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Vortex fluctuations in high-T, thin films close to the resistive transition
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Flux noise and ac susceptibility measurements have been performed on epitaxi@Bafilms 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 spectrdi®,(f)] can be characterized as follows. Below a temperature
dependent frequencfy(T), the flux noise spectrum is frequency independent. For frequefntidg(T), the
flux noise spectrum follow$™, with x=1.5-1.75. The characteristic frequenfyexhibits a dramatic de-
crease close to the resistive transitidp;decreases by 3—4 orders of magnitude in a temperature interval of
AT=1 K. Moreover, the flux noise spectrum scalesf8s=g(f/fo(T)), whereg(-) is a scaling function. The
influence of a weak perturbing magnetic fiéldy) 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 &t fj, the characteristic frequendy exhibits a dramatic increase with increasing
applied field;fy increases by 3—4 orders of magnitude on increasing the field from zero to a few oersteds.
Moreover, it is found thaffy is proportional toHY, with y=1.15. The results are interpreted in terms of
thermally generated vortex-antivortex fluctuations in combination with fluctuations of field-generated vortices.
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I. INTRODUCTION KT transition temperature where the vortex pinning is weak,

Thermally created vortex fluctuations drive the zero-field€veal that the vortex dynamics is different from Drude’s
phase transition of Kosterlitz-Thoules&T) type between classical dgscnphoh.‘l’ he frequency dependence of the vor-
the superconducting and normal states in thin film supercoriex dynamics instead indicates that the vortex mobility van-
ductors as well as in two-dimension@D) Josephson junc- ishes logarithmically in the limit of small frequencies, a fea-
tion arrayst Much of the experimental work have been per-ture pointing to anomalously slow vortex diffusion.
formed in zero field using two-coil mutual inductarfcé, ~Simulations on the 2DXY model using time-dependent
flux-noise?35%|-V, and resistandé measurements to char- Ginzburg-Landau dynamics and including weak perpendicu-
acterize the dynamical properties of vortex fluctuations closéar magnetic fields"*°are in accordance with the experimen-
to the transition. The evidence of 2D vortex fluctuations intal results obtained in Ref. 13. Moreover, the simulations
the case of highF, superconductors is particularly convinc- were performed in a large temperature interval, describing
ing for BiSrCaCu®: which in comparison with the behavior of the vortex dynamics at temperatures both
YBa,Cu;0;5 ; (YBCO) exhibits a much larger anisotropy. below and above the zero-field KT transition.

However, YBCO also shows, in a narrow temperature range, In the present paper, we report a detailed study of the
a behavior characteristic of 2D vortex fluctuatidris. fact, ~ frequency dependence of the vortex dynamics in weak ap-
even for bulk YBCO single crystals, which exhibit a three- plied perpendicular magnetic fields and at temperatures close
dimensional(3D) XY-like transition to the zero- resistance to the zero-field resistive transition for thin YBCO films. The

state, experimentihs well as theoretici'! results indicate ~ e€xperimental results, which were obtained from two-coil mu-

a decoupling of the CuDplanes at a temperature just abovetual inductance and flux-noise measurements covering a
the transition temperature, and a behavior at higher temperavide range of frequencies, indicate a strongly temperature
tures dominated by 2D vortex fluctuations. and field dependent characteristic frequency of the vortex

Much less work have been devoted to vortex fluctuationglynamics.
in the presence of a magnetic field applied perpendicular to
the superconduc_ting fi_Im_ or the 2D Josephson junction array. Il. EXPERIMENT
The vortex physics will in this case be complicated by the
coexistence of thermally and field created vortices. Early ex- The thin film samples used in the present work are square
periments performed on superconducting fiitwere af- shaped(5x5 mn?) 200 A and 500 A thick YB3Cu;0;-5
fected by pinning effects masking some of the intrinsic befilms grown on SrTiQ (STO) substrates by pulsed laser
havior of the vortex medium. More recent experimentsdepositiont® The 500 A thick YBCO film is capped with a
performed on a weakly frustrated triangular array of Joseph200 A thick Au layer. From the strong correlation between
son junctionsy? at temperatures much below the zero-fieldthe T, andAT, values and the crystallinity of YBCO films, as
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previously seer® the films are expected to be hightyaxis —
oriented and with only YBCQ100](001)[ISTO[100](001) "
in-plane orientation.

