sTd@1 changes such thatx decreases in ap-
plied field; for an applied field of 1 Oe,x<1.3, which should
be compared tox<1.55 obtained for zero field. A similar
decrease ofx in applied field, was also observed for the
500 Å thick film, wherex<1.5 in an applied field of 1 Oe
(x<1.75 in zero field). The success of scaling of thefSfsfd
data, both in zero field and in weak applied perpendicular
fields, shows that the frequency dependent response of the

vortex medium is strongly temperature and field dependent,
as described byf0sT,Hdcd, but that the general characteristics
of the frequency depedence remain, despite the expected
dominance of field-generated vortices in weak applied dc
fields, the same throughout the transition region.

The characteristic frequencyf0sTd can be extracted from
both flux-noise and ac susceptibility results. PlottingfSfsfd
versusf, f0sTd is defined as the frequency at whichfSfsfd
obtains its maximum value. For temperatures where the fre-
quency at whichfSfsfd obtains its maximum value is outside
the experimental frequency range, it is still possible to esti-
mate f0sTd by carrying out the scaling analysis of thefSfsfd
data. Using instead the temperature dependence ofx9, the
frequencyf of the ac field equals the characteristic frequency
f0 at the temperature at whichx9 exhibits its maximum
value. Figure 10(a) shows f0 vs T, including both magnetic
flux-noise and ac susceptibility results, for zero dc field and a
field of Hdc=1 Oe for the 200 Å thick film. The characteris-
tic frequency, in both the zero-field and weak-field cases,
decreases by approximately five orders of magnitude in a
temperature interval of 2 K, the main difference being that
the f0sTd curve corresponding toHdc=1 Oe is suppressed to
lower temperature byDT<2 K. Similar results were ob-
tained for the 500 Å thick film. However, in concord with

FIG. 9. fSf versus frequency. The different scaling curves cor-
respond toHdc=0 Oe (left-hand scale) and Hdc=1 Oe (right-hand
scale). 200 Å thick film.

FIG. 10. (a) Characteristic frequencyf0 versus temperature ob-
tained from ac susceptibility(open symbols) and flux-noise(filled
symbols) data. The different curves correspond toHdc=0 Oe and
Hdc=1 Oe.(b) Characteristic frequencyf0 versus dc magnetic field
Hdc. The different curves correspond toT=78.75 K and T
=79.15 K. 200 Å thick film.
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the observation of a narrower transition for this sample,f0
decreases by five orders of magnitude in a temperature inter-
val of only <0.5 K. Figure 10(b) shows f0 vs Hdc, for two
different temperatures, for the 200 Å thick film. The magni-
tude of f0 increases by more than three orders of magnitude
on increasing the applied field from the millioersted to the
oersted range. In fact, the results indicate that the increase
with field is more pronounced than a simplef0~Hdc relation
would suggest; for the 200 Å thick film, it is possible to fit a
Hdc

y dependence to thef0sHdcd curves, withy<1.15. The
deviation from a simple linear relationship between the char-
acteristic frequency and the applied dc field is even more
pronounced for the 500 Å thick film.

In the case of a vortex medium exhibiting a Drude type of
response, theory predicts14,15 that f0 should be proportional
to the density of free vorticesnFsTd. In case of the MP re-
sponse, the prediction for a 2D vortex medium is rather that
f0 is proportional to the total density of vortices(with the
exception for temperatures being very close to the KT tran-
sition temperature, where insteadf0~nF is expected to hold).
In the simplest case, one would thus expectf0 to be propor-
tional to the applied field. Deviations from this linear depen-
dence can be explained by an applied field dependent density
of thermally created vortices, something that has also been
observed in simulations of 2D vortex dynamics onXY-type
models with Ginzburg-Landau dynamics.14,15 In fact, one
may argue that the experimental observation of an approxi-
matef0~Hdc

1.15 dependence for the 200 Å thick film indicates
that thermally created as well as field-generated vortices con-
tribute to the observed field dependent effects. The situation
can be described as follows. The Coulomb gas temperature
TCG~T/r0, wherer0 is the superfluid density, increases with
increasing applied dc magnetic field, and as a consequence,
apart from an increase in field-generated vortices, one also
expects an increase in the density of thermally created vorti-
ces with increasing field.

In Fig. 11(a), the dc resistanceR as given by the inverse
of the zero-frequency limit ofSfsfd is plotted for the 200 Å
thick film as a function of dc magnetic field for two different
temperatures. The resistance exhibits a very similar field de-
pendence as doesf0. This is expected, since the resistance
should exhibit a linear dependence on the density of free
vorticesnF. To emphasize the simple linear relationship be-
tween the resistance and the characteristic frequency, Fig.
11(b) showsR versusf0. This linear relationship holds both
at constant temperature on varying the dc field and at con-
stant dc field on varying the temperature.

V. CONCLUDING REMARKS

In the present paper, we have presented results from two-
coil mutual inductance and flux noise measurements close to
the resistive transition of YBCO thin films. The experimental
results give a detailed account of the zero-field vortex dy-
namics over six decades of frequency and how it develops
with temperature on approaching the resistive transition from
above, as well as describing the effects of weak applied dc
fields. The frequency dependent linear response of the vortex
medium is to a large extent governed by a strongly tempera-

ture and field dependent characteristic frequencyf0sT,Hdcd,
and the detailed frequency dependence of the vortex dynam-
ics can be described as a mixture of a Drude type of response
and the MP response. Deviations in the frequency response
for frequenciesf @ f0, comparing experimental results with
the theoretical prediction of af−2 dependence, can to a large
extent be explained by imperfect sample quality. For a high-
Tc film close to the resistive transition, the important sample
heterogeneity corresponds to oxygen deficiency. The field
dependence of the characteristic frequency is found to ap-
proximately follow anHdc

y dependence, withy<1.15, indi-
cating a vortex medium consisting of both thermally and
field created vortices. Lastly, a simple linear relationship is
found betweenf0sT,Hdcd and the resistanceRsT,Hdcd, where
R, at constant temperature and dc magnetic field, is deter-
mined as the inverse of the zero-frequency limit of the noise
spectrum.
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FIG. 11. (a) ResistanceR versus dc magnetic fieldHdc. The
different curves correspond toT=78.75 K andT=79.15 K.(b) Re-
sistanceR versus characteristic frequencyf0. The different curves
correspond toT=78.75 K andT=79.15 K. The dashed lines mark a
fit of the experimental data toR=Cf0, whereC is a temperature
dependent constant. 200 Å thick film.
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