The experimental setup is a system based on a dc supe =
conducting quantum interference devi&QUID) designed
for two-coil mutual inductance and flux-noise
measurementS:*® The solenoid used in the mutual induc-
tance measurements has a diameter of 3 mm. Inside this sc
lenoid is a concentrically mounted pick-up coil, wound as a
first order gradiometer and having a diameter of 1.2 mm. The 0~ o F 28 . ) :
face of this coil set is approximately 5Qdm back from the TIK] 0 0 22{ 30 40
superconducting film surface. The frequency dependent con®® (b) i
ductanceG(w, T) is determined by inversion of the ac sus- 10
ceptibility x(w,T), which is measured using a model 7260
DSP lock-in amplifier from EG&G Instruments, following — 10°
the procedure outlined in Ref. 19. The flux-noise spectrum&
Sy(w) is determined by standard Fourier analysis of the s ¢
SQUID signal in the absence of ac magnetic fields using a=
HP 35670A dynamic signal analyzer. The dynamic signal 42
analyzer was also used to measure higher harmonics of th
magnetization in response to ac magnetic fields of different | .|
amplitudes. The sample space is magnetically shielded by 0 10 20 30 40 86 &7
metal and niobium cans, giving a residual dc magnetic field(c) 7 [Hz] (d) T[K]
of approximately 2 mOe. After mounting of a superconduct-
ing film sample, the sample was not removed from the FIG. 1. (& x” versus temperature: the different curves corre-
shielded environment until both ac susceptibility and flux-spond to different amplitudes of the ac magnetic field; left to right
noise measurements had been completed. The dc magneli¢ mOe (solid line), 3 mOe (dashed ling 1 mOe (solid line),
field is created by a superconducting Helmholtz coil, oper0-3 mOe(dashed ling and 0.1 mOgsolid [ing). Hy=0 Oe andf
ated in persistent mode. The SQUID system noise is approxr 17 Hz. (b) Fourier-transform spectra of the magnetization re-
mately 2< 1075 ¢,/HzY2 and 7x 10°® ¢o/Hz}2at 1 Hz and ~ SPonse to a 5.1 Hz ac magnetic field4.=0 Oe. (c) Fourier-

100 Hz, respectively, independent of the dc magnetic ﬁe|drar_lsfqrm spectra of the magnetizgtior_1 responsetoab.1 Hz_ ac mag-
for the range of fields used in the present waiK netic field. Hy.=1 Oe. (d) ZFC (solid line) and FC(dashed ling
<308 de susceptibility versus temperature. The different curves correspond

The zero-field-cooledZFC) magnetization is measured to different dc field amplitudes. 500 A thick film.
by cooling the sample to a low temperature in the absence ah zero applied dc magnetic field one detects even harmonics
a field, turning on a dc magnetic field, and measuring theof similar magnitude to the magnitude of the odd harmonics,
magnetization in this field as the sample slowly warmswhile the even harmonics are suppressed in a dc magnetic
through the superconducting transition temperature. Théeld of Hy.=1 Oe. This observation will not be further dis-
field-cooled(FC) magnetization is next obtained by slowly cussed, since the emphasis here is on the linear response of
cooling the sample in the same dc magnetic field and medhe vortex system. Measurements| )| at other tempera-
suring the magnetization as the sample slowly cools. 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 Bf,

Figure Xa) shows the temperature dependence of the out=0.3 mOe.
of-phase component of the ac susceptibility(T) in zero Figure Xd) shows the ZFC and FC susceptibilities
applied dc magnetic field for the 500 A thick YBCO film. (M/Hyo) versus temperature; the ZFC and FC susceptibilities
The frequency of the ac magnetic field was 1.7 Hz and thdave been normalized with the ZFC susceptibility value cor-
different curves correspond to different ac field amplitudesresponding to complete screening. The magnetization curves
Figure Xb) shows the Fourier-transform spectrum(f)| of  corresponding tdHy.=2.5 mOe were measured by cooling
the magnetization response to a 5.1 Hz ac fieldHgt  the sample in a compensating dc magnetic field to reduce the
=0 Oe and at a temperature close to whet@) exhibits its  residual field in the experimental setup to be of order
largest magnitude, while Fig.(d) shows the corresponding 0.1 mOe. The irreversibility temperatulg, (Hqo) is defined
results forHy.=1 Oe. The onset of a nonlinear response infrom the temperature where the ZFC and FC susceptibility
zero applied dc magnetic field occurs approximately for arcurves merge. For temperatufEs T;, (Hgo), the vortex sys-
ac field amplitude oH,.,=0.5 mOe, while the nonlinear re- tem is in thermodynamic equilibrium and the sample con-
sponse in superimposed dc magnetic field occurs at slightlsains a uniform density of vortices. Moreover, in the FC state
larger ac field amplitudes; fdtl4.=1 Oe, the onset occurs in it is seen that the sample is almost completely penetrated by
the field range 1-3 mOe. One interesting observation is thahe applied field. The ac susceptibility and flux-noise mea-
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FIG. 2. (a) ¥’ and(c) x” 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 kida. x’
and(d) y” versus temperature for two different frequencies of the ac I ;
magnetic field; open and filled circles correspond to 1.7 Hz and 86 87 88 89
17 kHz, respectively. The different curves correspond to different (b) T[K]

dc magnetic fielddy.; from left to right Hg.=1 Oe,Hy.=0.1 Oe, )
andHg.=0 Oe. 200 A thick film. FIG. 3. ac conductanceG versus temperature. The different

curves correspond to different frequencies of the ac fielg,

. =0 Oe .(a) 200 A thick film and(b) 500 A thick film.
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 corresporighick [Fig. 3b)] YBCO films, respectively. At low tempera--

ing to T=T,,(Hyy), implying that comparisons between ac ture, \{vhere the dissipation of the ;uperconductmg film is

susceptibility and flux-noise results correspond to this temNegdligible[» Re(G)=0], the behaw_cir is that of a pure induc-

perature range. tqr characterlzed by IM[G(T)]=L, (). .Here L(T) is the
kinetic inductance related to the effective penetration depth
of the superconducting film (T)=2\%(T)/d, where\(T) and

A. ac susceptibility and ac conductance d are the bulk penetration depth and film thickness, respec-

In Fig. 2, the real[Figs. 2a) and 2b)] and imaginary t@vely, by Li(T)=uoA(T)/2. Close to tkl1e mean field trgnsi-
[Figs. 2c) and 2d)] parts of the ac susceptibility=y'  tOn temperature, one expects thigf (T)(Tgo=T)?* in
—iy” are shown versus temperature for the 200 A thick film.2greement with the behavior efIm[G(T)] shown in Fig. 3;
The imaginary part of the ac susceptibility in zero fighdg. ~ €xtrapolating the linear part of this temperature dependence
2(c)] reveals for each frequency of the ac field a well-defined© @ Im(G)=0, one obtaing=83.5 K andT=88.5 K for
dissipation peak, but there is a tendency t4T) decreases the 200 A and 500 A thick YBCO films, respectively. The ac
in magnitude and broadens for larger frequencies. This wéonductance in applied dc fields yields the same value of the
take as evidence of sample heterogeneity, yielding a broadnean field critical temperature.
ening of the features in the ac susceptibility for large fre-
guency(temperaturg while this broadening gradually disap-
pears with decreasing frequenggmperaturg The effect of
a perpendicular applied magnetic field is visualized in Figs. In Fig. 4, zero-field flux-noise spectra are shown versus
2(b) and 2d), where it is shown for two different frequencies frequency at three different temperatures for the 200 A thick
of the ac magnetic field that the characteristic features of thélm. The feature observed at the highest temperature for fre-
ac susceptibility are suppressed to lower temperature witquenciesf <0.1 Hz is not related to the vortex dynamics of
increasing magnetic field. It is also possible to distinguish ghe sample, but originates from the heater current used in the
slight broadening of the features ip(T) with increasing temperature control system. The most salient features of the
magnetic field. flux-noise spectra can be described as follows. For frequen-

In Fig. 3, the zero-field ac conductane& is shown ver-  cies much larger than a temperature dependent characteristic
sus temperature for the 200 A thigkig. @] and 500 A  frequency of the vortex mediurfi>fy(T), the flux noise

B. Flux noise
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spectrum follows & ™ dependence, witlk=1.55. For fre- . E!Eg,se?i’f
Ty (u}

quenciesf <fy(T), the flux-noise spectrum instead is fre-
quency independenivhite noisg. At constant temperature

T, the shoulder in the noise spectrum approximately defines
fo(T). Moreover, the plateau value of a noise spectrum is
proportional to the zero-frequency limit of the conductance
G, which is related to the resistanceRs 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- ss §00 A film
dicular penetration depth.?! In this case, the magnetic field 10" L~ ! ! ! ! ! !
due to the vortex medium at the position of the pick-up coil 102 10" 10° 10" 10* 10°
is spreading out, and the expected frequency dependence for b .
frequenciesf > fy(T) corresponds to & dependence, with (b) 7 [Hz]

x=22! To the best of our knowledge, this high-frequency £\ 5. (a) Spectral density of magnetic flux nois, versus

behavior has not been observed experimentally, somethingeq,ency for three different temperaturé,=0 Oe. 500 A thick
that we attribute to a weak dispersion in critical temperaturegy, fS, versus frequency for eight different temperatures

c_aused by oxygen deficiency _and thus i_n the_characteristi§8_04 K. 87.97 K, 87.89 K, 87.81 K, 87.74 K, 87.66 K, 87.58 K,

grgr?c:(ﬂfr:(gfzthl\?lo‘ggsgrma?(ﬂgrg’t;ﬁf?étm g irfd depen-  4nq 87.50_K. The noise spectra have been smoothed by averaging
, ' , _ perature, the het,er jogarithmically spaced frequency segments.

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 limfts fo(T) _Figure §b) showsfS, versus frequency for the 500 A

and f<f(T), that is broadened in frequency. In support of thick YBCO film at eight different temperatures. In such a

these claims, we show in Fig(& zero-field flux-noise spec- PloL. the characteristic frequendy at each temperature is

tra for the 500 A thick YBCO film. This film is capped with defined as the frequency whef&, exhibits its maximum

a thin layer of Au, and it is therefore expected that this filmVvalue. )

should exhibit less heterogeneity with respect to oxygen con- Figure 6 shows flux-noise spectra versus frequency to-

centration. For this film, the flux-noise spectra for frequen-gether with ac susceptibility results at bdity.=0 Oe and

ciesf> fo(T) exhibit af* dependence, witk=1.75. These Hac=1 Oe for three different temperatures. The flux-noise

claims are further supported by flux-noise spectra measuretPectrum should relate to the dissipative part of the ac sus-

on a YBCO film being rather more heterogenedtias evi- ceptibility, measured in the linear response regime, as

denced by the broad transition regidT. as well as the TY'()
— 1)
f

102 10" 10° 10" 10*° 10*° 10*
f(Hz)

S8, @]

broad transition region in the flux-noise spectrum between Sy(f)
the frequency dependence in the fy(T) and f < fy(T) fre-

quency limits; this film exhibited & dependence for fre- Figure 6 shows that this relation is obeyed to a high degree
quencies f>fy(T). Based on these results obtained forof precision for the present experiments, since it is possible
YBCO films of varying quality, it seems clear that the dis- to find a frequency and temperature independent constant
agreement between theoretical predictionsSgif) and ex-  that will make the ac susceptibility data overlap perfectly
perimental results is to a large extent caused by imperfeawith the flux-noise spectra. Moreover, the relation is satisfied
sample quality. both in zero applied dc field and in weak dc magnetic fields
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10® ' ‘ ' 106 ' ' (b)l FIG. 7. Spectral density of magnetic flux noiSg versus fre-
78.43 K quency for four different dc magnetic fielét,. T=79.15 K. 200 A
= 110 thick film.
| I\ ' .
- . /,I ‘\ 79|-°7 K | < IV. DISCUSSION
I RN P T S
e~ 107 " 7971K ) YBCO films have been studied in a temperature range just
u® gy ‘ 1 10° g below the mean field transition temperatdig, where pin-
L wmmh‘ g, ning due to ever present microscopic disorder can be kept at
a low level, thus making it possible to study the intrinsic
10 : dynamical behavior of the vortex medium. However, our re-
107 r ~ sults indicate some type of heterogeneity in the samples, pre-
. L ' ' . 15 10? sumably due to a weak dispersion in oxygen concentration,
102 10" 10° 10" 10 10® f[Hz] giving rise to a likewise weak dispersion in critical tempera-

tures and thus in the characteristic time scales of the vortex
FIG. 6. Spectral density of magnetic flux noiSg (left-hand  medijum. The oxygen concentration in the two samples is to
scale, solid Ilne)sand)(’_’/f (right-hand scale, open symbpleersus  gome extent reflected in tHE, values;T,~89 K and Ty,
frequency for three_dlﬁgrent temperaturg¢a) Hy.=0 Oe and(b) ~83 K for the 500 A and 200 A thick YBCO films, respec-
Hyc=1 Oe. 200 A thick film. tively. The smaller value of, obtained for the 200 A thick
YBCO film is a combined effect due to out-diffusion of oxy-
applied perpendicular to the sample surface. Theoreticajen from the bare surface of the fifrand finite size effects.
work?!-24also shows that it is possible to relate the flux-noiseMoreover, the influence of heterogeneity in oxygen concen-
spectrum to the ac conductance by tration was examined, after having completed the mutual in-
_ ductance and flux-noise measurements, by leaving the non-
Sy(f) = C(MREG(], 2) capped 200 A thick YBCO film in vacuum and at room
whereC(T) is a weakly temperature dependent constant, essemperature for a period corresponding to a few days. The
tablishing a link between different quantities used to describgesult was an oxygen deficient superconducting film exhibit-
the dynamics of the vortex medium in a superconductor. ing a decrease of the transition temperature by approximately
Figure 7 shows flux-noise spectra obtained at constant K and a significantly broadened transition region.
temperaturéT=79.15 K) and for four different applied mag- The general characteristics of the vortex dynamics can be
netic fields. The effects of a weak perpendicular magneti¢inderstood as follows. Assuming that the vortex motion is
field are twofold. First, the characteristic frequency increasegescribed by a diffusion process, which considering the lin-
with increasing magnetic field; compared to zero figie-  €ar Ohmic response of the vortex system can be described as
sidual field inside thg: metal can, the value off, increases @ flux flow or possibly a thermally assisted flux flow process,
by more than three orders of magnitude in a fieldHpf. it is possible to relate the probing frequentyo a probing
=3 Oe. Second, the plateau value of a noise spectrum déength scaler; by ry=(D/27f)2, whereD corresponds to
creases with increasing magnetic field; compared to zeréhe vortex diffusion constarié. Moreover, above the resistive
field, the flux-noise value corresponding to the plateau detransition temperature, correlations between vortices are de-
creases by more than three orders of magnitude in a field ¢icribed by a temperature dependent correlation leggih
Hg.=3 Oe, implying also that that the zero-frequency limit that strongly increases in magnitude as the resistive transi-
of the resistance increases by more than three orders of matjen is approached from above. In 2D and in zero applied dc
nitude. The increase in resistance is a natural consequencefgnetic field, &T) corresponds to the KT correlation
the increase in the density of free vortices on applying a ddength, relating to the separation between a vortex and an
magnetic field to the sample. The field dependenck aihd  antivortex, above which vortex correlations exponentially
R will be discussed in more detail below. decay to zero. This implies that when<<&(T) (high fre-
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quency, the flux-noise spectrum probes correlated vortex
dynamics, whiler;>&(T) (low frequency implies that un-
correlated vortex motion is probed. The crossover in length
scale occurs at a frequenc€y defined byr=&(T).

In the following, we will analyze the dynamical behavior
of the vortex medium using the frequency dependence of
fS,(f), which displays the same characteristic frequency de-
pendence ag’(f) 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 modélin the Coulomb gas analogy, a vortex ;
and an antivortex correspond to Coulomb gas charges with
positive and negative charge, respectively, and the frequency a
dependent response is given by the vortex dielectric function
1/€(f).?? At high temperatures, close to but beldW, the
frequency dependent response is of Drude type describing
the response of free vortices,

(f/fo)
(f/fg)2+ 1"

At low temperatures, close to the resistive transition, the re-
sponse is expected to be dominated by bound vortex (sirs
least in zero applied dc fieldaind has been found to be well
parametrized by the Minnhagen phenomenologyP)
form 1215

fSy(f) o 3

2 (fifo)n(f/fo)
7 (flfg)2-1

Equationg3) and(4) suggest that the noise data should scale
asfSy(f, T)=g(f/fo(T)), whereg(:) is a scaling function, im-
plying that noise data obtained at different temperatures FIG. 8. fS; versus frequency(@ 200 A thick film and (b)
should collapse onto a common curve when plotted as a00 A thick film. Dashed and solid lines give the expected fre-
function of f/f,(T). This prediction of scaling has been duency response for a 2D SL_Jperconductor following the Drud_e and
shown to apply to both Josephson junction arfagsd MP response forms, respectively. Thg resglt)f(.ﬁﬁ). cglculated in
YBCO thin films23 even though the frequency dependenceREf' 26, Eq.(_20),_for a su_perconductlng disk is indicated by the
predicted for frequencie$/fo(T)>1 was not observed ex- dash-dotted line irth). Hqe=0 Oe.

perimentally. In Fig. 8, the prediction of scaling for zero dc of the Drude and MP response functions. In particular, there
magnetic field is put to test for the present two samples. Fois no clear sign of a logarithmic broadening of the frequency
both samples, the prediction of scaling is well obeyed. Deresponse, which according to the MP response form should
viations from scaling may possibly be discerned for thebe noticeable for frequencidgfy(T)<1. However, the ob-
200 A thick film atf/fo(T)>1 for the highest temperatures served behavior for the 500 A thick film can be explained
included in the scaling analysis, something that we associateonsidering in detail how flux-noise spectra measured at dif-
with the broadening observed j(T) for larger frequencies ferent temperatures contribute to the scaling plots shown in
[cf. Fig. 2¢)]. Also included in this figure is the frequency Fig. 8. Flux-noise spectra measured at high temperatures will
dependence expected to be observed for a vortex mediuprimarily trace out the frequency dependencé/dp(T) <1,
consisting of noninteracting vorticédashed lingand a vor-  while the main contribution af/fo(T)>1 originates from

tex medium being dominated by bound vortex paselid  flux-noise measurements performed at low temperatures.
line). The Drude type of response has, in comparison to the The peak ratioy”(f)/x'(f), defined at the temperature
MP form, a sharper transition between the high- and low-where y”(f) exhibits a maximum, should take a value in the
frequency limits of the frequency response. Comparing tqange 24 to 11° according to the MP response form the
experimental results, it can be seen that tBg(f) data for  peak ratio equals 27, while a Drude type of reponse corre-
the 200 A thick film [Fig. 8@)], except for frequencies sponds to a peak ratio of 1. For the present two samples, the
f/fo(T)> 1, reasonably well follows the prediction of the MP peak ratio is close to 2# at the lowest frequencylowest
form. The comparison for the 500 A thick film is visualized temperaturg while the peak ratio increases for higher fre-
in Fig. 8b), and for this sample the transition between thequencies(higher temperaturgsin accord with the results
high- and low-frequency limits of the frequency response igdisplayed in Fig. 8, the deviation of the peak ratio from the
sharper and therefore the vortex dynamics for this film isMP value is, comparing with the 200 A thick film, more
better described by the Drude type of response or a mixturdistinct for the 500 A thick film, and the onset of an increas-

fSy(f) o (4)
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FIG. 9. fS, versus frequency. The different scaling curves cor- 10° | ° .
respond toHy4.=0 Oe (left-hand scalpand Hy.,=1 Oe (right-hand _ 7easK v
scalg. 200 A thick film. = 402l * . _
w2 . .
ing peak ratio occurs at a lower frequency for this film. 10" L 7875K i
Moreover, for the highest frequency, the peak ratio for the . "
200 A thick film takes a value well below the lower limit set 10° | . .
by the MP response form, giving another indication of the .
heterogeneity of this film. 107 — = —
Brand®526calculated the electromagnetic response of thin 10 10 10 10
strip- and disk-shaped superconductors to uniform applied (b) Hyc[Oe]

perpendicular ac fields. In the Ohmic response regime he

constructed, from the correct asymptotic behaviors /dg tained from ac susceptibilitpopen symbolsand flux-noise(filled

>1 andf/fo<1, analytic expressions for the complex ac symbolg data. The different curves correspondHg.=0 Oe and

susceplibility that compared to a high degree of preCISSIOﬁl_|dC:1 Oe.(b) Characteristic frequenciy versus dc magnetic field

with the numerical sq!utions._The analytic expression con-Hdc_ The different curves correspond =78.75K and T
structeq by Brandfc fox(f) exhibits a frequency dependence _7q 15 k 200 A thick film.
that coincides with the Drude frequency dependence at
f/fo<1, while at f/fy>1 the frequency dependence is vortex medium is strongly temperature and field dependent,
broadened by a logarithmic frequency contribution of geo-as described byy(T,Hqo), but that the general characteristics
metric origin; the frequency dependence 3f will at fre-  of the frequency depedence remain, despite the expected
quenciesf/f,>1 follow a curve that falls between the fre- dominance of field-generated vortices in weak applied dc
quency dependence of the Drude and MP response fimfins  fields, the same throughout the transition region.
Fig. &b)]. Thus, the broadening of the frequency dependent The characteristic frequendy(T) can be extracted from
response observed &tf,>1 for the present two samples both flux-noise and ac susceptibility results. P|Ottm(f)
may to some extent be explained as being due to the expenersusf, fo(T) is defined as the frequency at whiéB,(f)
mental geometry. obtains its maximum value. For temperatures where the fre-
In Fig. 9, the scaling result for the 200 A thick film in an quency at whicHSy(f) obtains its maximum value is outside
applied dc magnetic field of 1 Oe is shown together with thethe experimental frequency range, it is still possible to esti-
corresponding zero-field scaling result. As can be seen in thimatefy(T) by carrying out the scaling analysis of thg,(f)
figure, thef/fy scaling works as well in weak dc fields as it data. Using instead the temperature dependencg’,ofhe
does in the zero-field limit. One difference in the frequencyfrequencyf of the ac field equals the characteristic frequency
dependent response, comparing the weak-field and zero-fiefg at the temperature at whicly’” exhibits its maximum
cases, can however be discerned. The dependence for value. Figure 1(&) showsf, vs T, including both magnetic
frequencies/fy(T)>1 changes such thatdecreases in ap- flux-noise and ac susceptibility results, for zero dc field and a
plied field; for an applied field of 1 O&~ 1.3, which should field of Hy.=1 Oe for the 200 A thick film. The characteris-
be compared tox=1.55 obtained for zero field. A similar tic frequency, in both the zero-field and weak-field cases,
decrease of in applied field, was also observed for the decreases by approximately five orders of magnitude in a
500 A thick film, wherex=1.5 in an applied field of 1 Oe temperature interval of 2 K, the main difference being that
(x=1.75 in zero fielgl The success of scaling of tH&(f) the fo(T) curve corresponding tbly.=1 Oe is suppressed to
data, both in zero field and in weak applied perpendiculatower temperature byAT~=2 K. Similar results were ob-
fields, shows that the frequency dependent response of thained for the 500 A thick film. However, in concord with

FIG. 10. (a) Characteristic frequencfy versus temperature ob-
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the observation of a narrower transition for this sampe, 10° | ' ' |
decreases by five orders of magnitude in a temperature inter-
val of only =0.5 K. Figure 10b) showsf, vs Hy. for two 108 L "
different temperatures, for the 200 A thick film. The magni- " .
tude off, increases by more than three orders of magnitude ¥ 10t Akt . i
on increasing the applied field from the millioersted to the Z " .
oersted range. In fact, the results indicate that the increase 5 10° L Y .
with field is more pronounced than a simglgc Hy relation = s . . 8T8
would suggest; for the 200 A thick film, it is possible to fit a 0 . 1
HY. dependence to thé(Hgo) curves, withy=1.15. The 10¢ *
deviation from a simple linear relationship between the char- o |
acteristic frequency and the_ applied dc field is even more 103 1(').2 16.1 1(')0
pronounced for the 500 A thick film. @) 710

In the case of a vortex medium exhibiting a Drude type of a[0c)
response, theory prediéts® that f, should be proportional 10°
to the density of free vortices:(T). In case of the MP re- ' ' ' '
sponse, the prediction for a 2D vortex medium is rather that 108 L )
fo is proportional to the total density of vorticgwith the ot
exception for temperatures being very close to the KT tran- — 107 L ﬁ_’::;:r |
sition temperature, where instegg ng is expected to hold *é -
In the simplest case, one would thus explcto be propor- £ 100 ] 79-15"::;::?7';75'( |
tional to the applied field. Deviations from this linear depen- & L )
dence can be explained by an applied field dependent density ~ 1051 - |
of thermally created vortices, something that has also been -
observed in simulations of 2D vortex dynamics XN-type 100l |
models with Ginzburg-Landau dynamits!® In fact, one " . . .
may argue that the experimental observation of an approxi- 107 100 10! 102 10°
matef,oc H3> dependence for the 200 A thick film indicates (b) 7, 2]

that thermally created as well as field-generated vortices con- . o

tribute to the observed field dependent effects. The situation FIG. 11. (@) ResistanceR versus dc magnetic fieléy. The
can be described as follows. The Coulomb gas temperatuidfferent curves correspond ©=78.75 K andr=79.15 K. (b) Re-
TCCGx T/ py, Wherepy is the superfluid density, increases with sistanceR versus characteristic frequenéy. The different curves

increasing applied dc magnetic field, and as a consequencgPespond (d=78.75 K andr=79.15 K. The dashed lines mark a

apart from an increase in field-generated vortices, one alsgt of the experimental data t&=Cfo, whereC is a temperature

expects an increase in the density of thermally created vordePendent constant. 200 A thick film.
ces with increasing field.

In Fig. 11(a), the dc resistancR as given by the inverse ture and field dependent characteristic frequefit¥,Hqo),
of the zero-frequency limit 08,(f) is plotted for the 200 A and the detailed frequency dependence of the vortex dynam-
thick film as a function of dc magnetic field for two different ics can be described as a mixture of a Drude type of response
temperatures. The resistance exhibits a very similar field deand the MP response. Deviations in the frequency response
pendence as doeg. This is expected, since the resistancefor frequenciesf>f,, comparing experimental results with
should exhibit a linear dependence on the density of freéhe theoretical prediction of &2 dependence, can to a large
vorticesng. To emphasize the simple linear relationship be-extent be explained by imperfect sample quality. For a high-
tween the resistance and the characteristic frequency, Fidc film close to the resistive transition, the important sample
11(b) showsR versusf,. This linear relationship holds both heterogeneity corresponds to oxygen deficiency. The field
at constant temperature on varying the dc field and at cordependence of the characteristic frequency is found to ap-

stant dc field on varying the temperature. proximately follow anHy. dependence, witly~1.15, indi-
cating a vortex medium consisting of both thermally and

V. CONCLUDING REMARKS field created vortices. Lastly, a simple linear relationship is
: found betweerfy(T,Hg4.) and the resistand&(T,Hy.), where

In the present paper, we have presented results from twd?, at constant temperature and dc magnetic field, is deter-
coil mutual inductance and flux noise measurements close t@ined as the inverse of the zero-frequency limit of the noise
the resistive transition of YBCO thin films. The experimental Spectrum.
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 The authors would like to thank H. Jeldtoft Jensen, P.
fields. The frequency dependent linear response of the vorteMinnhagen, and H. Weber for interesting discussions. This
medium is to a large extent governed by a strongly temperawork was supported by the Swedish Research Council.
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